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Abstract

This thesis is an overview of a number of investigations on antenna systems 
and related subjects over a period of 28 years, which has resulted in 44 
publications in the technical literature, one current patent, and an M.Sc. 
thesis.

The investigations have been grouped into 7 categories:

Log periodic antennas,

Antenna performance measurement techniques,

Spacecraft Antenna Systems,

Satcom Terminal Antennas,

Transmission lines and baluns,

High Radar Cross Section Reflectors for Spaceborne Radar 

Calibration,

Miscellaneous Antenna Investigations.

These investigations have resulted in various outcomes: in new antenna 
types and in improved antenna configurations; in improved techniques for 
antenna rf performance evaluation; in new knowledge relating to materials 
used with spacecraft antenna systems; in the development of computer 
software and computer-numerical methods for specific purposes; and in the 
advancement of accurate radar cross section prediction methods for 
spaceborne radar calibration targets.

In the discipline of log-periodic antennas, a planar 'printed circuit1 antenna 
structure has been devised which has a toroidal shaped radiation pattern 
distribution with horizontal linear polarization. A non-planar form of this 
radiating structure with a unidirectional beam has also been demonstrated.
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Some new techniques for measuring the rf characteristics of antenna 
systems have been devised. These include special techniques for 
frequency scaled ship model hf radar antenna measurements, and 
techniques for measuring scattering from the feed support struts of large 
Earth station parabolic reflector antennas. A novel method of acquiring near 
field phase and amplitude data using an interference technique for 
determining antenna far field performance characteristics by near field to far 
field data processing transformation has been demonstrated. Correction 
factors which allow gain comparison measurements to be made in short 
range length facilities, such as certain types of anechoic chamber, have also 
been presented. Antenna measurement techniques which are applicable to 
spacecraft antenna systems have been reviewed.

With regard to spacecraft antenna systems, a number of diverse studies 
have been carried out, one of which has resulted in the composition of a 
mathematical procedure for predicting the complex beamshapes of 
contoured beam satellite reflector antenna systems. Also, experimental work 
has been described which showed that spacecraft reflector antennas 
constructed with carbon fibre reinforced plastics do not require metallic 
surface coatings, and that thermal control paint applied to spacecraft does 
not cause antenna performance degradation. Other programmes of 
research involved VHP turnstile antenna systems on large satellites, and 
future technology, geostationary orbit multi-role satellites with 'plug-in' 
payloads.

New satcom terminal antenna configurations has been a very important area 
of research, resulting in high performance circularly polarized antenna 
configurations for small terminals for maritime, aeronautical and land-mobile 
applications. A patent has also been granted on a very compact antenna 
system for a satellite paging receiver.

Many types of antenna require a balun system of some type, often with 
impedance transformation, for excitation of the radiating elements. A 
mathematical analysis which allows the design of one type of impedance 
transforming balun has been presented, and a new microstrip and coaxial 
cable balun system with progressive quadrature phase output (for the 
excitation of quadrifilar antennas) has been demonstrated.

Very large radar cross section (RCS) passive radar reflectors are used for 
the monostatic calibration of spaceborne synthetic aperture radars on Earth 
resource monitoring satellites. A computer-numerical technique for 
accurately determining the RCS of these large reflectors was devised and 
has been extensively used. Other aspects of large radar reflector operation 
were also investigated, such as RCS reduction due to construction errors 
and radome covers.

Publications relating to a number of other miscellaneous antenna 
investigations are also included in this thesis. Among these are descriptions
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and performance details of choked waveguide and printed dipole feeds for 
parabolic reflector antennas, a special purpose antenna for a remotely 
piloted vehicle, and some results from an investigation on a double offset 
reflector antenna system.

The publications which are the subject of this thesis, are introduced here in 
their historical context, and are presented in the Appendix at the back of this 
volume.

in
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1. Introduction
Over a period of 28 years, the author of this thesis has carried out a number 

of diverse investigations on antenna systems and related subjects, mostly 

pertaining to the VHP, UHF and microwave frequency bands (approximately 

100 MHz to 40 GHz). These investigations, which are the subject of the 

publications listed in section 2 of this thesis, have resulted in various 

outcomes: in new types or configurations of antennas; in new or improved 

techniques for antenna system rf performance evaluation; in new knowledge 

relating to materials used with spacecraft antenna systems; in the 

development of computer software and computer numerical techniques for 

special purposes; in the development of radar cross section (RCS) 

prediction techniques; and in methods of implementing large radar targets 

for calibrating synthetic aperture radars on Earth sensing satellites. For the 

purposes of this thesis, these diverse investigations have been grouped into 

7 categories, as listed below.

• Log periodic antennas.

• Antenna performance measurement techniques.

• Spacecraft Antenna Systems.

• Satcom Terminal Antennas.

• Transmission lines and baluns.

• High Radar Cross Section Reflectors for Spaceborne Radar 

Calibration.

• Miscellaneous Antenna Investigations.

In this introduction, sub-sections 1.1 to 1.7 below correspond to the above
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listed categories. In each of these sub-sections, there is first a brief overview 

of the historical development of knowledge in that particular field of research. 

The overview is then followed by an introduction to the author's published 

work in this field.

In this thesis, references to the author's publications as listed in section 2, 

are denoted using 'P' prefixes and are in boldface type, e.g. [P37], to 

distinguish them from general references which are listed in section 4, and 

which are denoted using numbers only in the usual way, e.g. [56].

Copies of the publications P2 to P46 (the M.Sc. thesis is not included) are 

presented in the Appendix at the back of this volume.

1.1 Log-Periodic Antennas

Until about 1955, experience showed that all antennas were highly frequency 

selective. Most antenna systems were, in fact, based on the use of resonant 

length devices such as the half wavelength dipole and the quarter 

wavelength monopole. The discovery of frequency independent and log- 

periodic radiating structures produced a radical improvement in antenna 

technology.

With frequency independent antennas, the structure is defined entirely by 

angles, without any characteristic length dimension [1][2][3]. This concept 

led to the well known planar spiral and conical spiral antennas [4][5]. A 

development which closely paralleled the frequency independent concept 

was that of log-periodic antennas. As described by DuHamel and Isbell in 

1957 [6], the geometry of log-periodic antenna structures is chosen so that 

the electrical properties repeat periodically with the logarithm of the 

frequency. The period width is relatively narrow in order that the variation in 

antenna characteristics is small within each period. With an infinite structure
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composed of radiating elements having successive lengths defined by a 

scaling factor r, the antenna performance at a frequency f will be repeated

at all other frequencies given by r n f where n is any integer. When plotted 

on a logarithmic scale, these frequencies are equally spaced with a 

separation or period of Inr ; hence the choice of the name logarithmically 

periodic antennas by DuHamel and Isbell. The log-periodic structure 

principle led to very broad frequency band (quasi frequency independent) 

planar antennas [7] and to the extensively used log-periodic dipole array 

(LPDA) antenna [8][9].

The log-periodic antenna described by the author [P2] is a symmetrical 

planar structure defined by the geometry

Yn+1 = X n+1 = rYn = rX n (1)

where t is a scaling factor. This 'printed circuit1 form of antenna is unique in 

that it exhibits toroidal shaped radiation patterns similar to those of a half 

wavelength dipole, but with a bandwidth which can essentially be made as 

broad as required. Polarization is horizontal linear.

It was also demonstrated that the log-periodic antenna could be configured in 

a non-planar form, with the structure inclined about one axis of symmetry 

[P11]. In this form, the antenna has a unidirectional beam with E and H 

plane half power beamwidths of the order of 85° and 120° respectively.

1.2 Antenna Performance Measurement Techniques

Evaluation of the rf performance characteristics of antennas is an essential 

part of antenna system engineering, and encompasses many aspects of 

antenna behaviour. Modern antenna measurement techniques stem from 

wartime pioneering work carried out in the USA (especially at the M.I.T.
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Radiation Laboratory [10]) and in the UK in the early 1940s, following the 

invention of the magnetron by Randell and Boot in 1940 [11] and the advent 

of airborne centimetric radar using 'pencil beam' antennas for accurate target 

location [12]. Since that time there has been an enormous expansion in the 

types of, and requirements for, antennas for military and civil radar and 

communications [13], and for radio astronomy [14], and particularly for 

satellite communications [15][16][17]. There has also been a corresponding 

increase in the number of, and improvements in, antenna measurement 

techniques [18][19][20][21] [22].

Most antennas exhibit reciprocity, which means that the performance 

characteristics are the same whether the antenna operates as a transmitting 

or as a receiving device. The main characteristics which usually have to be 

determined for any given antenna system are: radiation patterns in various 

planes, to show the beamshape, wave polarization and cross-polarization 
i.e. orthogonal polarization to main polarization ratio, gain or directivity, 
impedance match usually measured as return loss or voltage standing wave 

ratio (VSWR), and antenna noise temperature.

Usually, the most important antenna parameter which has to be established 

is the gain in some direction (0,<t>) of a Cartesian/spherical co-ordinate

system defined by the antenna geometry, and which can be expressed as

(2,
N

where U(0,^) is the far zone radiation intensity (in watts rad"2) and P,N is the

power supplied to the antenna. The related parameter directivity in 

direction (0,^) is defined as



Antenna Systems Research Introduction

where PT is the total power transmitted by the antenna. Directivity and gain 

are related by antenna efficiency, 77 ,

G(e,t)=riD(0l t) (4)

where 77 is a measure of the losses associated with the antenna (i.e. internal

dissipation loss, impedance mismatch loss, and cross-polarization loss). N.B. 

Antenna efficiency as defined here should not be confused with 'aperture 

efficiency1 .

Directivity can be expressed in integral form as

0 0

and directivity evaluation is often carried out with the aid of this relationship, 

as the expression can be interpreted in terms of measured far zone relative 

radiation pattern levels, represented by P(0,<£). Suppose we have an

antenna with its main beam peak in direction (0,0) and with directivity D in 

direction (0,0). Also, during measurements, relative power levels would be 

normalised to the value corresponding to the beam peak direction, i.e.

P(0,0)=1 = OdB 

and therefore from expression 5,

J J
o o

and if a number of far field radiation pattern 'cuts' are recorded in N 

equispaced 'constant <j>' planes, the directivity value can be closely 

approximated by
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For an antenna where the losses can be estimated with good accuracy, it is 

often preferable to measure the antenna directivity based on a technique 

using expression 7 and to then find the antenna gain from expression 4, 

rather than to measure the gain directly. Antenna gain measurements are 

normally made by the gain substitution method, using a gain 'standard 1 (an 

antenna with a known gain/frequency curve, usually a pyramidal horn 

antenna). However, such measurements are difficult and are of limited 

accuracy, for a variety of reasons including inaccurate gain standard 

calibration [23] and finite measurement range length [24].

The definitions of gain and directivity given above are appropriate for an 

antenna system which essentially operates in one polarization only, e.g. 

horizontal or vertical linear, or right hand circular (RHCP) or left hand circular 

(LHCP), which is usually the case. Sometimes, however, an antenna system 

will be designed to operate in a 'mix' of polarizations. This is the case with 

VHP turnstile antennas on satellites, used for the transmission of telemetry 

and telecommand data (TTC). These antennas provide omnidirectional 

radiation pattern coverage with orthogonal circular polarizations at the 'poles' 

above and below the satellite, which degenerates through elliptical 

polarization away from the poles, down to linear polarization in the azimuth 

plane of the satellite [25] [26]. At the ground station, polarization diversity 

reception is employed; that is, reception is in two orthogonal polarizations, 

and the received powers in the separate polarizations are added together, to 

give 'total power' reception. To evaluate the satellite antenna system 

coverage performance therefore, partial directivities (in two orthogonal 

polarizations) are measured separately, and then the 'total power1 directivity 

is determined by data processing. The author's publication [P16] describes 

a method which was devised for carrying this out.
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The author's publication [P26] is an extensive review of satellite antenna 

measurement techniques, which was commissioned by the Institution of 

Electrical Engineers. In this publication, it is shown that there are two distinct 

classes of spacecraft antenna system, i.e. low gain (omnidirectional and 

quasi-omnidirectional) and medium and high gain antennas, for which quite 

different performance evaluation methods are appropriate. The various 

measurement range configurations and test methods that have been devised 

to evaluate spacecraft antenna systems are reviewed.

Antennas are measured on ranges of various types; these include outdoor 

ranges and indoor anechoic chamber facilities. The conventional range is 

the 'far field' type in which far zone conditions are simulated with quasi plane 

wave excitation over the aperture of the antenna under test. In some 

circumstances this can be achieved with a 'compact range' which utilises the 

plane wave behaviour found just in front of the aperture of a very large 

reflector or lens system [27][28][29], but facilities of this type are usually only 

applicable for measurements at relatively high microwave frequencies. On 

conventional 'far field1 ranges, however, the test and source antennas are 

situated a significant distance, R, apart so that the spherical wavefront at the 

test antenna aperture approximates a plane wave. The usual criterion for far 

field distance approximation is

where A, is the wavelength and D is the largest test antenna aperture 

dimension. Expression 8 is equivalent to an aperture edge phase error of

n/~ radians (22.5°). / o

One consequence of equation 8 is that large electrical diameter, narrow 

beam antennas such as large parabolic reflector antennas or many element 

array antennas, require test ranges with values of R that are considerable, 

sometimes as much as a kilometre or more. To overcome the practical
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difficulties associated with very long range distances, near field and 

intermediate distance measurement techniques have evolved, based on 

computer data processing methods to perform near field to far field 

transformations using measured near field amplitude and phase data 

[30][31]. However, such techniques can only be applied at test range 

facilities which have quite sophisticated phase and amplitude measurement 

receivers. In the 1970s, such receivers were very expensive and 

consequently rare. For this reason, the author devised an interference 

pattern technique which only required the use of a conventional amplitude 

only measurement receiver, and phase data was digitally extracted from the 

interference patterns prior to the far field transformation process 

[P12][P13][P14][P18].

A review of intermediate distance antenna measurement techniques was 

presented by Keen, Bennett and Wood in the conference publication [P19].

A special purpose surface wave range for measuring ship antenna systems 

using scale models, at the Admiralty Research Establishment, Funtington, 

was described by Keen, Grime and Stemp in publication [P28].

In publication [P24] the author presented a novel measurement technique for 

modelling the effects of feed support struts on the radiation patterns of large 

parabolic reflector antennas.

Publication [P27] by Keen and Brown and [P32] addressed the measurement 

of cross-polarization radiation patterns of satellite ground station antennas.

Publication [P44] by Keen, Smith and Lee shows how correction factors can 

be calculated for gain comparison measurements on short length 

measurement ranges.
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1.3 Spacecraft Antenna Systems

In the 1960s, carbon fibre reinforced plastic (CFRP) was developed as a very 

strong but light material for aerospace structures [32][33]. Because it can be 

shaped by 'laying-up' over a mould, this material is particularly suitable for 

ultra lightweight parabolic reflector antennas on satellites. In the last stage 

of the construction process of a CFRP 'dish', a high reflectivity surface such 

as a stretch formed aluminium skin would normally be added [34], but rf 

investigations by the author [P5][P8][P9] showed that the addition of a 

metallic reflecting surface was often not necessary (depending on the CFRP 

composition and the antenna operating frequencies) and could be omitted, 

giving a significant mass reduction benefit.

The surface reflectivity measurement technique that was developed for the 

investigation of non-metallised CFRP parabolic antenna reflectors was also 

used to validate the electrically conductive thermal control paint that had to 

be applied to the surfaces of satellites, including the antennas [P6].

During the launch of a spacecraft in a multi-stage rocket such as a Thor- 

Delta, the spacecraft is housed within an ejectable, two part, nose fairing. 

The fairing will typically be made of aluminium alloy with a gridded internal 

structure, and to allow the reception of telemetry from the spacecraft during 

the launch phase, a small number of glass reinforced plastic (GRP) rf 

windows may be fitted in the fairing, between the gridded framework. The 

author's publication [P4] describes an investigation to determine rf window 

configurations that allow downlink coverage to be achieved until fairing 

ejection takes place.

The results of some computer software modelling of the rf performance of 

VHF, four monopole, turnstile antenna systems on large satellites (such as
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ESA GEOS and ESA COS-B), with conclusions on antenna configuration 

optimisation, are shown in the author's publication [P15].

In publication [P30], the author addresses an aspect of future technology, 

whereby a single multi-payload spacecraft with a large, shared, antenna main 

reflector would be maintained in geostationary orbit (GSO) to take the place 

of a number of separate GSO satellites. This concept depends on the advent 

of space shuttle type maintenance vehicles with high orbit distance 

capabilities. The idea is that 'plug-in' modules would facilitate the addition or 

replacement of services. It is shown that a double offset parabolic cylinder 

reflector system would be appropriate for this concept.

The advent of direct broadcast satellite TV created the need for broadcast 

satellite antennas with highly non-symmetrical beamshapes to give coverage 

'footprints' over extended and inconveniently shaped geographical regions. 

Coverage is usually achieved by combining a number of overlapping circular 

beams using a reflector antenna system with a cluster of feed horns [35]. 

The author's publication [P38] presents a mathematical procedure for 

predicting the beamshape of contoured beam satellite reflector antenna 

systems.

1.4 Satcom Terminal Antennas

The first generation of geostationary orbit communications satellites were 

only capable of providing relatively low EIRP (equivalent isotropic radiated 

power) levels at the surface of the Earth, and therefore the ground stations 

that were used at that time utilised very large, high gain, reflector antenna 

systems [36][37][38]. In order to avoid interfering with satellites other than 

the one in the ground station main beam, low radiation pattern sidelobe level 

performance was essential. The factors which cause high sidelobe levels,

10
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and methods of reducing sidelobe levels, were considered by Claydon, 

Harris, and the author in publications [P20] and [P22].

With the advent of larger and more complex communications satellites 

having 'spot beam' antennas and high power output amplifiers, satcom 

terminals with small, low gain antennas are now commonplace. The author's 

publication [P39] shows a simple analysis which can be used for the 

calculation of the gain values of very broad beam satcom terminal antennas. 

One such very broad beam antenna is the quadrifilar helix antenna described 

in [P41]. This satcom antenna was developed by the author, using a 

conformal mapping technique for the volute elements, for Inmarsat, for their 

'Standard-C' maritime satcom service. Many of the Inmarsat-C terminals sold 

around the world have antennas which are based on this design.

The very compact cavity antenna devised by the author and described in 

publications [P42] and [P43] was also developed primarily for satcom 

terminal use, in this case for a vehicle terminal incorporating a medium gain 

azimuthally tracking antenna. For vehicle satcom terminals where this level 

of antenna gain is necessary, it is sometimes possible to achieve satisfactory 

terminal operation without recourse to a tracking antenna system, using a 

conical beam antenna which has a narrow elevation angle beamwidth [39]. 

The non-resonant length backfire bifilar helix antenna is one type of antenna 

which achieves this type of beam with the required circular polarization, but it 

also exhibits some rf performance defects. An improved form of conical 

beam bifilar helix satcom antenna which overcomes at least some of the 

performance shortcomings, has been described recently by the author, with 

Smith and Lee [P45].

Finally here, US Patent 5539414 was granted for a satellite paging receiver 

antenna invented by the author [P46].

11
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1.5 Transmission Lines and Baluns

A significant percentage of antennas which are designed to operate at VHP, 

UHF and the lower microwave frequencies, incorporate one or two baluns. A 

balun is a balanced to unbalanced mode transformer1 and is necessary to 

convert between, for example, a coaxial transmission line (unbalanced mode) 

and a twin wire transmission line (balanced). The classic example of the 

need for a balun is the excitation of a half wavelength dipole antenna from a 

coaxial cable, and the well known Pawsey stub (or quarter wavelength stub) 

balun was invented in the 1940s for this purpose [40]. Since that time many 

different balun arrangements have been devised. In the development of any 

specific antenna arrangement, the design of the balun system is quite often 

the greatest challenge.

In publication [P40], the author described an impedance transforming balun 

feeder system that was devised for low gain bifilar and quadrifilar antennas 

such as helices and spirals. And in publication [P10], the author presented a 

mathematical analysis and procedure for the determination of the 

characteristic impedance of dielectric filled slotted coaxial transmission line 

as a function of angular slot extent. This analysis facilitates the design of the 

stepped form of the Duncan and Minerva tapered balun [41][42].

In the semi-tutorial publication [P7], the author presented interpretation 

nomographs for transmission lines with complex impedance terminations. 

The nomographs enable the easy conversion of measured reflection 

coefficient amplitude and phase data into the resistance and reactance 

values of the load impedance.

12
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1.6 High Radar Cross Section Reflectors for Spaceborne 
Radar Calibration

The ESA ERS-1 and ERS-2 Earth resources satellites, launched in 1991 and 

1995 respectively, each carry a synthetic aperture radar (SAR) which 

provides high resolution images of the Earth's surface, even at night and 

through cloud, unlike optical sensors. The spaceborne SAR systems have to 

be calibrated at regular intervals using high radar cross section (RCS) 

targets at known locations on the ground, and which have accurately known 

values of RCS as a function of monostatic radar incidence angle. The author 

has been involved with the SAR calibration programme from 1981, and the 

publications introduced here are the result of some of the work that has been 

carried out.

One early idea for the provision of an ultra high RCS target for SAR 

calibration, was to modify a large parabolic reflector radio telescope or 

satellite terminal antenna for this purpose. Publication [P34] describes how 

this could be done and an expression for RCS as a function of parabolic 

reflector diameter is given.

The plan to use a modified radio telescope for SAR calibration was 

superseded by the use of a number of 'SAR-580' trihedral corner reflectors. 

These reflectors consist of three orthogonal flat plates, two triangular plates 

above a square base plate. A 'farm 1 of SAR-580 reflectors has been set up in 

the South of England for calibrating the ERS-1 and ERS-2 satellites. In 

publication [P31], the author described a computer-numerical technique that 

was devised to accurately determine the RCS values of SAR-580 and other 

trihedral radar reflectors. The technique is based on the projected aperture 

method described by Robertson in 1947 [43]. The computer-numerical 

technique determines the corner reflector effective aperture A eff , for any

13
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given monostatic direction defined by direction cosines (I, m, n) relative to the 

corner reflector axes, and then the RCS value, a , is simply found from the 

relationship :

(9)

The author's later publication [P35] describes an improved mathematical 

technique which produced a faster computer algorithm for determining 

A eff (l,m,n).

Also for trihedral radar reflectors, including SAR-580 reflectors, the author's 

publication [P33] presents an analysis for predicting the reduction in the RCS 

values of real reflectors due to plate orthogonality errors. And the author's 

publication [P37] described how planar 'A-sandwich' radomes could be 

added to trihedral reflectors for weather protection, without performance 

degradation.

1.7 Miscellaneous Antenna Investigations

In the author's publication [P3] the very interesting apparent paradox in 

antenna theory whereby an endfire array of small physical transverse area 

can give significant gain [44], is addressed. It is shown that an effective 

aperture is formed by the fields near to the array.

In publication [P17] the author presents design information for the choked 

waveguide feed. This is a compact but relatively high performance feed with 

equal E and H plane beamwidths for parabolic reflector antennas.

14
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In the conference publication with Williams, Foster and Wright [P21], the 

author describes a novel broad beam antenna he devised for installation on 

the underside of a remotely piloted vehicle (RPV) aircraft. This antenna 

incorporated a parasitically excited element adjacent to a driven 'bent1 

monopole, to provide a circularly polarized beam component, so that data 

acquisition by a remote tracking antenna could be maintained for all aircraft 

attitudes.

In publication [P23], Adatia and the author describe the results of an 

investigation into a double offset reflector antenna system that was carried 

out for the European Space agency.

In publication [P25] the author described a low blockage feed for parabolic 

reflector antennas consisting of a broadside array of two half wavelength 

dipoles, with a configuration that provides equal E and H plane beamwidths.

In publication [P29] the author described a simple method of mathematically 

modelling antenna radiation patterns, using a Fourier series. A short 

computer program which determines coefficients using Gaussian elimination, 

was presented.

Finally, in publication [P36], expressions for predicting deterioration in the 

boresight polarization axial ratio of circularly polarized antennas, due to 

feeder errors or radome performance asymmetries, are presented.

15
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3. Conclusions

A large number of diverse investigations on antenna systems and related 

subjects have been carried out over a period of 28 years, and have resulted 

in 44 publications in the technical literature, plus one current patent, and an 

M.Sc. thesis.

These investigations have resulted in the development of new antenna types 

and configurations, new and improved methods for antenna rf performance 

evaluation, new techniques for radar cross section prediction, and in the 

implementation of large radar cross section targets for calibrating 

spaceborne radars.

Many of the new developments which are described in this thesis were a 

consequence of the enormous expansion in the utilisation of antenna 

systems for satellite communications and other spacecraft applications. This 

expansion continues with the advent of the new LEO (low Earth orbit) and 

MEO (medium Earth orbit) satellite communications systems which will 

perhaps eventually replace GSO (geostationary Earth orbit) satellites, and 

which will provide complete global communications coverage with a wide 

variety of services; and also with the advent of the low cost 'microsatellites' 

which are now being made in significant numbers for a variety of purposes.

With regard to spacecraft antenna research and the space environment, the 

author's past work on the suitability and choice of engineering materials, 

which is described in the publications referred to in sub-section 1.3, is still 

proceeding. For example the new family of STRV satellites which will be 

launched during and after 1999, will travel into orbits where very high 

ionizing radiation levels are predicted. Situated on the outside of the satellite 

body, the antennas will not be shielded from the ionizing radiation by the
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peripheral surfaces of the spacecraft. For this reason, the antennas can not 

be constructed with conventional dielectric materials such as PTFE, 

polyethylene, Rexolite, RT/Duroid, etc., which would seriously erode, 

eventually degenerating into dust, in the high radiation environment. After an 

investigation into this problem, the author has designed Lindenblad antennas 

for this application which incorporate PEEK 450G polyetheretherketone, 

polyimide film and 10G40 reinforced epoxy composite components where 

dielectrics are needed for rf and mechanical functions. To date, prototype 

versions of the antennas have passed all the rf performance and the space 

and launch environment tests which have been carried out at DERA 

Farnborough and elsewhere.

The author's work on radar cross section prediction, which is described in the 

publications referred to in sub-section 1.6, is also continuing, albeit along a 

new path, in the form of investigations relating to 'stealth' aircraft and 

methods of achieving very low RCS levels for 'radar invisibility'.

Continuing satcom terminal antenna system research and development is, 

however, the largest part of the author's current involvement. This is partly 

due to the evolution of the latest generation of highly capable, steerable spot 

beam, civil and military GSO communications satellites, but also a 

consequence of the advent of intermediate circular orbit communications 

satellites, as already mentioned. New technology challenges continue to 

emerge. As an example, the author is currently carrying out a research 

programme aimed at the evolution of a compact multi band maritime satcom 

terminal antenna system which would operate with Inmarsat satellites (1530- 

1646.5 MHz), with ICO satellites (1980-2200 MHz), with terrestrial GSM 

mobile telephone networks (880-960 MHz) and also acquire satellite global 

positioning (GPS) data at 1575 MHz. This type of investigation can only be 

carried out in the light of previous research into the type of antenna and 

feeder system configurations which are described in the publications referred 

to in sub-section 1.4, sub-section 1.5, and sub-section 1.7. The 

publications referred to in sub-section 1.2 are also relevant to this type of
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investigation, with regard to the measurement techniques for rf performance 

evaluation.
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A Planar Log-Periodic Antenna
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Ki^. 4. Experimental element patterns.

respect to the main beam, as compared with the   15-dB prediction. 
They are also more strongly suppressed for wider angles (near 70°) 
than at 60°, thus indicating that diffraction effects are limiting the 
wide angle radiation.

The loci of beam and grating lobe positions for positive scan 
angle are indicated on this figure. Several features which distinguish 
the scanning characteristics of the experimental subarray pattern 
are that the n =   1 grating lobes are at the   14-dB level for the 
array at broadside, and so these sidelobe levels (not the sidelobe 
at ±17°) determine the highest grating lobe level for the scanned 
array, and that the n = +2 and n = -3 grating lobes see sub 
stantially lower sidelobes for the experimental than for the theo 
retical cases. These data imply that it may be possible to suppress 
all grating lobes to nearly  20 dB if dielectric lenses were used to 
correct the element phase distributions so that the nulls at ±21° 
could be maintained. This modification would leave the subarray 
sidelobes at ±60° virtually unchanged below the   20-dB level 
and should provide excellent .E-pIane scanning characteristics over 
the ±7" scan region.

III. CONCLUSION

A new and practical technique was described for synthesis of a 
flat-topped subarray pattern for limited scan applications. The 
technique requires overlapping of nearest neighbor elements only, 
relies on the excitation of a higher order mode to approximate the 
required subarray aperture illumination, and is simply implemented 
in waveguide or other microwave transmission circuitry.
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KEITH M. KEEN

Abstract A planar log-periodic antenna structure that has radia 
tion characteristics similar to those of a half-wave dipole has been 
found. The bandwidth can be as large as desired, and antennas can 
be easily fabricated by using printed circuit techniques. When fed 
with a suitable balun, VSWR's lower than 1.8:1 can be obtained 
over a wide-frequency band.

The antenna configuration is defined by joining the points given by 

K BH = Xa+t = rY n = rX n

on a set of orthogonal XY axes, where r is a scaling factor. The 
resulting geometrical pattern is then considered as two comple 
mentary shapes, one of which forms the antenna. Two feeder lines 
have to be added to the pattern giving the antenna shape shown in 
Fig. 1. The dotted portions represent metal and the rest is dielectric.

Antennas have been constructed with ^ values between 0.75 and 
0.92. In general, antennas ol T = 0.85 give the cleanest radiation pat 
terns, and antennas with T lower than 0.8 show poor impedance 
match characteristics. The antennas were made from ordinary glass 
fiber fabric printed circuit board with copper on one side. Although 
photo etching techniques could have been used, it was found that the 
antennas were easily cut out with a sharp knife and the unwanted 
copper peeled away in strips. Fig. 2 shows an antenna with a scaling 
ratio of T = 0.8 and a frequency range of 1000-2000 MHz. A semi 
rigid coaxial cable has its outer conductor soldered to one feed line 
of the antenna, and the inner conductor is soldered to the other line 
to form a frequency independent balun of the type used on log- 
periodic dipole arrays. The coaxial cable is terminated in an A'-type 
connector. All the antennas were constructed with a feed line width of 
C = 3 mm, which was convenient for taking the semirigid cable.

It was found experimentally that the antennas could be designed 
for a particular operating band by assuming that the radiating 
elements, the "teeth" between the X and Y axes, become resonant 
when their lengths are equal to a quarter of a wavelength.

The structure was found to have linearly polarized radiation 
properties with the electric field direction orthogonal to the feeder 
axis as shown in Fig. 1. Cross-polarization levels were measured as a 
function of frequency on the radiation pattern peaks and found to be 
lower than  20 dB below the in-line polarization. Fig. 3 shows a 
typical set of radiation pattern curves for a r = 0.85 antenna at 
1200 MHz. When placed a quarter of a wavelength in front of a 
metal screen, the antennas were seen to give unidirectional radiation 
patterns similar to that of a dipole and ground plane.

If direct feeding with a 50 ft cable was used as shown in Fig. 2, 
input VSWR's of the order of 3:1 were encountered, indicating input 
impedances of the order of 150 0. Theoretically the impedance should 
be higher, with a value of 189 0, as the structure is self-complemen 
tary [1]. However, the impedance plot of Fig. 4 taken with a GOO- 
2000 MHz bandwidth r = 0.85 antenna, shows that the mean 
impedance is approximately 150 O. Fig. 4 indicates that with a suit 
able transforming balun an input VSWR less than 1.8:1 should be 
possible. To test this, a Bawer and Wolfe microstrip balun [2] 
was made for a center frequency of 1200 MH/, and used to feed the 
wide band T = 0.85 antenna. This balun incorporates an impedance 
transformer. Fig. 5 shows the VSWR curve; it is less than 1.8:1 
over the 860-1510 MHz frequency range.

When the experimental antennas were constructed in the way men 
tioned earlier, the first knife cut was always along the X axis. The 
effect of this was to make a gap of approximately 0.005 in between 
the ends of the radiating elements. It has been found that it is im 
portant to ensure that the ends of the elements do not make con 
tact; if they do, then the smaller elements short circuit the larger
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Fig. 1. Antenna structure.

Fig. 4. Impedance plot of r = 0.85 antenna at 000-2000 MHz.
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Fig. 5. VSWR of T = 0.85 antenna with microstrip balun.

ones. Measurements with an antenna that had small pieces of wire 
soldered across the element ends have shown that the effect of this 
is to give the antenna an extremely high input VSWR.
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Fii;. 3. Far field patterns for T - 0.85 antenna at 1200 MHz.

A Linear Aperture Radiating Maximum Power Within 
Prescribed Angular Constraints

J. T. MAYHAN, MEMBER, IEEE

Abstract—For fixed aperture size, the aperture taper which 
maximizes the power radiated into a specified interval (   B a ,6<,) is 
determined, and the properties of the corresponding pattern are 
compared to the ideal space pattern introduced by Taylor [1]. We 
consider the case of the linear aperture with no supergaining, 
although the results are directly applicable to the principal plane
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COMMUNICATIONS

On the Equivalent Aperture Formation of an Endfire Array

KEITH M. KEEN

Abstract—Wavefront diagrams are presented for the near-field 
region of a 10-element ordinary endfire array and its Hansen-Wood- 
yard counterpart. The diagrams, which show phase and amplitude 
distributions, give a visual insight into the radiation mechanism of 
endfire arrays.

At first sight, endfire array theory seems to present a paradox in 
that a directive antenna can be formed with a small physical area 
of cross section. This is sometimes baffling to engineering students 
who learn at an early stage that antenna gain is proportional to the 
antenna aperture area. Clearly, an endfire array simply has an 
electrical aperture that is much larger than, and unrelated to, its 
physical cross section; the amplitude and phase distribution about 
an endfire array is such that an equivalent aperture is formed. 
Because of this, it is interesting to look at the near-field wavefronts 
around an endfire array. Some experimental data can be found in the 
literature for parasitic arrays [l]-[3], but it is of interest to see the 
shape of the phase contours around a simple array. This gives a 
visual insight into the radiation mechanism.

In this communication, wavefront diagrams are presented for 
ordinary and Hansen-Woodyard arrays of 10 dipole elements with 
an interelement spacing of a quarter of a wavelength. An ordinary 
(or "classical") endfire array is one in which the elements are fed 
with equal amplitudes and with an interelement phase retardation 
equal to the element spacing in radians. If the phase retardation is 
changed so that the total phase delay along the array is increased 
by 2.94 rad, the directivity is maximized; this is the Hansen-Wood 
yard condition [4]. For each array the phase of the electric field was 
computed in a plane through the center of the array and orthogonal 
to the dipoles, and the amplitude variations along constant phase 
contours were studied. Phase contours were plotted from rectangular 
grids of more than 4000 phase values computed from the simple 
relationship

10 I

EXY = 2 -expj(x« - kr,}
n-l rn

where EXY is the electric field value at some point (X,Y) on the grid, 
r, is the distance of the nth dipole to (X,K), and *  is the phase on 
the nth dipole. The equation, which easily gives phase and amplitude 
values, is only true for regions beyond the static and induction fields 
of the dipoles. For distances greater than X/2?r the radiation fields 
predominate [5]. For the wavefront diagram computations, the 
minimum distance taken was equal to half a wavelength.

Figs. 1 and 2 show near-field constant phase contours spaced at 
90" intervals around the two arrays. Each array is phased to give 
the main lobe of its radiation pattern towards the right hand side of 
the diagram. Some interesting points can be found from these 
diagrams. Consider first Fig. 1. Using a set of compasses, it was 
found that the front sections of the phase curves are arcs of circles 
whose centers coincide with the center of the array (i.e. midway 
between elements 5 and 6). This suggests that over this region, which 
by comparing angles can be seen to correspond to the main beam of 
the array, the phase center coincides with the geometrical center of 
the array. Furthermore, the shapes of the wavefronts are clearly 
linked to the main and sidelobe structures of the radiation pattern 
shown in Fig. 3. Going round a wavefront from the boresight point, 
a series of ripples followed by relatively flat regions are seen. By 
examining angles it can be seen that the flat regions correspond to 
the radiation pattern sidelobes.

Fig. 2 is the Hansen-Woodyard array counterpart of Fig. 1. 
Analysis of the wavefront shapes with respect to the radiation pattern 
shown in Fig. 3 is again interesting. The front portions of the wave- 
fronts, which correspond to the radiation pattern main beam, deviate 
very slightly from circular arcs. These curves are slightly flattened in 
three places, but when approximated to circles, still subtend a phase 
center between the fifth and sixth dipole elements. Once again, the

Manuscript received March 24, 1974; revised May 23, 1974. 
The author is with European Space Besearch and Technology Centre, 

Domeinweg-Noordwijk. The Netherlands.
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Fig. 1. Phase contours around 10-element array.

Fig. 2. Corresponding phase contours around Hansen-Woodyard array.

Fig. 3. Far-field radiation patterns from 10-element ordinary and 
Hansen-Woodyard arrays.
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Fig. 4. Near-field amplitude distribution around ordinary endfire array.

Fit;. 5. Near-field amplitude distribution from Hansen-Woodyard array.

relatively flat regions beyond the ripplies on the wavefronts can be 
seen to correspond with sidelobes.

Figs. 4 and 5 illustrate the near-field amplitude distributions 
along the wavefronts for the two types of array, and these diagrams 
were made in the following way. The amplitudes were computed for 
points on the fourth wavefronts on Figs. 1 and 2. The amplitudes 
are represented by proportional length lines drawn orthogonal to, 
and with their centers at, the wavefronts. Joining the inner and 
outer line extremities gave the forms shown. These then are wave- 
front diagrams where the thickness of the figure represents the rela 
tive electric field amplitude. The relative amplitudes at certain 
points are also given in numbers although these, unlike the figure 
thicknesses, are expressed in decibels. As would be expected, the 
near-field amplitudes are highest at the angular positions correspond 
ing to the main and sidelobe maxima. This is particularly evident in 
the Hansen-Woodyard case.
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Coupling Between Minimum Scattering Antennas

J. BACH ANDERSEN, H. A. LESSOW, AND 
H. SCHJ.ER-JACOBSEN

Abstract'—Coupling between minimum scattering antennas 
(MSA's) is investigated by the coupling theory developed by 
WasylMwskyj and Kahn. Only rotationally symmetric power pat 
terns are considered, and graphs of relative mutual impedance are 
presented as a function of distance and pattern parameters. Crossed- 
dipoles and helices are considered in order to establish a corre 
spondence with simple antenna structures.

INTRODUCTION

In many applications, e.g., phased arrays and multibeam antennas' 
the interaction between antenna elements is often important in the 
evaluation of the total antenna system performance. This communi 
cation is concerned with an idealized class of elements consisting of 
minimum scattering antennas (MSA's) [1]. Works have been pub 
lished, notably by Wasylkiwskyj and Kahn [2], [3], on coupling 
theory for MSA's. The power of the technique is that the complex 
relative mutual impedance is completely given by the power pattern 
of a single element, where the mutual impedance is taken relative to 
the real part of the self-impedance of one element. The MSA concept 
is used here to compute the relative mutual impedance between two 
elements for various spacings between the elements and for various 
power patterns. Once the relative mutual impedance is known it is a 
simple matter to find coupling loss, scattered patterns, etc.

The practical usefulness of the MSA concept depends on the 
extent to which coupling among realistic antennas is adequately 
covered by the theory. Therefore another purpose of this communica 
tion is to investigate two commonly used element types, namely 
crossed-dipoles and helices, and compare coupling data obtained by 
the MSA approach with other calculations and experimental data.

MUTUAL IMPEDANCE THEORY

Consider two identical reciprocal MSA's I and II situated along 
the z' axis in Fig. 1. From Wasylkiwskyj and Kahn [2, eqs. (71b) 
and (72)] we find for the normalized mutual impedance

Z,, ! / d0' / si 
"o J r

sin a da exp (-jk (1)

where P(a,<t>') is the power pattern for one antenna. P(a,<t>') is 
normalized such that the total radiated power is unity. This means 
that the real part of the self-impedance of one element is equal to 
unity, a and <t>' are spherical coordinates and the a integration is to 
be taken in the complex a plane, with 0 < a < ir/2 along the real 
a axis and 0 < Im (a) < j °° along the line Re (a) = ir/2. d = dz' 
is a vector with direction from antenna I to antenna II and its 
length equals the distance between the two antennas, h is the propa 
gation vector.

To simplify things we consider only power patterns with rotational 
symmetry, the axis of symmetry being the y' axis. Thus we assume 
that P(a,<t>') is a function of 9 only, 8 being measured from the t/' 
axis. The pattern function is expanded in a power series in cos 6, each 
term in the series contributing both to the real and imaginary part 
of the mutual impedance. Restricting ourselves to two terms, we find

P(S) = 1 + A cos" (0), 0 < e < -
~ ~ 2

(2)

uenmark.
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THE RADIATION CHARACTERISTICS OF A METALLIC LAUNCH VEHICLE 

FAIRING WITH R.F. WINDOWS.

K.M. Keen and H. Mareis

Introduction

The THOR-DELTA is probably the most widely used of all 
launch vehicles ahd will be employed for most of the ESRO 
satellites now under development. In 1972 the vehicle was uprated 
and given a new mechanical configuration which includes a larger 
fairing; this is of aluminium in contrast to the fibreglass unit 
used previously. The fibreglass unit was transparent at r.f. and 
allowed a direct telemetry link with the enshrouded satellite 
during the launch phase, but the new unit normally does not until 
the fairing ejects. This presents a problem for the ESRO GEOS and 
ESRO METEOSAT satellites, with which it is desired to monitor VHF 
telemetry throughout launch. Fortunately, the fairing manufactur 
ers can provide options whereby the prelaunch access doors can be 
in fibreglass, as can part of the tapered nose section. These 
options can be used as r.f. windows, but no information regarding 
transparency is available.

The metal fairing problem was 'first encountered in 
connection with GEOS. This satellite will be mounted in the main 
cylindrical body of the fairing with its antenna whips underneath. 
The GEOS configuration needs three access doors for prelaunch 
checkout so it was hoped that if these were of fibreglass with 
possibly a fourth door in the position facing the ground station, 
the system would radiate sufficiently. The problem was, though, 
that the order of magnitude of transparency of the 10-J- inch 
diameter circular windows was unknown, and the system is a very 
complicated one to treat theoretically.

There are two parts to the problem really. First the 
fraction of energy that couples through the hole, and second the 
gain of the radiating system consisting of the fairing and its 
surface currents. If the field distribution set up by the 
satellite antennas within the fairing could be determined, the 
coupling through the hole could be found^ ; the radiation patterns 
could also be predicted.^ But when the problem arose some quick 
answers were needed, in particular to know if a link was feasible 
with this system. To answer this some experiments were made with 
a simplified model.

Initial Investigation

Figure 1 shows the model geometry, where a cylinder 
was used to crudely approximate the fairing. The model, of 5-3:1 
scale, contained a fibreglass window of the correct size and 
thickness. The chamber was excited by a monopole antenna 
constructed from semi-rigid cable, and measurements were made with 
the monopole in the positions shown.

K.M. Keen is at the European Space Research and Technology Centre, 
Noordwijk, The Netherlands.
H. Mareis is with Messerschmitt-Bolkow-Blohm, Ottobrunn, near 
Munich, W. Germany.
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The measurements were 
made under ESRO contract, by 
Messerschmitt-Bblkow-Blohra at their 
antenna facility in Ottobrunn near 
Munich. The facility consists of 
a large anechoic chamber in the 
top of a specially constructed 
building which forms part of an 
elevated antenna range. The 
facility has a fully automated 
system for measuring the direct 
ivity and isotropic level of an 
antenna under test. This is done 
by making successive pattern 'cuts' 
along cones about one of the test 
antenna axes. The cones are 5 
apart and power level data is reg 
istered digitally at 2° intervals 
within each cone. So the radiat 
ion distribution is sampled over 
a complete sphere and 6,660 power 
levels are registered. Computer 
processing of the data yields the 
isotropic level and gives a print 
out of directive gains as a 
function of position. The system 
can work in one polarisation or 
with two orthogonal polarisations; 
with the latter case the computer 
also gives the total power iso 
tropic level and directive gains 
printout.

The cylinder measurements were carried out in the 
following way. For each position in the cylinder (1 to 5 in fig. 
1) the monopole was first measured alone in parallel linear 
polarisation to establish its isotropic level (this was called 
the ' first isotropic level'). With the monopole installed, the 
cylinder was then measured using the same linear polarisations 
(cross-polar levels were small) and the data was processed using 
a modified computer program. This computed the new isotropic 
level and gave the directive gains, but these were referenced to 
the first isotropic level. So the directive gain printout showed 
the radiation distribution with both insertion loss and directive 
gain taken into account. Furthermore, by comparison of the iso 
tropic level from the cylinder with the first isotropic level, 
the insertion loss alone could be seen.

Insertion losses of between 35 and 49'decibels were 
recorded, and the directive gains on the boresight of the hole 
were as follows. Position 1) -38 db, 2) -49.1 db, 3) -43.8 db, 
4) - 31.8 db, 5) -31.6 db. As it was known that a directive gain 
referred to first isotropic level of about -45 db was sufficient 
to establish a link, the results were encouraging, particularly 
that of position 5 which is approximately where one of the GEOS 
whips would be. For this reason it was decided to do some further 
measurement work with more realistic models.

FIG. 1 C/LINDER GEOMETRY 
USED FOR INITIAL EXPERIMENTS
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FAIRING -

SECOND 
STAGE

I
9-0°

9-0°

DEFINED AT 
MAGNETOMETER 

BOOM MEASUREMENT COORDS.

IV

DOWN RANGE
III

LAUNCH VEHICLE AXES

FIG.2 GEOS SATELLITE POSITION IN FAIRING 4 MEASUREMENT 
AND LAUNCH VEHICLE COORDINATE SYSTEMS

GEOS Configuration Measurements

Before making the 
know something of the fairing 
launch mission.

The aluminium
fairing is made in two halves 
which fit together in a gas 
tight metal to metal joint. 
It consists of a 96 inch dia 
meter cylindrical section 
with ISOGRID internal struct 
ure, topped by a ring stiff 
ened monocoque structure in 
the form of a conical section 
with rounded nose cap. Fig. 
2 shows the position that 
GEOS will have in the shroud.

A launch mission 
runs as follows. Lift off 
occurs with main engine and 
solid boost motors burning; 
the solids separate after 95 
seconds. Main engine cutoff 
occurs at 219 seconds from 
lift and 8 seconds later the 
first and second stages 
separate. The second stage 
motor fires at 231 seconds 
from liftoff, and ^8 seconds 
later the fairing halves are 
ejected. This is at a height

measurements it was necessary to 
construction and some details of the

-KM

FIG. 3 SPACECRAFT ATTITUDE I/1 
DISTANCE FROM CAPE GROUND STATION
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of 120 Km, fig.3 shows the attitude angle of the launch vehicle 
from the ground station during ascent. The second stage engine is 
stopped after fairing ejection, but is used again for a short time 
after approximately 20 minutes. The third stage is spin stabil 
ised and this is achieved via a spin table with 8 spin rockets. 
After the final stage two motor cutoff, spin up is started and 
after 25 minutes from liftoff, the second stage separates.

Two important features are, firstly that the launch 
vehicle does not roll until third stage spin up (axis two is 
always in the downrange plane), and secondly that, because the 
plume of a rocket exhaust is opaque^, the first stage main engine 
and solid boosters cutoff before small spacecraft attitudes are 
seen. The lowest value of 0 (fig. 1) is about 6°, but this is 
not small enough to give problems with the second stage motor 
plume. In fact, the nozzle of this motor is small in relation to 
the vehicle body, and the plume is mainly contained within this 
diameter.

A 5.3:1 scale model of the satellite was loaned by the 
L.M. Ericsson Company of Molndahl, Sweden, who are the antenna 
subcontractors for GEOS. The model has a working 4 whip turnstile 
antenna system. A fairing model was made from aluminium and 
fibreglass and some of the parts can be seen in fig. k- The 
fibreglass top section was coated with conducting paint. A 
further aluminium cylindrical section was used to simulate at 
least part of the rest of the launch vehicle. The spin table and 
attach fitting in the fairing were not modelled, and the satellite 
was simply held in place with plastic foam.

The Cape ground station can work in either of two 
orthogonal polarisations or power diversity which is essentially 
total power, and it is this that would be used. The measurements 
were made in orthogonal linear polarisations and these were com 
bined to give results in total power. As with the cylinder 
measurements, the satellite was measured first to get the actual 
isotropic level.

Fig. 5 shows the results; the directive gains are 
presented as a contour plot. Axis two of the launch vehicle 
corresponds to fl = 28 and this is marked as a dashed line. The 
0 variation during launch will be 9 = 90 to & - 6 , and the 
corresponding directive gains are between - 36.5 db and - 32.2 db.

The allowable directive gain can be assessed from the 
free space path length attenuation difference between geostation 
ary orbit distance and fairing ejection height. The difference 
is ^.9.5 db. A reduction of transmitter power of 3 db that would 
be caused by working into high mismatch conditions must also be 
taken into account, leaving over /f6 db. The above is a simplified 
calculation and does not include all factors, but it can be shown 
that at least if6 db would be available. So it can be seen that 
with this system, a link would exist with a safety margin of about 
10 db.

METEOSAT Configuration Measurements

METEOSAT will be situated at the top of the fairing 
with its antenna whips uppermost and inside the tapered nosecone. 
The obvious solution for this case is the partially dielectric 
nose section, two forms of which are available, i.e. large or 
small slots. Models were made as before and the two forms of
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Fig. Photograph of model fairing warts.

slotted nosecone can be seen in fig. 4. As no other was avail 
able, the GEOS model was used again, although this has a smaller 
diameter than METEOSAT.

Measurements were carried out and it was found that 
the nose section with the larger slots gave the best results; 
these are shown in fig. 6. In fact, the system worked as an 
excellent antenna and in the directions toward the ground 
station, the directional gain can be seen to be greater than Q db 
at all times. And because the GEOS link requirements delineated 
earlier also apply to METEOSAT, it is clear that a link would 
exist with a very large safety margin.
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method is suitable for determining impurity - profiles in 
silicon/ A direct C/V output enables one to obtain N(W) 
plots with an analogue converter.

J. OLENSKI 10th April 1975

Institute of Electron Technology CEMl
Al. Lotnikow 32/46, 02-668 Warsaw, Poland

P. MACHALICA -

Institute of Industrial Electronics CEMl 
Dluga 44/50, 00-24J Warsaw, Poland
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GAIN-LOSS MEASUREMENTS ON A 
CARBON-FIBRE COMPOSITE REFLECTOR 
ANTENNA

Indexing terms: Antenna reflectors, Carbon fibres, Composite' 
materials. Microwave antennas

The loss of gain due to surface-current attenuation on an 
uncoated carbon-fibre-reinforced-plastics reflector antenna 
has been investigated by comparing an uncoated antenna with 
the same unit with the addition of a metallised surface. The 
measurements show that the gain loss of the test antenna is of 
the order of 0-5 dB at X band frequencies.

Two European satellites under development, OTS and 
MAROTS, will use reflector antennas constructed from 
carbon-fibre-reinforced plastics (c.f.r.p.). This is a light 
weight, high-strength, yet rigid, composite material of fine 
graphite fibres in an epoxy-resin matrix, which, since the 
advent of a process for the large-scale production of the 
fibre, 1 is being used increasingly for aerospace applications. 2

Broadly speaking, there are two categories of carbon fibre: 
type I, which has a high modulus of elasticity, and type II,' 
which exhibits high tensile strength.

Several c.f.r.p. reflector antennas have been developed in the 
past in connection with US space projects. 3 - 5 Of particular 
interest is the 1.47 m antenna developed for the Viking Orbiter 
1975 spacecraft. 3 This antenna, which operates at S and X 
band frequencies, was originally to have had an aluminium- 
foil surface to give a good r.f. reflectivity. However, it was 
found that the uncoated type I material was itself satisfactory. 
It is hoped that the European c.f.r.p. antennas will also give 
satisfactory r.f. performance without recourse to metallic 
surface coatings, as such coatings would not only raise the 
mass of the antenna, but could also introduce thermal 
problems. Further, elimination of a coating would save 
development time and costs.

Little data is available 6n the reflectivity of c.f.r.p., although 
it is known that type I material gives the smallest losses 5 . 
Some simple tests with plane sheets of c.f.r.p. forming a short 
circuit in a waveguide have shown that material with crossed 
layers exhibits a high reflectivity, but a sheet of unidirectional 
fibres is polarisation sensitive and can reflect less than half 
of the incident power. 6 To gain more information, a pro 
gramme of measurements is now being carried out at ESTEC, 
and the results of the first part'of the programme are reported 
here,

Poor reflectivity from the surface of a reflector antenna 
would result in gain loss; therefore, to evaluate a c.f.r.p. at 
r.f., a gain comparison between an antenna using a bare 
c.f.r.p. reflector and the same antenna with a metallic coating 
on the reflector is the most meaningful type of measurement. 
An offset parabolic c.f.r.p. reflector with elliptical aperture 
became available for r.f. measurements; this had been built 
for mechanical-feasibility evaluation using the tooling that 
was constructed for the glass-reinforced-plastics antenna of 
the 'Symphonic' satellite. The reflector was fabricated in 
type II c.f.r.p. with a sandwich construction. Six layers of 
c.f.r.p. with successive layers at 30° relative orientations form 
the outer skins, and these were bonded to an aluminium 
honeycomb. 7

An X band antenna was built using the 655 mm x 405 mm 
reflector and a ridged-waveguide feed. The feed had 'dual 
polarisation so that the reflector could be illuminated in 
vertical (electrical field parallel to minor axis) or horizontal 
(electric field parallel to major axis) polarisation. The feed 
and reflector were joined by a very rigid support structure 
to ensure that no changes occurred in the antenna geometry 
throughout the measurement period. The antenna with the 
black c.f.r.p. reflector can be seen in Fig. 1.

The metal surface with which the performance of the c.f.r.p. 
was compared was formed from a single sheet of 0.02mm 
aluminium foil. This was hand applied to the front face of 
the reflector, which had been covered with double-sided 
adhesive tape. It was found that surfaces with deviations 
smaller than 0-2 mm could be formed; this corresponds to a 
surface error gain loss of less than 0-05 dB, 8 which is 
negligible. The experimental procedure was to make a gain 
measurement with the metal coating present, then to remove 
the coating and adhesive tape without disturbing anything

Fig. 1 Photograph of antenna with carbon-fibre-composite 
reflector .
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Fig. 2 Measured values of gain loss due to c.f.r.p. material 
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else and to make a new gain measurement. Gain measure 
ments were carried out between 7>5 and 10-5 GHz and using 
both feed polarisations. The measurements were made by 
boresight comparison with a standard-gain horn using a 
coaxial switch to switch between antennas; the fast switching 
was found to be necessary to minimise the effect of receiver 
drift. Each measurement was repeated five times and a mean 
was taken. The results of the measurements are shown in 
Fig. 2. These show that the uncoated reflector does have 
a small gain loss and that the loss is a function of frequency 
and is polarisation sensitive.

It can be concluded that at X band frequencies, uncoated 
type II material is suitable for spacecraft antenna applications 
where the additional loss of even a fraction of a decibel is 
undesirable. However, the small loss is probably acceptable 
for other applications.

Further tests will shortly be made with a 0-88 m-diameter 
parabolic reflector, which is being constructed of type I 
c.f.r.p.
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Definition: The matrix A(ki, k 2 , ..-, kj) is obtained by 
deleting the rows and columns numbered klt k 2 ,...,kj 
from the matrix -A for ;= 1,2, ..,,«), where A is, nxn; 
for j = 0, A(k } , k2 , ..., k,) & -A. Moreover, det/1 
(1,2, ...,«) £1.

Theorem 1 : l The coefficients of the characteristic polynomial 

det (sl-A) = s" + an -'l s"- 1 + ... + <x l s + a 0 . . (2) 

are given by

aj='Sl tetA(k 1 ,k2 ,...,kj) j = 0, !,...,...« (3) 
"P

In eqn. 3, the summation is over all combinations of

By taking the zero-state Laplace transform, eqn. 1 can be 
written as

X(s) = (A- (4)

where X(s) and U(s) denote the Laplace transform of X(t) 
and U(t), respectively. This form of eqn. 4 is suitable because

(a) If nodes corresponding to x^s), ..., x,,(s) are numbered as 
1,2,..., n and nodes corresponding to Ui(s), ... ,u,(s) are 
numbered as «+ 1,...,« + r, the signal-flow graph G of eqn. 4 
can be directly obtained by taking the transmittances t,j to be

for i ^ j 
for / ^ n

and n, j
(5)

= b[- n for n + r ~» i > n and

(b) Excluding the self loops, all the transmittances are scalars 
and, as a result, the numerator and the denominator of 
Mason's gain formula are polynomials.

Since the denominator of Mason's gain formula for the 
graph G defined by eqns. 5 is the characteristic polynomial 
of A 2 , the following theorem shows how this denominator 
can be obtained from subgraphs not involving s:

Theorem 2: Let G(k it k2 , ..., k,) be obtained from G by 
deleting the nodes k t , k2 , ..., k, for s = 0. The coefficients 
of the characteristic polynomial in eqn. 2 are given by

«j = S del C(kj, k2 , ...,kj) j = Q,\,...,n and 
"f

fr,e {1,2, ...,»} (6) 
y is as defined as in theorem 1.

ALGORITHM FOR THE EVALUATION OF 
(s/-/\)-'fl FROM SIGNAL-FLOW GRAPHS 
NOT INVOLVING THE COMPLEX VARIABLES

Indexing terms: Graph theory, Laplace transforms, Matrix 
algebra _________ ________________________
A method of evaluating the Laplace transform of the state 
vector by a simple signal-flow graph of the state equations is 
presented. The coefficients of the numerator and denominator 
polynomials in Mason's gain formula are obtained from sub 
graphs whose transmittances are real numbers.

Given the state equations

X(() = AX(t) + BU(t) ........ (1)

where X(t) is the n-state vector, X(t) is its derivative with 
respect to t, U(t) is the r x 1 input vector, A = [au] and 
B = [b,j] are constant nxn and nxr real matrices, respec 
tively, the evaluation of (sI-A)~ l B'is of importance in 
control, systems and network theories. In this letter, con 
sidering a simple signal-flow graph of eqn. 1, an algorithm 
that gives the coefficients of the numerator and denominator 
polynomials of Mason's gain formula, i.e. of (si — A)~ 1 B, 
from subgraphs whose transmittances are real numbers is 
developed. The following definition and theorem on deter 
minants are needed for this development:

ELECTRONICS LETTERS 29th May 1975 Vol.11 No.<11

Proof: The proof follows by considering that to delete rows 
and columns &,, k2 , ..., kj from A is equivalent to deleting 
nodes with the same number from G.

Q 11* 1

Fig. 1 Signal-flow graph of state equations
n=3, r=l. J = 0
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Validation: The complete derivation will appear in Reference 
4 and can be deduced by duality from Reference 3. Here, we 
only give some indications of validation.

First, we know, from Reference 5, that eqn. 10 has a unique 
solution if the characteristic polynomials of A + al and 
-(/1 + a/) 7 are relatively prime. This is so if A + al > 0, 
which asserts condition 8. On the other hand, the closed- 
loop system x = (A - BR~ ' fi 7 P~ ' )x can be shown to be 
asymptotically stable by investigating V(x) = x'P~ ] x as 
a Lyapunov function. Finally, the eigenvalues of the closed 
loop system are obtained as follows: by right multiplying 
eqn. 10 by P~ ', the resulting equation

indicates that /1 + a/ and - (A - BR~ ' B T P~ ' )- a/ are 
similar and thus have the same eigenvalues. This implies 
that, if ;.,  is an eigenvalue of A, -A,-2a is an eigenvalue 
of A- BR-' B 1 P~ '.

Com-lusioii : Among various versions of the linear quadratic 
optimal control theory, which allow an easier implementation 
of regulators, we have suggested a control algorithm which 
requires the computation of algebraic Lyapunov equations 
instead of the classical Riccati equations. On the other hand, 
a scalar coefficient can be chosen by the designer to adjust 
the settling time of the closed-loop system.

I). SAKLAT 

Y. A. THOMAS

21st July 1975

Ecole Nalionale Super/cure de Mecaiiit/i/e
Universite de Names
3 Rue du Marechal-Joffre
44041 Names, France
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EFFECT OF CONDUCTIVE THERMAL-CONTROL 
PAINT ON SPACECRAFT-ANTENNA 
PERFORMANCE

Indexing (arms: Microwave antennas. Mobile antennae. 
Reflector antennas. Thermal-variables control

The effect of applying a conductive thermal-control paint to 
the surface of a reflector antenna has been investigated at 
X band frequencies using a swept-frequency technique. With 
a particular space-qualified paint, a maximum boresight gain 
loss of 0- I dB was recorded.

Over the last few years it has become apparent that spacecraft 
in Earth orbits are subject to a previously unsuspected form 
of environmental hazard. System malfunctions and even, 
occasionally, the complete failure of satellites have led to the 
conclusion that differential electrical charging from hot 
plasmas can cause highly destructive vacuum arcs. The 
plasmas are a manifestation of a phenomena known as sub- 
storms, which occur in the Earth's magnetosphere, owing to 
interactions between the solar wind, the Earth's magnetic 
field and the interplanetary magnetic fields. If a satellite 
encounters a substorm region, the high-energy electrons in 
the plasma can cause charging of its component parts to the 
order of 20 kV. Subsequent electrical breakdown in dielectric 
materials can cause electromagnetic interference, transient 
pulses in electronic circuitry and burnout of electronic 
components. 1 - 2
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A way to prevent charge build-up would be to ensure that 
satellites are entirely electrically conductive on their external 
surfaces. This conflicts with the use of thermal-control 
paints, normally dielectric materials, which are often applied 
to spacecraft bodies or appendages for temperature control. 
If, however, the paint has some additive to make it slightly 
conductive, it fulfils the dual role of thermal control and 
charge-build-up inhibition.

Making thermal-control paint conductive leads to the 
possibility of problems with antenna systems, particularly for 
reflector antennas. It is known that the r.f. performance of a 
reflector antenna is virtually unaffected by a thin dielectric 
layer on its surface, as with normal paint, but, if the paint is 
conductive, there is a possibility of surface-current losses and 
hence antenna gain reduction. This problem of needing 
a thermal-control surface with electrostatic cleanliness was 
encountered with the reflector antenna of an ESA satellite 
now under development. It was hoped that a particular paint,* 
which was recently space qualified, 3 could be used, but no 
information was available regarding its r.f. performance. 
Because of this an investigation was carried out and the 
results are reported here.

An estimation of the effects of the paint can be made by 
calculating its skin depth. For a homogeneous partially 
conducting medium the depth of penetration rt is given by 4

I

flu '.'(> l'-r" 2 "

with the usual symbols. The value of conductivity n for the 
paint was unknown, so samples were prepared on p.v.c. 
substrates and resistance measurements made. An average 
surface resistivity of 22-4 x I0 3 Q/square was found; the 
average thickness of correctly applied paint is 20,um; there 
fore the conductivity of the paint was found to be 2-23 S/m. 
The relative permittivity c, of the paint was unknown, but 
estimated at 2. Using these values and a frequency of 
lOGHz in the above equation reveals a depth of penetration 
of 4 mm. This is large compared with the paint thickness of 
20 /jm, so it can be assumed that with a painted reflector 
nearly all of the surface currents would flow in the metal 
beneath the paint, and the surface-current losses would be 
small. To verify this some direct measurements were carried 
out.

Measurements were carried out at X band using a front-fed 
parabolic reflector antenna of 334mm diameter and 
f/D = 0-38. The losses caused by the conductive thermal 
paint were measured by monitoring the boresight gain of the 
antenna under the same conditions, first with the reflector 
painted and then after the paint had been removed. The 
measurement of very small gain differences is difficult and 
time consuming; a method used recently which involves 
switching between the test and a reference antenna 5 was 
rejected in favour of a swept-frequency method. Fig. ] 
shows the measurement arrangement. The parabolic antenna 
was illuminated by a horn at a separation distance of 9 m. 
The frequency was swept from 8 to I 2 GHz.

reflector antenna 
t.c. paint

horn (transmit)c=^

3dB coupler

swept-frequency 
oscillator

Fig. 1 Swept-frequency measurement system 

' Hughson T.'I960.'71 
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The experimental technique was to take a recording on 
the ,\y plotter of the test-channel-to-reference-channel-level 
difference with the reflector antenna painted; the paint was 
then carefully removed with chemical paint stripper, and a 
new level-difference recording was made with everything, 
apart from the paint, as before. Fig. 2 shows the experimental 
result. It can be seen that there is a small gain loss which 
increases with frequency and reaches a maximum of 0-1 dB 
at 12 GHz.

5-

"3-

a
E 1 o

0 J

reflector surface clean

reflector surface painted

10 
frequency. GHz

12

Fig. 2 Test-channel-to-reference-channel-level difference

The conclusion is that the type of conductive thermal- 
control paint tested can be applied to the surface of a reflector 
antenna without serious degradation of the r.f. performance, 
at least up to X band frequencies.

Acknowledgments: I would like to thank N.W.T. Neale for 
suggesting this investigation, and F. G. M. Levadou for 
supplying and preparing the Hughson paint.

K. M. KEEN 10th July 1975

European Space Technology Centre 
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SELF-REGULATING PICARD-TYPE 
ITERATION FOR COMPUTING THE PERIODIC 
RESPONSE OF A NEARLY LINEAR CIRCUIT TO 
A PERIODIC INPUT

Indexing terms: Iterative methods. Network analysis______

Previous publications described the compulation of the steady- 
state periodic response of a nearly linear circuit by solving the 
Vollerra integral equation using a Picard-type iteration with 
a diagonal damping matrix. A new self-adaptive process not 
only has a much larger region of convergence, but also 
economises in computational effort.

The problem of finding the steady-state response of a nearly 
linear circuit to a periodic driving force has been dealt with 
by the first author in a number of publications. '- 2 -* The 
response was represented as the asymptotic solution of the 
Volterra integral equation

(1)

where « <0> (') is the response of the linearised circuit, H(t) is 
the impulse response matrix of the circuit and/is a vector of

ELECTRONICS LETTERS 21st August 1975 Vol. 11 No. 17

nonlinear functions representing the nonlinearities of the 
circuit, all of which can be represented by nonlinear voltage- 
dependent current generators. The same result may be more 
tidily expressed as the solution of

vp (0 = H(t-r)f[va (r)]dr (2)

where vp (i) and vf<0 '(i) are the steady-state responses of the 
complete and linearised circuits, respectively. Initially, '- 2 
the solution was sought via the iteration
iVJ+ "(0 = «p""«>

mi-T)f[v,,u> (T)]dr ; = 0, 1,... (3)

the evaluation of the convolution integral being carried out by 
the fast Fourier transform (f.f.t.). If the nodal-analysis 
representation of eqns. 1-3 refers to an «-node circuit and 
an N-point f.f.t. is used, the nN sample values of vp (t) and 
vpu'(t) may be combined as single vectors V '(/) and V u '(t). 
Proceeding similarly by writing U for vp""(t) and W(V) for 
the convolution integral as evaluated by the f.f.t., eqns. 2 
and 3 reduce to

V = U + W(V) . 

to be solved by the iteration 
K<°> = U, V u> = U W <J> , j =

(4)

(5)

It was quickly realised 3 that this simple process had not a 
wide enough region of convergence even for all nearly linear

IMPROVED ITERATIVE SOLUTION OF v=U.W(V)

O =-1, j =0, A =lolse, £' =10; R ;10. 

V (0) =U. m =0, c =1, c mo , -3, B =1 5. a =2"''

Fig. 1 Flow diagram for improved iterative solution of 
V = U+W(V)

413



Publication P7. K.M. KEEN, Load impedance from complex

reflection coefficient curves. MICROWAVES, 
Nov. 1975, pp 53-54.

(re-titled Graphs Simplify Load Impedance 

Measurements)



Graphs Simplify Load 
Impedance Measurements
Here are some handy curves for converting measured 
phase and amplitude data to complex impedance values.

C LASSICALLY, 
transmission

line loads of unknown impedance 
have been measured using a slot 
ted line and plotting VSWR and 
position of first null on a Smith 
Chart. This method is time con 
suming since it can only be done 
at spot frequencies. Usually a net 
work analyzer is employed instead, 
which compares the amplitude and 
phase at a test port with a refer 
ence channel and displays the 
values on a meter.

This article provides graphs (Fig. 
1) for converting reflection coeffi 
cient and phases to impedance 
values; namely, R/Z0 and X/Z0 . 
The charts are derived from com 
puter data, applicable to any kind 
of load and frequency.
Converting amplitude and phase data

To make a complex impedance 
measurement on a load with only a 
basic network analyzer, one must 
convert the measured phases and 
amplitudes to complex impedance 
values. A typical measurement set 
up used for spot frequency or 
swept frequency measurement is 
shown in Fig. 2. Here the load is a 
log-periodic antenna which termi 
nates a 50-ohm coaxial cable. Af 
ter a short is used correctly for 
calibration, (a short gives a volt 
age-reflected wave phase of 180 
degrees) the network analyzer dis 
plays the voltage reflection co 
efficient amplitude, jp|, and phase 
angle, <f>, directly in dB and de 
grees.

There are two ways to convert 
to normalized load impedance val 
ues. The first is to use the rela 
tionships

\p\'2 — 

2|p|sin
— 2|p|cos (

(1)

(2)

Keith M Keen, European Space Re 
search Organization, European Space 
Research and Technology Center, 
Domain weg-Noordwijk- Netherlands.

-10

NEGATIVE REE COEE 
ANGLES GIVE 
NEGATIVE VALUES O3

-5 -10

NEGATIVE REE 
——-J COEF. ANGLES 

erf——\ GIVE NEGATIVE 
—— ALUtb OF X/z

0-1

0-05

1. Curves of normalized resistance and reactance versus reflection coef 
ficient for relatively large reflected wave amplitudes, (a) and (b), and for 
relatively small reflected wave amplitudes, (c) and (d), are plotted for con 
stant phase angles. Reflection coefficient amplitudes are expressed in dB.
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Termina f ions, 
Attenuators, 
Resistors, 
DC Blocks

The Originator of the 
PILL TERMINATION

Look to EMC for all your passive circuit functions 
in convenient patented pill configurations

•1 6 8 10 12 14 1618 
FREOUENCY-GHZ

Function: Internal 50S7
termination for stripline
applications.
Maximum Peak Power: 100W
Operating Temperature: -55°C
to +150°C
Material: Brass case and tab

Equivalent Circuit: -\-\iwith balanced grounding 

Plating: Gold per Ml L-G-45204, type II class 2

FOR COMPLETE INFORMATION INCLUDING MOUNTING INSTRUCTIONS 
AND APPLICATIONS, CALL OR WRITE TODAY!

irmiuni nnu tun 1971 OLD CUTHBERT ROAD CHERRY HILL, NEW JERSEY 08O34
TECHNOLOGY,INC. Phone 609-429-7800 TWX 710-896-0193

READER SERVICE NUMBER 54

NETWORK 
ANALYZER

n
9 9

.. . .

X-Y 

RECORDER

COMPARISON

50 OHM COAX

£——R:
DIRECTIONAL 
COUPLER I

DIRECTIONAL 
COUPLER 2

2. In this typical test setup, coupler 1 provides a constant reference signal, 
while coupler 2 monitors the reflected wave.

where p = |p|e] * is the complex 
reflection coefficient, R and X re 
fer to the load impedance and Z 0 
is the characteristic impedance of 
the transmission line.

Alternatively, a Smith Chart 
can be employed in the way used 
for slotted-line measurements 
where the VSWR and position of 
the first standing wave minima 
are plotted to give the load im 
pedance. The VSWR is found 
from:

—— AXtni n —— "7 -*)
IT}

1 - IP!
except that |p| must be converted 
from decibel units. Most Smith 
Charts are already calibrated in 
degrees of reflection coefficient 
phase, but if not the phase must 
be converted to the corresponding 
first minima position, Xmin. using

An alternative method and a 
very convenient one is to use the 
set of graphs in Fig. 1 which 
make the conversion given by 
Eqns. (1) and (2). The graphs 
are also useful in that they show 
the general relationship between 
load impedance and reflection co 
efficient in a simple way. They 
are, of course, applicable to any 
sort of transmission line termina 
tion.
Spot or swept measurements

Consider the test setup in Fig. 
2 in which the log-periodic anten 
na used as a load is found to have 
a reflection coefficient of —12.5 
dB amplitude and —65 degrees 
phase at some frequency Fcw .

3. Swept frequency measurement
records amplitude and phase of the 
reflection coefficient.

From l(c) and l(d), the normal 
ized impedances are:

R/Z0 = 1.11, X/Z0 = -0.48 
As the transmission line has a 
characteristic impedance, Z0 , of 
50-ohm the impedance values of 
the log-periodic antenna at F cw 
are
R = 55.5 ohms X = — 24 ohms 

The curves are also suited for 
swept measurements. Suppose, for 
example, that the input impedance 
of a stripline device with one co 
axial input port is required over 
the band between frequencies F : 
and F 2 . The amplitude and phase 
of the reflection coefficient is 
plotted by the X-Y recorder as 
shown in Fig. 3. To find the cor 
responding impedance values, the 
data from the X-Y recorder is 
plotted in Figs. l(a) and l(b) as 
shown by the boldfaced dotted 
lines. From these, the normalized 
impedance values can be read off 
for any frequency within the band. 
For Z 0 = 50 ohms, the input im 
pedance of the device varies be 
tween Z = 275 ohms, X -210 
ohms at F, to Z = 50 ohms, X = 
58 ohms at F,. ••
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Discussion and conclusions: In practice, limitations are 
imposed on the signal amplitude and frequency ranges that 
can be accommodated by the scheme. The lower amplitude 
limit is set by the analogue-multiplier noise levels, which are 
noticeably higher than the op. amp. noise levels. The upper 
limit is set by the output voltage swing of the multipliers— 
typically ± 10 V for ± 15 V supply lines. No lower frequency 
limit appears to exist, except for the necessity of providing a 
low-frequency sinusoid at the input with a low distortion. 
The upper frequency limit of the individual frequency- 
multiplier stages and the number of frequency multiples that 
can successfully be generated are limited by distortion in the 
input signal, distortion produced in intermediate and final 
stages, phase shifts in multipliers and op. amps., failure to 
cancel exactly unwanted terms at the outputs of individual 
stages and spurious direct voltages that are generated at the 
outputs of the various op. amp. stages, owing to offset 
voltages.

It should be pointed out that certain minor variations are 
possible in the implementation of the principles, and, that for 
certain special cases of input voltage and K*, simplifications 
are possible.

The system can provide the basis for a waveform generator 
in which required fractions of each output frequency are taken 
and added. This enables triangular and square waveforms, 
lor example, to be generated.

R. w. J. BARKER 
E. P. J. REILLY

I8lh February 1976

Department of Electronic & Electrical Engineering 
Unirersity o/ Sheffield 
Sheffield SI 3JD. England

SURFACE EFFICIENCY MEASUREMENTS 
ON A HIGH-MODULUS CARBON FIBRE 
COMPOSITE REFLECTOR ANTENNA AT 
L- AND S-BAND FREQUENCIES

Indexing icr/n*: Antenna reflectors. Carbon fibre.*. Composite 
nuileriah, Rt'fletlur antennas

The r.f. surface reflectivity of a parabolic antenna reflector 
fabricated from carbon fibre reinforced plastic with high 
modulus fibres, has been investigated at L- and S-band 
frequencies by a swept frequency gain comparison method. 
The gain of the anienna with the reflector uncoaled was 
compared with thai of the same unit bui with a metal coaling 
on (he reflector.

Carbon fibre reinforced plastic is a strong, rigid, and light 
weight material which is being used increasingly for aerospace 
applications including the fabrication of parabolic antenna 
reflectors. As c.f.r.p. is electrically conductive, it is in some 
circumstances unnecessary to add a metallic surface to ensure 
good reflectivity,' thus saving manufacturing time and 
expense and, for space applications, additional unwanted 
mass and the fear of delamination. However, for spacecraft 
communications, antenna gain losses of even a few tenths of 
a decibel are undesirable and a lossy reflector surface which 
gave, for example, an antenna gain reduction of 0-25 dB 
compared with an identical antenna with a metal reflector, 
would probably need to be metallised. To acquire some 
information on the relationship between reflector antenna 
gain loss as a function of c.f.r.p. surfaces, some direct antenna 
measurements have been made and the results of gain loss 
measurements with a high tensile strength (type II) fibre 
composite reflector have been published. 2 Since then, further 
measurements have been made on a high modulus (type I) 
material reflector and the results are reported here.

Fig. 1 shows the 880mm diameter rotationally symmetric 
parabolic reflector with the feed system that was added for the 
tests The//D ratio of the reflector was 044 and a radome- 
covered log-periodic dipole array, longitudinally moveable 
along the parabola axis for optimisation, was used as the
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primary feed. Poor reflectivity from the surface of a reflector- 
antenna would result in gain loss; therefore, to evaluate a 
c.f.r.p. reflector at r.f., a gain comparison between an antenna 
using a bare reflector and the same antenna but with a 
metallic coating on the reflector is the most meaningful type 
of measurement. This was done using the swept frequency 
gain comparison technique developed in connection with 
conductive paints.-1 With a swept frequency oscillator as a 
microwave power source, the gain of the antenna with its 
reflector coated in metal foil was monitored as a function of a 
reference channel level, the reference channel deriving from a 
directional coupler at the swept frequency oscillator output. 
An elevated outdoor range of length 16m and height 7m 
was employed; the remote antennas were a log-periodic 
dipole array at L-band frequencies and a ridged horn at 
S-band frequencies. The reference surfaces were made from 
aluminium foil in sections reminiscent of the panels of a 
parachute. These were laid over a convex parabolic former 
and welded together along the seams by a new welding process 
developed for metal and plastic films.* For each measure 
ment, the reference surface was adhered to the reflector by a 
thin layer of heavy automotive grease.

Figs. 2 and 3 show measured gain comparisons. Fig. 2 for 
the frequency range 1-3 to I-7 GHz, and Fig. 3 for 2-8 to 
3-2 GHz. Each result consists of two recordings, the first 
taken with the metal reference surface in place and the second 
taken after its removal. The most striking feature of these 
results is that, in both cases, the two recordings are identical 
and appear as one over most of the frequency range. Some 
small departures can be seen, however, both positive and 
negative. The positive signs indicate where the gain with the 
bare reflector was actually better than with the aluminium 
reference, and the negative signs show the opposite. Depar 
tures are very small, less than 0-1 dB except for the extended 
region between approximately 3-05 and 3-15 GHz. In this 
region the bare reflector surface is more lossy than the 
equivalent metal coated case by about 0-12dB.

To conclude, the measurements show that the high modulus 
material has an extremely good r.f. surface at L- and S-band

Fig. 1 Photograph of the c.f.r.p. reflector and the antenna feed 
system
* Luc welding
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frequencies, in some cases better than the welded metal surface 
used for comparison. It is interesting to compare these results 
with those seen earlier with the high tensile material reflector. 2

TOTALLY SELECTIVE 
CONVOLUTIONAL DECODING

Indexing Irrnti: Cotk's. Dreading

15 
frequency, GHz

Fig. 2 Test channel to reference channel level recordings with 
and without the reference surface, 1 • 3 to 7-7 GHz

This was measured at a higher frequency band, but even so it 
is clear that the r.f. reflectivity of its surface is poor whereas 
that of the high-modulus reflector is very good. Part of the 
reason for this may be due to the fact that the electrical 
conductivity of high-modulus carbon fibres is approximately 
twice that of high-tensile fibres, 4 but it is believed that surface 
roughness is the most significant parameter. The effect of 
surface roughness has been demonstrated by Robinson et al. 1 
who measured the reflectivity of some flat c.f.r.p. samples at 
8-448 GHz with the surface roughness as a variable, and 
found that smooth surface samples gave normal incidence 
reflectivities of better than 0-15 dB, but rough surface samples 
gave reflectivities worse than 0-4dB. The most noticeable 
difference between the surfaces of the two reflectors measured 
was that the high-modulus material reflector had a very 
smooth surface, but in contrast, the high-tensile-material 
reflector surface was rough to the touch.

28 2-9 30 31 
frequency, GHz

32

Fig. 3 Test channel to reference channel level recordings with 
and without the reference surface. 2-8 to 3-2 GHz
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A modification of the Viterbi decoding algorithm is suggested 
for faster convergence.

Viterbi decoding 1 ~ 4 is best explained in terms of the trellis 
diagram 4 of a convolutional coder. Fig. I shows a particular 
rate 1/2 convolutional coder over G'F(2) and its trellis diagram. 
At time ( = 47' in the present example, there are two paths 
converging on every node representing a stale of the coder. 
One computes the Hamming distance of all these paths from 
the received vector and, for every node, retains that path 
which has a smaller Hamming distance. All these retained 
paths are then extended through the trellis 'o the next time 
instant at which, once again, on every node two paths con 
verge. The path having a smaller Hamming distance from the 
received vector is retained at every node and this procedure is 
recursively continued. Very frequently, there comes a time at 
which all the retained paths have the same common prefix, 
which corresponds to the corrected version of the received 
vector over that section. At every instant, the retained paths 
are called survivors. A more expressive terminology uses 
phrases like 'killing a path' and 'keeping a path alive'. 5 Thus 
the basic concept in the Viterbi algorithm is that of achieving 
consensus about the common prefix among all the survivors 
selected on the criterion of small Hamming distance from the 
received vector, selection being made on the nodal basis.

Let the two paths converging on a particular node have 
Hamming distances d, and dj, d, ^ dj, from the received vector, 
and let the two paths converging on some other node have 
Hamming distances dp and </,, df =S d,,, from the received 
vector. In the nodally selective Viterbi algorithm, at these two 
nodes, the paths having Hamming distances d, and d, from 
the received vector are retained and the paths having Ham 
ming distances dj and d,, are rejected, even if minfrf,-, rfj < 
max(d,, dp ). This is a direct consequence of conducting 
selection on the nodal basis.

Heuristically, it seems more reasonable to have a stricter 
selection on the criterion of Hamming distance from the 
received vector without enforcing quota for every node. In 
this totally selective scheme, at every instant the paths are 
ordered according to increasing Hamming distance from the 
received vector, and the fixed number of paths from the top 
are retained. The retained paths are then extended to the 
next instant, and selection is performed again. Some nodes 
may therefore have more than one survivor converging on 
them. Such.a situation is not necessarily objectionable. In 
fact, the list-of-t version of the Viterbi algorithm" retains 
L > 1 paths converging on every node. In the totally selective 
scheme, very frequently there comes a time when all the 
survivors pass through a common node. Between the starting 
common node and this subsequent common node, different 
survivors could have different routes, unlike the common 
prefix for a nodally selective Viterbi algorithm. The decision 
is taken on this section on the basis of smaller Hamming 
distance from the received vector. If there is a tie on this 
criterion, it is resolved on the basis of majority vote. If there 
is a tie then, the decision could be arbitrary.

As an example, let the all-zero vector be transmitted and 
let the received vector be 01 01 01 00 00 ... with triple error. 
The survivors would be denoted by their nodal codes, i.e. by 
the sequence of nodes through which a path passes. Using 
the trellis of Fig. 1, for the totally selective decoding algorithm, 
the nodal codes of eight survivors at i = 47' are
0 I 2 5 3 (I)
0 0 0 0 0 (3)
0 1 2 5 2 (3)
0 0 1 2 4 (3)

0 0 I 2 5 (3)

0 I 2 4 0 (4)

0 1 2 4 I (4)

0 0 0 1 2 (4)
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Fur das seitlich uberlappte Schlitzrohr ergeben sich ahnliche 
Ergebnisse, wobei mil wachsender Oberlappung a die Re- 
sonanzen bei hoheren Werten liegen (BILD 7a, 7b, 7c). Regt 
man den in der Drehachse liegenden Satellitenboom im 
Inertialsystem mil x0 sin co t an, so ergeben sich fur die Ver- 
groBerungsfunktionen jeweils zwei Teile in jeder Richtung 
£ und T].
Der mil sin (cu + Q) t kommende VergroBerungsfunktions- 
anteil ist mil |.,i-> und der mil sin (cu - Q) t vorkommende 
Anted mit £„'-> bezeichnet (BILD 8 und 9). Ahnliches gilt fur 
die r]-Richtung, wo der mit cos (co + Q) t vorkommende Ver- 
groBerungsfunktionsanteil mit ri,-, 1 * 1 und der mit cos (co-Q) t 
vorkommende Teil mit TI,, ( -> bezeichnet wurde (BILD 10 und 
11).
Man erkennt im Falle des Schlitzrohres, daB fur x = 1 eine 
hebbare Resonanz (scheinbare Resonanz) vorhanden ist 
(BILD 8), so daB nur der groBere Wert fur die Schwingungs- 
form n = 1 zur Resonanz fiihrt. Bei dem seitlich uberlapp- 
ten Rohr tritt diese Resonanz de facto auf (BILD 9). Aufler- 
dem tritt bei der Drehgeschwindigkeit x = 2 noch eine zu- 
satzlich kleinere Resonanz auf, in deren Umgebung aller-

dings die VergroBerungsfunktion sehr schnell ganz kleine 
Werte annimmt.
Fiir wachsende Oberlappung u verschieben sich die Re- 
sonanzen zu groBeren Anregungsfrequenzwerten, wobei die 
fur x = 2 auftretende niedrigste Resonanz mit wachsendem 
u sich gegen Null verschiebt. Die VergroBerungsfunk-
tionen TH (< 1 sind in den Bildern 10 und 11 dargestellt.
Die Kurven zeigen ahnliches Verhalten wie im vorhergehen- 
den Falle.
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Development and Testing of a new CFRP Antenna Reflector 
for Communication Satellites
K. KEEN, P. MOLETTE, and B. PIEPER, European Space Technology Centre, Noordwijk, 

C. M. HERKERT, W. SCHAEFER, Messerschmitt-Bolkow-Blohm GmbH, Ottobrunn

A CFRP (Carbon Fibre Reinforced Plastics) antenna reflector with 88 cm diameter has been designed 
and manufactured at MBB, consisting of a parabolic dish and a tangential conical support structure. The 
design is based on detailed structural calculations, which are described and discussed. The manufactu 
ring steps for the reflector are given, the design concept and its main features are shown. Mechanical and 
thermal environmental tests with the reflector have been conducted at ESTEC, the results are presented 
and discussed. RF-surface reflectivity measurements resulted in extremely high reflectivity values of the 
CFRP surface at L and S band frequencies, in some cases better than the welded metal surface used 
for comparison. Finally the measured mechanical eigenfrequencies of the reflector have been compared 
to the calculated values resulting in a good correspondence.

Ein KtK-Antennen-Reflektor mit 88 cm Durchmesser wurde bei MBB enlworfen und hergestellt, der aus 
einer Parabolschale und einem tangentialen Stutzkegel besteht. Der Entwurt bas/ert aul detaillierten struk- 
turmechanischen Berechnungen, die beschrieben und diskutiert werden. Die Fertigungsschritte fur den 
Ref/ektor werden angegeben, der Entwurf und seine Hauptmerkmale aufgezeigt. Mechan/sche und tner- 
mische Umwelttests wurden bei der ESTEC durchgefuhrt; ihre Ergebnisse werden angegeben und dis 
kutiert. Messungen der HF-Reflexion der Reflektorobertlache resultierten in extrem hohen Reflexions- 
werten der KIK-Oberflache bei L- und S-Band Frequenzen, die in einigen Fallen besser als die der ge- 
schweiBten metallischen Referenzobertlache waren. SchlieBlich wurden die gemessenen mecnanischen 
Eigenlrequenzen des Reflektors mit den berechneten Werten verglichen, wobei sich eine gute Oberein- 
stimmung ergab.

1. INTRODUCTION

For communication satellites microwave antennae with 
high pointing accuracy high directivity and/or small beam 
width are required. Parabolic antennae with a suitable aper 
ture diameter (depending on frequency and coverage area) 
in general fulfill these RF-requirements satisfactorily. Beside

the weight constraints combined with the high stiffness 
requirements, typical for spacecraft structures, severe re 
quirements concerning manufacturing tolerances and es 
pecially thermal distortions of the antennae have to be 
considered. An antenna design made in CFRP (Carbon 
Fibre Reinforced Plastics) seems to be the most favourable 
approach because of the low density, high modulus of elas-
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ticity and low thermal expansion coefficient of the CFRP 
material. In addition also the RF-reflectivity of CFRP in the 
microwave range is close to that of a metallic surface. Aim 
of the development activity described in this paper was the 
verification of a simple low cost/low weight CFRP-technolo- 
gy reflector design with a reasonable, large enough aper 
ture diameter.

2. REFLECTOR DESIGN

2.1 Design Requirements

The design requirements for the high gain technology re 
flector described in this chapter are resulting from the RF- 
requirements on one hand and from the spacecraft side on 
the other hand. The RF-requirements had to be met with a 
lightweight structural design.
The CFRP structure fulfills the requirement for high stiff 
ness and minimum thermal deformation at low weight in 
addition to a very high RF-reflectivity using a high modulus 
carbon fiber.
The design requirements for the mission are derived from 
the launching vehicle (TD 3914) and the space environment 
of a synchronous orbit. That means that acceleration, vibra 
tion and acoustic excitation resulting from the launch ve 
hicle and the high vacuum and solar radiation of the orbit 
environment have to be considered. Eclipse and/or shadow 
cases (antennae in satellite shadow) may result in tempe 
rature changes (temperature cycles) between about -160°C 
and +100°C. Under certain mission conditions (critical 
sun incidence cases) the antenna should be able to en 
dure high temperature gradients without disturbing distor 
tions.
The third point that had to be met by the design was that of 
a cheap and economic manufacturing of the reflector.

2.2 Design Description

The reflector shown in FIG. 1 consists of a parabolic dish 
(f = 383 mm, Dmax = 880 mm) which was tangentially met 
by a truncated cone. Each of these two parts is built from 
four equally spaced sectors. The sectors overlap one 
another by a certain amount. Fiberorientation of each sector 
(dish and cone) is ± 45° at the centerline. The cross of the 
dish produced by the overlaps of the sectors is turned 
against the cross of the cone through an angle of 45°. 
Between cone and dish there is a central tube which is 
attached to the dish with a bonded flange. The short part 
of the tube fits in the long central tube where it is bonded

on one end and the other end is bonded in the inner flange 
of the cone. In this way there is a connection between the 
dish and cone in the center of the part, additional to the 
tangential bonding area between cone and dish at the edge. 
To reinforce the weak point where the support cone is 
truncated three layers of CFRP skins are introduced both 
inside and outside. The fastening of the antenna will be 
made at six points on a PCD of 90 mm. The "heli coils" for 
the M6 screws are incorporated in the CFRP inner and outer 
cone flange.
Measurements on pure 75 S/epoxy specimen conducted at 
MBB gave reflectivity factors at 12 GHz of about 98% [1] 
which eliminated the need for a metallic coating.

2.3 Materials

The materials used for the antenna are carbon fiber type 
HM (THORNEL 75 S) and epoxy resin (CIBA ARALDIT 
CY 209/HT 972). With these components filament wound 
flat skins with closed surface were fabricated. Fiberorienta 
tion of the skin is ±45°. Using templates with the exact 
shape of the sectors for the cone and dish the cut of the 
skin parts was done with fiberorientation angles of ±45° to 
the centerline of the sector. The requirement of thermal sta 
bility of the antenna during thermal cycles in orbit can be 
fulfilled with this high modulus fiber and the fiber direction 
of ± 45° in the laminate at a fiber volume content of 60%. 
When all these specifications for the graphite skin are met 
one can find a coefficient of thermal expansion for the la 
minate of 0 • 10' 6 V° C < I ~L I < 2 • 10- 6 V° C in the tempe 
rature range of 100 K to 400 K. Such a carbon fiber rein 
forced epoxy skin has a wall-thickness of ~ 0.45 mm. 
The adhesive used for this antenna is the CIBA GEIGY 
ARALDIT AV 100/HV 100 which is as well space qualified as 
the carbon fiber THORNEL 75 S and Ciba resin CIBA GEIGY 
ARALDIT CY 209/HT 972. These materials are also used for 
the OTS (Orbital Test Satellite) and MAROTS (Maritime Or 
bital Test Satellite) solar panels built at MBB for ESA.

3. STRUCTURAL ANALYSIS

3.1 Assumptions and Input Data

The employed laminate-material has isotropic properties of 
thermal expansion and orthotropic properties of elasticity. 
The laminate application in four sections results in aniso- 
tropic elastic behaviour of the dish and cone. The input data 
used for all structural computations are given as follows:

Material selected: THORNEL 75 S with CY 209/
HT972
Fiberorientation = ± 45°
Thickness of dish and cone
Thickness of tube

t = 0.45 mm 
t = 0.90 mm

Elastic properties of components:

a) THORNEL 75 S
EIIF = 523800N/mm 2 
EIF = 5600 N/mm 2 
G F = 17 460 N/mm2

FIG. 1: Antenna Reflector Geometry
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VFIU = 0.39 
b) CY209/H972
En B = 4700 N/mm 2
E 1B = 4 700 N/mm 2 
VB = 0.35

From these properties, the material property matrix was 
derived:

Gn =73 100 N/mm 2 
Gi2 = 67 100 N/mm2 
G 2j = 73100 N/mm 2 
G 33 = 68375 N/mm 2
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For all numerical calculations the Finite Element Method 
and the computer program NASTRAN were used. The elec 
tronic computations were performed on the IBM system/370 
Model 165 computing system at the MSB-plant Ottobrunn.

3.2 Static Calculations

Because of the anisotropic elastic behaviour of the dish and 
cone plane anisotropic plate elements were used instead 
of shell-ring-elements.
In FIG. 2 the undeformed and deformed shapes of the idea 
lised model are shown for two load cases of thermal distor 
tion. The model is a 90°-section of the antenna idealised in 
a polar-coordinate system. The boundary conditions consist 
of constraints on circumferential deflection and the corres 
ponding rotation along the 0°- and 90°-cross-section and of 
constraints on axial deflection and on all rotational degrees 
of freedom of the lower flange area.

FIG. 2: Thermal Deformations (a) Caused by an Overall 
Temperature Change of 300° C (upper drawing) 
(max. deformation = 0.30 mm) and (b) by a Tem 
perature Difference of 100° C between the Inner 
Cylindrical Tube and the Outer Parabolic Dish and 
Cone (max. deformation « 0.01 mm)

Four load cases were calculated:

- 1 g-acceleration in axial direction
- 1 g-acceleration in lateral direction
- thermal load caused by an overall temperature change of 

300° C
- thermal load caused by a temperature difference of 100° C 

between the inner cylindrical tube and the outer para 
bolic dish and cone (FIG. 2).

For the two first load cases (acceleration in axial and la 
teral direction) the maximum deformations and the inforced 
stresses in the flange area are of special interest. By 1 g- 
acceleration the greatest deformation in lateral direction 
(worst case) was found to be 0.37 mm. The highest stresses 
in bending were 13.5 N/mm 2 in the case of 1 g-acceleration 
in axial direction (worst case). This leads to a maximum 
acceleration for break of 35-40 g.

3.3 Dynamic Calculations

3.31 Topology

3.311 Idealization of Structure

FIG. 3 shows the entire idealized structure of the dish with

FIG. 3: Idealized Structure of Dish and Support Cone

tube and support cone in separated undeformed geometric 
projections. In establishing the Finite Element Model, the 
advantages of quarter-symmetry for dish, cone and tube 
were used in order to keep the idealized system at a reason 
able size and still holding the numeric solution at the re 
quired level of accuracy.
The curvature of the structural components was idealized 
by a network of flat triangular plates for dish and cone. For 
the central tube and its flange, quadrilateral plates were 
used. The mathematical model consisted of

132 grid points, 
216 triangular elements, 

8 quadrilateral elements and 
16 bars, representing a ring at the tangential 

point of cone to dish.

The dynamic system was comprised of 631 degrees of free 
dom, partially determined by the boundary conditions at the 
planes of symmetry. The entire system of the quarter-struc 
ture was then condensed to 42 degrees of freedom and 
eigenvalues extracted.

3.312 Choice of Finite Elements

All components of the entire reflector antenna consist of 
pure CFRP-fibre structure. The elastic behaviour of this type 
of structural elements was considered when selecting the 
proper input data for the computer program: All triangular 
and quadrilateral plates have both inplane and bending 
stiffness with solid homogeneous cross section and con 
sist of linear, temperature-independent anisotropic material. 
For these combined membrane and bending elements with 
two different stress systems, the plate stiffness was gene 
rated by the computer program from additional input data 
such as fibre orientation and elastic constants. All bar ele 
ments include extension, torsion, bending in two perpendi 
cular planes, and the associated shears.

3.313 Mass Distribution

For the CFRP-fibre structure, a mass density of Q = 
0,000015696 N sec 2/cm2 was used. Mass terms are gene 
rated from element geometric and material properties and 
distributed to the system-points by the NASTRAN computer 
program.
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3.32 Results of Dynamic Analysis (Normal Mode Analysis)

TABLE I shows the natural frequencies for symmetric boun 
dary conditions (Z), TABLE II for anti-symmetric boundary 
conditions (X) each together with the measured natural fre 
quencies.
As can be seen, the minimum natural frequency is close 
to 140 Hz. A discussion of calculated versus measured 
natural frequencies is given in Chapter 7.1.

TABLE I: CALCULATED AND MEASURED NATURAL
FREQUENCIES FOR SYMMETRIC BOUNDARY 
CONDITIONS (Z)

Mode No.

1 
2 
3

Frequency [Hz] 
calculated

142 
241 
255

Frequency [Hz] 
measured

165 
245 
260

TABLE II: CALCULATED AND MEASURED NATURAL 
FREQUENCIES FOR ANTI-SYMMETRIC 
BOUNDARY CONDITIONS (X)

Mode No.

1
2
3

Frequency [Hz] 
calculated

139
247
277

Frequency [Hz] 
measured

136
210
250

FIG. 4: Bonding of the Central Tube to the Parabolic Dish 
on the Mould

5. ENVIRONMENTAL TESTS

A complete series of environmental tests was performed at 
ESTEC. The most important tests concerning the operational 
life of the reflector are the thermal tests because they can 
show what distortions of the profile can be expected in 
orbit. These distortions can be divided in two types:

- permanent deformations due to hysteresis after a certain 
number of thermal cycles, and

- instantaneous deformations, which will add to the pre 
vious type, and which are distortions due to temperature 
level and distribution on the reflector.

4. REFLECTOR MANUFACTURING

Before manufacturing there was a material acceptance con 
trol for all reinforced plastic components and bought-out 
parts.
Two carbon fiber/epoxy skins were produced by a filament 
winding procedure. The pattern of each skin was fully closed. 
After this winding procedure the skin was cut from the drum 
and placed on a cutting table. On this table each of the four 
sectors for the dish and the truncated cone were cut out 
with the aid of templates. In the same way circular rings 
were cut out and put in a press mould to preproduce the 
inner and outer flange for the truncated cone and the dish 
flange which is bonded to the rear side of the dish. The four 
overlapping sectors were laid up on the moulds for the dish 
and cone respectively and cured.
The cured dish was left on the mould in which a central 
locating pin was positioned. With the aid of this pin and 
additional discs the rear-side dishflange was bonded. In a 
third step the previously manufactured long central tube 
was fixed and bonded to the fastened dishflange (FIG. 4). 
To complete the support cone, first of all, the previously 
fabricated inner flange of the cone was fixed on the smaller 
diameter area of the cone mould. Then the three doubling 
rings were laid up on the mould. Following this the cured 
cone was positioned and the three outer doubling plies 
were laid up. After lay up this sub-assembly was co-curred in 
an autoclave under a vacuum at 120° C for 4 hours. Follow 
ing curing the outer flange was bonded to the cone and 
heli-coils were positioned and inserted. Lastly the short 
central tube was bonded to the inner flange. 
The final manufacturing process involved the bonding of 
the dish assembly to the cone assembly on the dish mould, 
and with the aid of locating centralizing pins and discs. 
After manufacturing the reflector mass has been determined. 
The total reflector mass measured was 1030 g.
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FIG. 5: Test Arrangement for Thermal Cycling Test
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The distortions due to hysteresis have been measured after 
the reflector has been subjected to a certain number of 
thermal cycles, while the instantaneous deformations can 
be predicted by mathematical analysis when the field of 
temperatures is known: a solar simulation test has therefore 
been performed. The instantaneous deformations could also 
be measured directly under solar simulation by using the 
photogrammetry technique: this is being implemented in 
the HBF3 chamber at ESTEC, but was not operational at 
the time of the test.
The other environment to which the reflector would be sub 
jected is due to the vibrations during the launch of the spa 
cecraft. Sine vibration tests are usually carried out and, in 
addition, for items such as antenna reflectors where the 
area/mass ratio is large, an acoustic vibration test is neces 
sary. These two types of tests were therefore performed 
on this reflector.

5.1 Thermal Cycling Tests

An ageing tests of the reflector has been carried out in the 
ESTEC V.T.C. facility. FIG. 5 shows the test arrangement 
prior to test.
The test objective was to verify the amount of lasting dis 
tortion after exposure to extreme temperature excursions. 
A typical temperature cycle is shown in FIG. 6 simulating 
approximately (with regard to facility constraints) the tem 
perature excursion of spacecraft antennae of this specific 
design in geostationary orbit.

Tl°Cl
160

time (hi

-160'

FIG. 6: Typical Cycle during Thermal Cycling Tests

Approximately 8 hrs. were required to reach quasi equili 
brium temperatures during one cycle. The profile of the re 
flector was measured with a 3dB machine at ESTEC. A ho 
rizontal grid measurement points (10 cm by 10 cm) was 
applied to record the vertical coordinates of the reflector 
surface. A metal ring was employed fitting in the center 
hole of the reflector to provide a reference for exact cen 
tering and zero-distortion thus enabling unbiased compa 
rison of different measurements to be done (see FIG. 7).

The following profile measurements were carried out:

- prior to thermal cycling
- after 25 cycles
- after 49 cycles
- after 70 cycles.

Some results are presented in FIG. 8 comparing the con 
tour of the reflector surface after 70 cycles with that prior 
to test.
The contour maps indicate non-uniform lasting distortions 
of the reflector with maximum values of about .3 mm at the 
circumferential. The measurement accuracy is + .05 mm.

FIG. 7: Profile Measurement of the Reflector

Contour after 70 cycles compared with non - 

distorted reflector

dl 2 - 1mm O 0 - I mm £3 -1 --2 mm 

| | I - 2 mm [ | 0--lmm Q-jj-2 "3 mm

FIG. 8: Contour after 70 Cycles Compared with Nondistorted 
Reflector

5.2 Solar Simulation Test

After thermal cycling the reflector was subjected to a solar 
simulation test in the ESTEC HBF-3 facility. The purpose of 
this test was to simulate thermally extreme conditions to be 
encountered in a geosynchronous orbit with respect to tem 
perature levels and local and temporal temperature gra 
dients. In this context the following test phases have been 
determined covering the above extreme conditions for this 
particular antenna design:

Phase 1: Cold equilibrium, without simulated sun.
- symmetrical temperature distribution at min. 

temperature level
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Phase 2: Hot equilibrium, with sun radiation perpendicular* 
to reflector aperture area (see FIG. 9)
- symmetrical temperature distribution at max. 

temperature level

PhaseS: 72 min. eclipse simulation, starting with tempera 
tures of phase 2, and subsequent warm-up phase 
with sun as in phase 2,
- max. temporal temperature gradients

Phase 4: Intermediate equilibrium, sun incidence angle to 
reflector normal: 20°
- asymmetric temperature distribution at inter 

mediate temperature level

PhaseS: max. local gradient equilibrium, solar radiation 
parallel to reflector aperture,
- max. local temperature gradients in reflector.

phase sun phase 2

phase 5

FIG. 9: Thermocouple Location and Definition of Solar In 
cidence Angles for Different Test Phases

Test temperatures of the reflector are measured by means 
of 36 thermocouples. The temperature excursion of some 
selected measurement points (see FIG. 9) are shown in 
FIG. 10.

test time (hi

IPS' phase

FIG. 10: Temperature Excursion of some Selected Measu 
ring Points during Solar Simulation Test

FIG. 11: Sine Vibration Test Set-up (Z-AxIs)

5.3 Sine Vibration Test

This test was performed on the 7T installation at ESTEC. It 
consists of one vibrator Ratier VRF 60 for the vertical ex 
citation and one vibrator LING 335 coupled to the slip table 
for the horizontal excitation.

The test was performed along two axes of the reflector:

- the longitudinal axis (Z), which is the axis of the para 
bola;

- one lateral axis (X).

The test configuration is shown on FIG. 11 for one axis ex 
citation. Twelve accelerometers have been used to monitor 
the behaviour of the reflector. In order to limit the possible 
damages to the front face of the reflector, only two accele 
rometers were placed on the parabola, and the 10 other 
ones on the cone (see FIG. 12).

• Simplified to get symmetrical temperature distribution - in orbit 
solar incidence angle in these cases is 9° from normal. FIG. 12: Positions of the Accelerometers on the Cone
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The test levels were based on the expected performances 
of an OTS (Orbital Test Satellite) type satellite as they were 
known at the time of the test. The qualification test levels 
were defined as follows:

Z-axis

Frequency (Hz)

5-15 
15-21 
21-100

5-20 
X-axis 20-30

30-100 

at a sweep rate of 2 oct/min.

Levels (g)

2.5 
8.5 
3.5

3.5
5.0 
3.5

The achieved levels were limited in the low frequency range 
(below 8 Hz in Z-axis and 10 Hz in X-axis), due to ampli 
tude limitations of the vibrators.

The test sequence was a classical one:

- a resonance search at low level (0.5 g) between 5 and 
2000 Hz;

- test at qualification levels between 5 and 100 Hz (a test 
at intermediate level is normally performed at 2A of the 
qualification levels before the qualification test. However, 
due to the fact that the first resonance frequency of the 
reflector was well above 1CO Hz, this intermediate level 
run was deleted).

- a second resonance search at low level (0.5 g) between 
5 and 2000 Hz, which allows for detection of potential 
failures by comparison of the response curves with the 
ones of the first resonance search.

This same sequence was applied along the 2 axes. At the 
end of each run, the responses of the accelerometers were 
plotted and compared with the results of the previous runs. 
The results show that the first resonance frequency of the 
reflector is well above 100 Hz. Typical response curves are 
shown on FIG. 13 (Z-axis test) and FIG. 14 (X-axis test) for 
accelerometers 1 and 8 (they are non-filtered curves).

5.4 Acoustic Vibration Test

This test was performed in the reverberant chamber at 
ESTEC. The 12 accelerometers which were on the reflector 
for the sine vibration test have been kept and another one 
has been added on the support of the reflector, in order to 
monitor the random excitation transmitted by the reflector. 
Four microphones were also used to monitor the sound 
pressure level in the chamber. Prior to installation of the 
specimen, the 4 microphones were placed at the center of

FIG. 13: Accelerometer No. 1, Z-Axis Excitation Input 0.5 g
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FIG. 14: Accelerometer No. 8, X-Axis Excitation Input 0.5 g

FIG. 15: Test Set-up for the Acoustic Test

the chamber, and the spectrum was adjusted to the speci 
fied levels.
The antenna was then suspended in the chamber and was 
orientated so that creation of standing waves between the 
reflector and the walls of the chamber was avoided. The 
four microphones were then placed, one in front of the re 
flector, one behind, and one on each side. This configura 
tion is shown on FIG. 15.

The test sequence is a succession of three runs at increa 
sing levels, up to qualification:

- qualification levels - 12 dB
- qualification levels - 4 dB (acceptance levels)
- qualification levels

These qualification levels were chosen assuming a Thor 
Delta 3914 launch as shown in TABLE III. 
The duration of the qualification run is 120 sec., but for the 
2 runs at reduced levels, a smaller duration of 60 sec. is 
sufficient. At the end of each run the results of the accele 
rometers and microphones were plotted, and the chamber 
opened for inspection of the reflector. The levels measured 
on the reflector during the qualification run were above 
70 grms, and reached more than 100 grms on the parabola 
and at one point on the cone (accelerometer 2). A level of
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TABLE III: ACOUSTIC VIBRATION TEST LEVELS

Octave Band 
Centre frequency (Hz)

Sound pressure level 
(dB, ref. 0.0002 dynes/cm2 )

31.5

63
125

250

500

1000

2000

4000

8000

128

131
135

140

144

137

134

130

127

Overall 147 dB

38 grms was transmitted to the support of the antenna.

5.5 Test Results Summary and Discussion

The test results of the environmental tests performed on 
the reflector showed its good behaviour: 
The thermal cycling test, performed between -140°C and 
+ 120°C, resulted in permanent deformations which are 
rather small (0.1 to 0.2 mm with a maximum at 0.3 mm in 
one place) and which tend to stabilize. This indicates a 
good thermal stability under the severe orbital conditions 
that such a reflector is susceptible to see. 
The Solar simulation test has been finished successfully. 
The extreme temperatures and extreme temperature gra 
dients represent approximately the worst conditions that a 
large spacecraft antenna reflector can experience in geo 
stationary orbit. The optically black surfaces largely contri 
bute to the high maximum temperatures (about 100° C) and 
to the large temperature gradients (maximum about 160° C) 
in the reflector.
The sine vibration test shows that this type of construction 
is quite stiff and no problem would be expected when it 
would be integrated on a spacecraft.
The response of the reflector to the high acoustic environ 
ment shows that this test is a severe one for such a light 
weight structure, but the reflector passed successfully the 
test.
It must be noticed that through all the environment tests, 
the reflector did not suffer any apparent damage at any 
stage.

6. R. F. SURFACE REFLECTIVITY MEASUREMENTS

Carbon fibre reinforced plastics have appreciable electrical 
conductivities ([2]), although not as high as commonly 
used metals such as aluminium. Even so, this fact suggests 
that an antenna reflector fabricated from CFRP might not 
need a surface coating of metal to ensure good conducti 
vity. However, for spacecraft communications antenna gain 
losses of even a few tenths of a decibel are undesirable and 
a reflector surface which gave, for example, an antenna 
gain reduction of 0.25 dB compared with an identical an 
tenna with a metal reflector would probably need to be 
metallised. Past investigations ([3], [4]) have shown that the 
reflectivity of CFRP depends on several factors such as the 
type of materials, the filling fraction and the surface finish. 
To determine whether the type of CFRP used for the 880 mm 
diameter reflector was sufficiently good for spacecraft use 
without metallisation, some direct RF-measurements were 
made on it.
As shown in FIG. 16, the reflector was converted into a 
front fed antenna system using a radome covered log pe 
riodic dipole array - longitudinally moveable along the pa-
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FIG. 16: Photograph of the CFRP Reflector and the Antenna 
Feed System

rabola axis for optimisation - as a primary feed, this being 
supported by a 4 arm structure. Poor reflecticity from the 
surface of a reflector antenna would result in gain loss; 
therefore, to evaluate a CFRP reflector at RF a gain com 
parison between an antenna using a bare reflector and the 
same antenna but with a metallic coating on the reflector is 
the most meaningful type of measurement. This was done 
using the swept frequency gain comparison technique de 
veloped in connection with conductive paints ([5]) and illu 
strated in FIG. 17. With a swept frequency oscillator as a 
microwave power source, the gain of the antenna with its 
reflector coated in metal foil was monitored as a function 
of a reference channel level, the reference channel deriving 
from a directional coupler at the swept frequency oscillator 
output. An elevated outdoor range of length 16 metres 
and height 7 metres was employed; the remote antennas 
were a log periodic dipole array at L band frequencies and 
a ridged horn at S band frequencies. The reference surfaces 
were made from aluminium foil in sections reminiscent of the 
panels of a parachute. These were laid over a convex para 
bolic former and welded together along the seams by a 
new welding process developed in the U. K. for metal and 
plastic films (Luc welding). For each measurement a refe 
rence surface was adhered to the reflector.

ANAIT&EB

I-i RECQHOE

4 — r »̂•;;„

FIG. 17: RF-Surtace Reflectivity Measurement System
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FIG. 18 and 19 show two measured gain comparisons, 
FIG. 18 for the frequency range 1.3 to 1.7 GHz, and FIG. 19 
for 2.8 to 3.2 GHz. Each result consists of two recordings, 
the first taken with the metal reference surface in place and 
the second taken after its removal. The most striking fea-

VS FREQUENCY GMJ

FIG. 18: Test Channel to Reference Channel Level Record- 
Ings with and without Reference Surface 1.3 to 1.7 
GHz

ture of these results is that in both cases the two recordings 
are identical and appear as one over most of the frequency 
range. Some small departures can be seen, however, both 
positive and negative. The positive signs indicate where the 
gain with the bare reflector was actually better than with the 
aluminum reference, and the negative show the opposite. 
Departures are very small - less than 0.1 dB except for the 
extended region between approximately 3.05 and 3.15 GHz. 
In this region the bare reflector surface has a greater deficit 
than the equivalent metal coated case by about 0.12 dB.

To conclude, the measurements show that the high modulus 
material has an extremely good HP-surface at L and S band 
frequencies, in some cases better than the welded metal 
surface used for comparison. Clearly this type of CFRP can 
be used without recourse to a metallic surface to ensure 
good reflectivity, thus saving manufacturing time and expen 
se as well as additional mass and the fear of de-laminition.

7. SUMMARY AND CONCLUSIONS

7.1 Comparison of Calculated and Measured 
Natural Frequencies

A comparison of the calculated and the measured results 
shows that the first natural frequencies are almost identical 
(see TAB. I and II). The slightly larger deviation in the sym 
metric case (Z-direction) was caused by the support con 
dition at the base, which could be only approximated to the 
computer model.
Comparing plotted frequency responses with calculated na 
tural frequencies, it will be noticed that certain eigenfre- 
quencies are present at the plots which did not show up at 
the computer solution. It can be assumed that these effects 
are local modes which were most likely induced by the at 
tached accelerometers.

7.2 Conclusions

From the development program described in this paper the 
following conclusions can be drawn:

(1) The CFRP-reflector design of a parabolic dish with a 
tangential support cone has a high stiffness combined 
with a low weight and a very good thermal stability and 
allows a relatively cheap and economic manufacturing 
of the reflector.

(2) The reflector showed an outstanding good behaviour 
under all environmental tests performed and did not 
suffer any damage at any stage even under the critical 
thermal cycling and acoustic noise tests.

(3) The calculated first natural frequencies are almost iden 
tical to the measured eigenfrequencies; that means that 
the calculation method is suitable and accurate enough 
to allow a reasonable prediction of reflector frequency 
response without additional tests.

(4) The reflector can be used without additional metallic 
surface, ensuring maximum reflectivity.
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Characteristic impedance of dielectric-filled 
slotted coaxial transmission line
K.M. Keen, M.Sc., C.Eng., M.I.E.E.

Indexing terms:

Abstract

Coaxial cables, Electrical impedance, Electrical impedance measurement. Microwave measure 
ment, Transmission-line theory

A solution is presented for the determination of the impedance of slotted dielectric-filled transmission lines of 
the type that could be formed from semi-rigid coaxial cable, and theoretical results are compared with measured 
values. The solution is a composite one: over the region of greatest impedance variation, a method involving the 
conformal transformation of the slotted line to microstrip geometry is used, and a matched exponential function 
is used for the remaining part. The experimental method for finding the line impedance values, which is 
generally useful as it can be applied to any type of transmission line of unknown phase velocity, is also presented

List of symbols

a a' 

r\

angular extent of slot, degrees 
angular extent of slot, radians 
radius of inner conductor of slotted coaxial line 
outer radius of dielectric filling of slotted coaxial line 
outer radius of outer conductor of slotted coaxial line 
width of equivalent microstrip conductor 
thickness of microstrip conductor
distance between microstrip conductor and its ground plane 
width of microstrip ground plane 
characteristic impedance of slotted coaxial line 
characteristic impedance of reference coaxial line used 
during measurements 
input impedance at position AA' 
relative permittivity of slotted-line dielectric 
effective relative permittivity 
permittivity of free space 
permeability of free space 
voltage reflection coefficient magnitude 
voltage reflection coefficient phase 
length of slotted coaxial line 

m,s,k = constants

r-3
w
t

h
a

Z0 
Zc

ZIN = i
er

eEFF 
e 0 
Po
Ipl = 

0 = 
/ = l

1 Introduction

The only really wideband microwave frequency balun 
suitable for feeding many of the log-periodic and frequency 
independent antennas now known, is the one from Duncan and 
Minerva. 1 Their balun is based on the use of slotted coaxial 
transmission line, the characteristic impedance of which depends 
on the angular extent of the slot. The original balun used a continuous 
taper in the outer conductor of the coaxial line which is difficult to 
fabricate, but Evans2 has shown that the tapered impedance 
transforming section can be replaced by a stepped transformer of 
quarter-wavelength sections. Only air-spaced slotted lines have been 
described in this context, the impedance values deriving from Duncan 
and Minerva's expressions for homogeneous media. There are, 
however, practical situations where dielectric-filled slotted coaxial 
lines would be preferable. For example, semi-rigid (solid copper 
outer conductor) cable is now commonly used to feed antenna 
systems, and baluns could be formed directly on this by machining or 
chemical etching, thus making a balun and feeder cable in one unit. 
But to do this a knowledge of the impedance as a function of line 
geometry is necessary. A method of finding such impedance values 
is described here.

2 Impedance determination by conformal mapping

Fig. 1 shows the cross section of a line formed by 
removing a section of its outer jacket. Hatsuda and Matsumoto have 
described a relaxation method for finding the impedance of 
partially dielectric-filled line, but for their case the dielectric 
contained within the angular region la, in Fig. 1 , is also removed. This 
is quite a different line from the one considered here, as for high a 
values the Hatsuda and Matsumoto line approaches an air-filled line.

Paper 7739E, first received 16th March and in revised form 2nd tune 7976 
Mr. Keen is with the European Space Research & Technology Centre, 
Domeinweg, Noordwijk, The Netherlands

A convenient way to analyse the line is by conformal transformation 
into microstrip geometry and then to apply known microstrip 
impedance equations.

Assadourian and Rimai4 have shown that the impedance of a 
transmission line is invariant under conformal transformation. Fig. 2 
shows the line cross section in the complex Z plane where

Z = x+/y 
and the equivalent microstrip geometry in the (V-plane where

W = u +jv 

under the conformal transformation

Z = exptV

The microstrip parameters are then related to those of the slotted line 
as follows

w = 2(77 - a')

t = In -

dielectric

Fig. 1
Cross section of coaxial line and equivalent microstrip

plane w=u * j v

2H-

Tt-«?) ff -

Fig. 2
Conformal mapping of slotted coaxial line to microstrip line 
geometry
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where a refers to radian measure and, in general, the absence of the 
dash refers to the angle in degrees.

Dukes5 has shown that the ground plane of microstrip_is 
effectively infinite for a "> 3w, which corresponds to 2a > 240°, and, 
therefore, known microstrip impedance solution^cannot be used for 
values below this. Nevertheless, the region 360° > la > 240° is the 
one in which over 80% of the impedance variation with 2a takes place. 
The graphically presented data of Reference 6 are probably the most 
widely used source of microstrip-impedance information, and these 
graphs are based on the work of Wheeler. 7 Substituting the 
transformed parameters of identities into Wheeler's expressions, and 
using his 'shape ratio of 0-5, for the criterion for the changeover from 
wide to narrow strip approximations, gives the following expressions 
for slotted dielectric-filled line impedance:

For 7r-a'>0-51n( -

Z0 =
+ 0-882 +

+ 0-94 + 1-451 + 0-164 —

(2)

and m, s and k are constants. For the effective relative permittivity 
CEFF >* 's considered that a nonvarying function as proposed by 
Kaupp 8 is not sufficiently representative, as the proportion of fields 
within dielectric and within air is bound to change with a. Eqn. 6 is 
therefore proposed and the value of k found in the following way. 

In basic terms, the impedance of a TEM mode transmission line 
is inversely proportional to the square root of the relative permittivity. 
If the dielectric medium of the line is not homogeneous, then the 
relative permittivity has some effective value. The effective value of 
the slotted coaxial line permittivity can be found by comparing the 
equivalent microstrip impedance with the impedance of the same 
microstrip geometry, but with an air dielectric (using the curves of 
Reference 6), and then applying the inverse square root relationship.

5 Impedance graphs for practical cases and a 
comparison with measured values
Figs. 3 and 4 are graphs of impedance as a function of slot 

angle, for cases with polythene and p.t.f.e. dielectrics. Fig. 4 is for 
slotted 0-141 inch semi-rigid cable, and Fig. 3 is for modified 
RG2I3U cable, which was convenient for measurements. In each 
case, region 3 was found from eqn. 3, region 2 from eqn. 2, and 
region I from eqn. 5. There are noticeable discontinuities between 
regions 2 and 3 owing to slight disagreement between wide and 
narrow strip impedance approximations,7 but the error is only of 
the order of 2 or 3 fj. The values from eqns. 5 and 6 for computing 
the impedance in regions 1 were as follows:

Fig.3:s = 2-5, m = 0-2804, k = 0-075 

Fig. 4:s = 2-8, m = 0-3064, k = 0-0644

And for

r, 
TT-O < 0-5 In -

"

For both equations, er is the relative permittivity of the slotted-line 
dielectric.

3 Outer jacket thickness correction
Eqns. 2 and 3 are for negligible thickness strips (outer 

coaxial jackets), and although this is sufficient for many cases, a 
correction for thick strips can be made, for example using the line 
width correction graph of Reference 6. The source of this graph is 
not given, but is presumably based on experimental results. From the 
identities 1 and numerical data from the graph, a correction for the 
angular extent of the outer jacket I(TT — a') can be made. Denoting 
the effective value of the extent by the subscript EFF it can be 
shown that

0-741og, 0

(4)

4 Impedance expression for lower a values
For the region 240° ~5 2a > 0°, an impedance expression 

can be prepared from the following knowledge. At 2a = 0° the line 
becomes a fully enclosed coaxial one; at 2a = 240° the equation 
must give the same impedance and slope as eqn. 2; and from a 
knowledge of TEM mode transmission lines in general, the 
impedance variation can be expected to be exponential. These 
considerations lead to the following identity.

*•• = (5)

where

982

(6)

Fig. 3
Impedance of slotted polythene dielectric: cable

Line with f r = 2-3 and ln(r,/r,) = 1-265 
Dots are experimental values

2, , CL

Fig. 4
Impedance of slotted 0-141 inch semi-rigid cable Ip.t.f.e. dielectric)

Line with e r — 2-1 and In(r3 /r!) = l-l 87
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As a check on the foregoing, some experimental impedance values 
were obtained using a measurement method described in Section 6. 
Measurements were made on a modified RC21 3U cable, the braided 
outer conductor having been replaced with aluminium adhesive tape 
which was easily modified to a slotted configuration. The results 
are shown in Fig. 3 and good agreement can be seen.

and the measureable reflection coefficient before AA is

2,

matched load

-t, 0-

OJ -A 5-

- -5-0

£ -55

015 02 025 03 035 
I, in slotted line wavelengths 

b

Fig. 5
Measurement of impedance

a Section of slotted line in terminated cable 
b Typical return-loss/slotted-line-length graph

6 The impedance measurement method
The main problem for the direct microwave measurement 

of the slotted line impedance was that the wavelength was not 
accurately known, so the method shown in Fig. 5 was developed. 
Fig. 50 shows a terminated coaxial line of impedance Zc , with a 
section of length /, approximately a quarter of a wavelength long, 
of slotted line of impedance Z0 . At AA' the input impedance is

= Z, Zc +/Z0 tang/ 
Z0 + /Zc tan0/

(7)

' , , *- = |p|exp/0 = (8)

with the 'usual symbols. The quantities Ipl and 0 are measureublc 
with a network analyser, although the phase term 0 is not useful 
as it is a linear function of/. However, the amplitude term [p| has 
the form shown in Fig. Sb, and the peak of the curve is reached 
when / is a quarter of a line wavelength. When this occurs, the 
amplitude term, expressed here in decibels return loss, becomes

return loss = 201og,0
72 _ 72

.Q _____ £ C- (9)

and this outlines the measurement method: a return loss peak is 
first found by varying the applied frequency, then the return loss 
yields 2 0 from eqn. 9.

The method is most useful when Z Q and Zc differ by a factor 
of more than 1-5. When Z0 approaches the value ofZc , the 
reflections from the connectors at the return loss monitoring 
device/cable interface are significant, and the return loss/frequency curve has fast ripples superimposed on it, making the determination 
of the correct measurement frequency difficult.

AJthough this measurement technique was developed for slotted 
dielectric-filled coaxial transmission lines, it is applicable to any 
type of transmission line where the phase velocity is unknown.
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where .V is a random normal variable having the probability- 
density function

P(x; m, a) = - exp \ Cv-m) 2 
L *»

<r > 0. (5)

™ is the mean value and a 1 is the variance of X. The 
parameters m and <r 2 are related to a and p of the log-normal 
distribution by

m = In a . 

a 1 = 2\n p

(6)

(7)

Problem formulation: Let Z = (Z,, Z 2 , .... Z«) be a random 
vector formed of N correlated clutter samples identically 
distributed according to eqn. 1. A random vector is fully 
characterised by its W-dimensional density function, which 
often cannot be easily determined. Therefore it is preferable 
to adopt a less complete, but sufficient for practical purposes, 
characterisation. For instance, the random vector Z can be 
characterised by the 1-dimensional density function of 
eqn. 1 and the correlation matrix [s], formed of elements 
.iij denned by

E{Z l Zj}-E{Z,}E{ZJ \ 
v'(D 2 {Z,} D 2 {Z,}) (8)

where E denotes statistical expectation and D 2 denotes the 
variance.

We shall focus our attention on generating a random 
log-normal vector Z with the prescribed correlation matrix 
[s] and the specified parameters a and p.

Analysis: The quantity E(Z, Zj} may be expressed as

E{Z,Zj\ = ,, Xj)dx,dxj (9)

where p(x,, Xj) denotes the 2-dimensional normal density 
function given by

1

x exp -
(x, - m) 2 - xj-m) 2 ]

(10)

and r,j is the correlation coefficient between the variables A', 
and Xj. Substituting eqn. 10 into eqn. 9,

E{Z, Zj} = exp

hence

exp(g 2
(12)exp(CT 2 )-1 ••••••••

The quantity ru may now be expressed in terms of su and p:

2lnp (13)

Procedure for generating log-normal vectors: We may now 
summarise the steps required to generate the random log- 
normal vector Z with the desired correlation matrix [s] and 
the specified parameters a and p:

0) The variance a 1 and the mean value m of normal variables 
A',, / = 1,2, ..., N, are evaluated according to eqns. 6 and 7.

(2) The correlation matrix [r] of the normal vector X is formed 
of elements rtj from eqn. 13.

(3) The random normal vector X, with specified parameters m 
and <r 2 , and the prescribed correlation matrix [r] are generated 
by one of several known methods. 3 ' 4

(4) The components of the vector X are then transformed 
according to eqn. 4, and the correlated components Z< of the 
random log-normal vector Z are thus obtained.
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LOG-PERIODIC ANTENNA WITH 
UNIDIRECTIONAL RADIATION 
CHARACTERISTICS

Indexing terms: Antenna radiation patterns. Antennas

The properties of an inclined form of a planar log-periodic 
antenna are described. The planar antenna has radiation 
characteristics similar to those of a halfwavelenglh dipole, 
but with a bandwidth as large as desired. It is shown that, 
when the planar antenna is inclined about one axis of symmetry, 
the resulting structure has unidirectional radiation patterns.

An antenna is described which is an inclined form of a 
previously reported planar log-periodic antenna. 1 The planar 
antenna is based on the structure formed by joining, in all 
four quadrants, the points given by

= ry,, = TX,, = (D

on a set of orthogonal x>i-axes; r is a scaling factor. If the 
geometry is considered as two complementary patterns, 
and one of these is realised in metal, and it" feeder lines are added 
along the positive and negative y-axes, the resulting structure 
forms an antenna which exhibits radiation patterns similar 
to those of a halfwavelength dipole, but which has a band 
width that can be extended as far as desired by choice of 
the maximum and minimum A: and y values in eqn. 1. DuHamel 
and Ore 2 have shown that two types of planar log-periodic 
antenna, the 'circular-tooth' antenna of DuHamel and 
Isbell 3 and their own 'trapezoidal-tooth' antenna, 2 can be 
inclined about their axes of symmetry perpendicular to the 
feed lines to form antennas which give undirectional radia 
tion patterns. This approach has been applied to the above 
mentioned planar antenna also, and results are described 
below.

Fig. 1 Log-periodic antenna
Only five of the eight elements per quadrant are shown 
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A 4:1 bandwidth antenna with a scaling factor of T = 0-85 
was constructed as illustrated in Fig. 1. The antenna was 
fabricated from two rectangular pieces of copper-clad glass- 
fibre/epoxy printed-circuit board,* the unwanted copper 
being removed by cutting and peeling. Dimensions of the 
printed-circuit boards were 304x152 mm and these were 
mounted above a square Perspex plate of 305 mm side, in 
such a way that the included angle «/ was variable. The 
antenna was designed for a frequency range of 500 to 
2000MHz by a semiempirical method. When operating at 
any one frequency, it is believed that a band of elements, or 
teeth, are excited on each side of the antenna about the x axis, 
and that the centre of the bands occurs where teeth are a 
quarter of a wavelength long. Therefore, for an antenna to 
cover a free-space wavelength range of A, to A 2 , where 
/ 2 > A,, it is not sufficient to choose the x and y values 
from eqn. 1 to give extreme teeth lengths of A,/4 and A 2 /4; 
rather, it is necessary to have extreme lengths fc,(J.,/4) and 
ki(J.i/4), where /c, and k 2 are empirically determined con 
stants. Further, if the radiating metal structure is on a 
dielectric base, as in this case, the dielectric loading must be 
taken into account. Bawer and Wolfe4 have shown that 
an approximate effective permittivity for strip transmission 
lines on one side of a dielectric board is 0-75 times the per 
mittivity of the base material. This approximation is applied 
here and leads to the maximum and minimum x and y values:

2\/{6£,}
(2)

The relative permittivity s, of the printed-circuit-board di 
electric was taken as 2 and the constants were determined 
from a 1-9:1 bandwidth antenna and found to be k^ = 0-6 
and /c 2 = 1-75. Using these factors and taking into account 
practical constraints, maximum and minimum x and y values 
of 151 and 13 mm were chosen. The antenna was constructed 
with 5°-included-angle feeder line sections on the y-axis to 
make a truly log-periodic structure, in contrast to previous 
antennas where parallel-sided lines have been used. The 
structure was fed with a 2-159 mm semirigid cable with its 
outer jacket soldered to one feeder line and its inner con 
ductor soldered to the start of the other feeder arm to form 
a frequency-independent balun.

Radiation-pattern measurements were made on an 
elevated outdoor range of 14m length and 9m height.

Table 1 VARIATION OF AVERAGE BEAMWIDTH WITH <A

V

90°

60°

30°

Average 3 dB 
beamwidth 
(£ plane)

84°

85°

83°

Average 3 dB 
beamwidth 
(H-plane)

100°

123°

138°

if/ = 90". Thereafter, as Y/ decreases, the beamwidth increases 
to 138° at i// = 30°. Fig. 2 shows some measured patterns. 
Experiments showed that if the Perspex mounting plate was 
replaced by a metal one, the pattern backlobes were greatly 
decreased without significant effect on the main lobe.

Q b 
Fig. 2 Radiation polar diagrams of antenna at 1400 MHz
Solid lines are H-plane patterns, broken lines are f-f-plane patterns 
(«) v -90" 
(b) v 30-

-04. O4

The antenna was found to exhibit linear polarisation with 
the E-field direction parallel to the x-axis on the co-ordinate 
system of Fig. 1. Patterns were found to be undirectional 
with main lobe peaks in the +z-direction. Boresight cross- 
polarisation levels were measured at 1000 MHz and found 
to be -28-3dB at if/ = 90°, -27-4dB at ^ = 60° and
-29-3dB at i// = 30°. Radiation patterns were recorded at 
100 MHz intervals over the band for three values of y, and 
it was seen that halfpower beamwidths varied by approxi 
mately plus and minus 20° about an average value. Table 1 
shows these, and, comparing these data with those for the 
planar antenna (if/ = 180°), it can be seen that the average 
£-plane beamwidth does not vary with (//, but the average 
H-plane beamwidth decreases from 360° at >// = 180° to, it is 
supposed, some maximum value between i// = 180° and
• Formica CGP75
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Fig. 3 Input impedance of antenna
if -= 90'. From 500 to 2000 MHz in 50 MHz intervals

Fig. 3 shows a Smith-chart plot of the input impsdance of 
the antenna with if/ = 90°. All measured points are under a 
circle which, if transferred to the centre of the chart, would 
represent a v.s.w.r. of 1-8:1. This shows the impedance-match 
potential of the antenna if fed with a wideband transforming 
balun, as has been demonstrated for the planar antenna.' One 
interesting feature of this antenna was that the average 
impedance was found to be 120 H rather than 150JJ as seen 
with previously constructed antennas of this type. It is thought 
that the impedance change was due to the tapered feeder line.

It can be seen from Fig. 3 that the impedance is slightly 
inductive. This is a well known effect with log-periodic 
antennas and is caused by element truncation; it can be com 
pensated for by shunt capacitance at the feed point. 5

Variation of impedance with if/ is small. Measurements 
at if/ = 180°, 90°, 60° and 30° showed that the average 
impedance (the centre of the impedance circle) was constant, 
but that the radius of the circle increased slightly as «/ was 
decreased, from a v.s.w.r. of 1-7:1 relative to the mean at 
if/ = 180° to 2:1 at y = 30°.

It is interesting to compare these measured characteristics 
with the reported characteristics of the circular- and 
trapezoidal-tooth antennas. Both of these exhibit a large 
decrease in average impedance with decreases in i// ; for the 
trapezoidal antennas a variation of 170 to 105Q was noted 
for a decrease in if from 180° to 60°. The normalised v.s.w.r. 
of the trapezoidal antenna increases only slightly to 1-6:1 at 
if/ = 60°, but the circular-tooth antenna attains a normalised 
v.s.w.r. of 3-5:1. No information is apparently available 
concerning the variation of beamwidth of the two antennas 
with y, but it seems that, in general, the beamwidths were 
smaller; typical £- and W-plane beamwidths of 60° and 90° 
are quoted for the circular-tooth antenna; for the trapezoidal 
antenna the corresponding figures are 65° and 85°.

In conclusion, it is worth noting that the inclined 
antenna may prove useful as a low-cost wideband feed for
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parabolic-reflector antennas at the lower microwave fre 
quencies in the way that log-periodic dipole arrays are now 
used, 6 except that, because of its more compact structure 
and therefore smaller phase-centre variation, the inclined- 
antenna-and-reflector combination has a potentially larger 
available bandwidth.

K. M. KEEN 16th August 1976

European Space Research & Technology Centre 
Noordwijk, The Netherlands
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inverters internal in Fig. 2 can be shifted to the filter input 
or output. If we then neglect the inverters resulting at inputs 
or outputs, having no essential influence on the filter charac 
teristic, we have obtained a structure without any subtraction 
operation. It follows easily that this remains true for a 
cascade of an arbitrary number of unit elements. Replacing 
some or all delay elements of delay T by delay elements of 
delay 2T does not affect this property. This way a bandpass 
or bandstop filter with centre frequency \ais may be obtained.

Example 2: A translation of Fig. 5 is given in Fig. 6, where 
matched ports are indicated as in Reference 3. The internal 
structure of the adaptors is given in Reference 1. It is readily 
seen in Fig. 6 that the inverters cancel out (possibly except 
for an invertor at inputs or outputs, which can mostly be 
neglected). Again, a structure results without subtraction 
operations. Additionally, it can be shown that Fig. 6 is not 
the only translation of Fig. 5 having this property.

Fig. 2 Wave-digital translation of a 
elements

cascade of two unit

CLASS OF WAVE DIGITAL FILTERS 
CONSISTING ONLY OF ADDERS AND 
MULTIPLIERS

Indexing terms: Adders, Digital filters, Multiplying circuits

In the letter, a class of wave digital niters is indicated which can 
be realised without using any subtraction operation. This 
simplifies the hardware circuit to be constructed.

In a recent article, 1 Fettweis and Meerkotter have given 
some new adaptor realisations and equivalences. We may 
conclude that we now have available a 2-port adaptor and 
3-port adaptors (with or without a matched port) having the 
following property: the sign inverters necessary in these 
realisations are situated directly at an adaptor input or 
output. This is shown symbolically in Fig. 1, showing an 
/i-port adaptor having a sign invertor directly at input a L and 
output bn . This property can be used to obtain a class of 
wave-digital-filter structures having no internal subtraction 
operation. We shall only indicate this class by giving two 
examples.

Iswil

Fig. 1 n-port adaptor having invertor at input a, and output bn

Example 1: In Fig. 2, a possible translation of a cascade of 
two unit elements 2 is shown. The internal structure of the 
2-port adaptor is shown in Fig. 3, as given by Fettweis and 
Meerkotter. 1 Using the equivalence given in Fig. 4, the two
500
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Fig. 3 Internal structure of adaptors used in Fig. 2
a = 2R 2 I(R L +R 2 ). /?! and K 2 are the corresponding port resistances

[5ITO1 

Fig. 4 Equivalence showing possibility of shifting two invertors

Fig. 5 Fourth-order lowpass ladder filter

Fig. 6 Wave-digital translation of Fig. 5 
Using 3-port adaptors given in Reference 1

It follows that the property remains if a lowpass ladder of 
arbitrary order is translated. Again, replacing some or all 
of the delay elements of delay T by delay elements of delay 
2T does not affect the property. It can be shown that all 
other cases of introducing resonant circuits in shunt or series 
arms of the ladder results in the appearance of one invertor 
per resonant circuit whic cannot be removed. More details 
of the above indicated class of filter structures will be 
published elsewhere. In any case, the hardware realisation 
will be simplified, owing to the fact that no adder/ 
subtracter building blocks are needed, but only adders and 
2s complement multipliers.
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Gaussian process obtained from evaluation of the a ( s by 
using

mt = —a, (12)

While skewness and curtosis do not exhibit remarkable 
differences from those of the pure Gaussian process (or from 
theoretical values), the variance ui for g.f.s.w. is surprisingly 
low. To obtain more information about g.f.s.w., the cumula 
tive distribution was also evaluated by using 10 s single events. 
From the properly scaled diagram (Fig. 1), it can be seen 
that it hardly deviates from true Gaussian; instead of a 
straight line, the actual curve is very slightly S-shaped. 
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Cumulative distribution of 705 g.f.s.w. data

The variance of variance is even greater than for a Gauss- 
Poisson square wave. While o-GP 2 /M2Cp = 0-055, we have 
^cfl^-it.t = 0-123, and, for comparison, ac 2 /// 2G = 0-02 
for a true Gaussian process, supposing the conditions above 
hold.

Conclusion: In an earlier letter 1 it was shown that the high 
variance of variance of some kinds of excess noise can be 
explained by supposing a square-wave-like stochastic process, 
which corresponds well to certain physical models. The former 
simulations for Poissonian changeover distribution gave a 
threefold increased variance compared with that of a true 
Gaussian process. Now, a reciprocal changeover distribution 
which may lead to the I// power spectrum has been investi 
gated, and it exhibited even higher variance of variance. The 
physical background and topology of the model suggested 
earlier (Fig. 2 of Reference I) remains unchanged with the 
new stochastic process.

A. AMBROZY 14th March 1977

Department of Electronics Technology 
Technical University, Budapest 
H-I52I Budapest, Hungary

References

1 AMBR62Y, A.: 'Variance noise', Electron. Lull., 1977, 13, pp. 137-138
2 VAN DER ZIEL, A.: 'Fluctuation phenomena in semiconductors' 

(Butterworths, London, 1959)
3 SHREIDER, YU. A.: 'Method of statistical tests (Monte Carlo 

methods)' (Fizmatgiz, Moscow, 1962) (In Russian)

SIMULATION OF A PROPOSED NEAR-FIELD- 
TO-FAR-FIELD ANTENNA MEASUREMENT 
SYSTEM

Indexing terms: Antenna radiation patterns. Digital simulation

A new antenna-pattern measurement method for antennas 
with large far-field distances is proposed. The method is 
applicable to conventional antenna ranges with two axis 
mounts and with pattern recording in amplitude only. It 
requires only a few minor items of additional equipment. 
A computer simulation has been carried out and the results 
are presented.

The far-field characteristics of the majority of microwave 
antennas can be determined on conventional measurement 
ranges in the normal way, i.e. by rotating the antenna and 
monitoring its radiation pattern with a remote antenna 
situated a sufficient distance away. However, there are cases 
—either because the Rayleigh criterion does not apply, or 
because the antenna aperture is large in terms of the operating 
wavelength—where the need for very large range distances 
precludes conventional methods and some form of near-field 
measurement method may be necessary. A current example 
is a shaped-beam satellite antenna for Earth coverage, 1 for 
which an 'intermediate-range-distance' facility has been set 
up. 2 On this range, both phase and amplitude are monitored, 
and the quasi-near-field information is transformed by com 
puter processing to give the far-field radiation patterns. This 
type of range has the additional usefulness that it can be 
operated in the conventional mode for measuring the majority 
of antennas.

From the reverse point of view, existing conventional 
ranges could be adapted to this system for the measurement 
of antennas with large far-field distances. The only drawback 
being that the above mentioned range uses a sophisticated 
(and expensive) phase and amplitude receiver, which most 
ranges do not have. In an attempt to extend the capabilities 
of the ESTEC measurement facility without recourse to a 
phase-and-amplitude receiver, a new intermediate-range 
method has been devised, whereby the phase information is 
extracted from interference patterns, but in a different way 
from that accomplished with the holographic technique. 3 
The new technique, described below, has been simulated by 
a series of computer programs prior to implementing it. 
Results of the simulation are presented.
ELECTRONICS LETTERS 14th April 1977 Vol.13 No. 8

In Fig. I, antenna A is the antenna to be measured and is 
situated on a 2-axis mount, B is a reference antenna, which is 
static, and C is the remote antenna. The Figure shows the 
measurement hardware in an anechoic chamber, but the 
system is the same for indoor or outdoor ranges. Fig. 2 shows 
the feeding circuit, which includes a phase shifter able to 
switch from some arbitrary zero to +90° and + 180° relative 
to that zero.

The method can be illustrated by first considering the treat 
ment of data from azimuth (equatorial cut) rotations. Eqn. 1 
represents the near-field distribution at C of the antenna A

WVVVVVVVWVVVVVV\AAWMV

Fig. 1 Measurement-method geometry
A is the antenna undergoing measurement, S is a fixed reference antenna and 
C is the fixed remote antenna

Fig. 2 Feeding circuit of antennas A and B
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radiating alone, and eqn. 2 represents its far-field distribution: 
0,(0) = /l 1 (0)exP0>,(0)) ........ (1)
0 2 (0)= X 2 (0)exp(jV 2 (0)) . ...... (2)

What is required is the far-field radiation pattern, i.e.

= 20 log, (3)

The amplitude distribution X 2 (0) is linked to the parameters 
X,(0) and v/,(0), and these are found as follows:

With antenna B switched out, a near-field power-level 
pattern is recorded. Ignoring the decibel scaling and constant 
of proportionality, this can be described by

Then, with the reference antenna switched in and the phase 
shifter set to 0°, 180° and then 90°, three more power-level 
patterns are recorded. These are P 2 (0), P 3 (8) and P 4 (8), 
respectively. The near-field amplitude can be obtained from 
eqn. 4 directly, and it can be shown that the phase is given by

cos

and
(5)

) -(P3 (0) +

... (6)
The constant <j> 0 has no effect on the subsequent transforma 
tion and can be ignored; it is actually the real value of the 
arbitrary zero of the phase shifter. To extract ^i(0) from 
eqns. 5 and 6, it is only necessary to evaluate one equation 
and find the arithmetic sign of the other.

The above outlines the basis of the measurement technique; 
sets of four patterns are recorded, three of these being inter 
ference patterns, and, from each set, a phase distribution and 
an amplitude distribution are extracted by data processing. 
If this is done over the entire spherical envelope about the 
antenna undergoing measurement, and in two orthogonal 
polarisations, the resulting phase and amplitude information 
can be processed by a near-field-to-far-field-transformation 
computer program. The data sampling about antenna A

requires a 2-axis positioner, but many conventional ranges 
have these, as sampling in this fashion is carried out for the 
measurement of directivity. 4 Although eqns. 5 and 6 were 
derived from azimuth rotations only, they can be extended to 
either conical (constant 0) or great-circle (constant 0) sampling 
over the spherical envelope.

Before trying the technique in practice, a computer simula 
tion was made with a mathematical model of an array of 
17 halfwave dipoles with interelement spacings of 1-2 wave 
lengths at a frequency of 2-4 GHz. In the array, the dipoles 
were equally fed in amplitude and phase, giving a far-field 
radiation pattern with a main beam of 2-5° halfpower beam- 
width in the array plane, two prominent sidelobes and many 
minor lobes. The Rayleigh distance for the array is 92 m. The 
near-field sampling was made in E 0 and Lt components, 
and, to simplify the simulation, the array was placed along 
the 0 = 0° axis of the measurement co-ordinate system, so 
that the £4 field was always zero. The near-field range length 
was set at 5 m and antenna B was placed this same distance 
below A and inclined at 45° to the horizontal. The parameters 
of the feeding circuit were chosen such that, with the main- 
beam peak of the array directed towards C, the field 
amplitudes from antennas A and 6 were equal at C.

Fig. 3 shows the power-level pattern P\(0) of the array, 
and the unbroken curve of Fig. 4 shows the directly calculated 
far-field pattern of the array. In the measurement simulation, 
after the amplitude and phase data was extracted from the 
sets of four near-field distributions, it was transformed to the 
far-field pattern by using the computer program SNIFT.* 
Outputs from this are shown as dots on Fig. 4, and agreement 
with the directly calculated pattern is apparent.

K. M. KEEN 9th March 1977

European Space Research & Technology Centre 
Noordwijk, The Netherlands
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MILLIMETRE-WAVE S.S.B. MIXER WITH 
INTEGRATED LOCAL-OSCILLATOR INJECTION

Indexing term: Mixers

A description of a mixer mount with integrated image filter 
and l.o. injection filter is presented. The image filter is a high- 
pass filter using the cut-off properties of a circular waveguide 
section. The l.o. power is coupled selectively via a TE, L t-mode 
filter into the mixer waveguide. The i.f. matching transformer 
has been designed by a microstrip technique.

Introduction: Usual mm-wave mixers'- 2 need additional 
filter and coupling components for the suppression of the 
image frequency and the injection of the l.o. power. These 
components are lossy and reduce the performance of low- 
noise mixers. To minimise noise temperature, the filters have 
been integrated into the mixer mount, giving a substantial 
improvement in the total noise figure, compared with the 
former design presented in Reference 1. The local oscillator 
used is a Gunn diode with centre frequency at 75 GHz and a 
tuning range of ± 100 MHz. The intermediate frequency of 
the mixer is 3-7-4-2 GHz.
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AN INTERFERENCE PATTERN INTERMEDIATE DISTANCE ANTENNA MEASUREMENT METHOD

K.M. Keen

European Space Research and 
Technology Centre (ESTEC) 
Noordwijk, The Netherlands

ABSTRACT

A new antenna pattern measurement tech 
nique for antennas with large far field 
distances is described. The method, the 
essence of which is phase extraction from 
interference patterns, is applicable to 
conventional ranges with 2 axis position 
ers and amplitude only receivers. It re 
quires only a few minor items of addition 
al equipment.

The philosophy behind the method is 
that antennas not amenable to convention 
al far field measurement techniques are 
comparatively rare, and therefore the 
construction of special facilities for 
these cases is, in normal circumstances, 
counter cost effective. A better solution 
is to have some method whereby both phase 
and amplitude can be monitored at an inter 
mediate distance on a conventional range, 
then to use data processing to get the 
far field patterns.

Keywordsi Antenna measurements, inter 
ference, far field, intermediate distance.

fulness in that it can be operated in the 
conventional mode for measuring the 
majority of antennas.

From the reverse point of view, 
existing conventional ranges could be 
adapted to this system for the measurement 
of antennas with large far field distances. 
The only drawback being that the above 
mentioned range uses a sophisticated (and 
expensive) phase and amplitude receiver,

1. INTRODUCTION

The far field characteristics of the 
majority of microwave antennas can be 
determined on conventional measurement 
ranges in the normal way, i.e. by rotating 
the antenna and monitoring its radiation 
pattern with a remote antenna situated a 
sufficient distance away. However, there 
are cases,-either because the Rayleigh 
criterion does not apply, or because the 
antenna aperture is large in terms of op 
erating wavelength,- where the need for 
very large range distances precludes con 
ventional methods and some form of near 
field measurement method may be necessary. 
A current example is the MAROTS satellite 
antenna for Earth coverage (Ref.l) for 
which an 'intermediate range distance' 
facility has been set up (Ref.2). On this 
range, both phase and amplitude are monit 
ored, and the quasi near field information 
is transformed by computer processing to 
give the far field radiation patterns. 
This type of range has the additional use-

Figure 1. Measurement system configur 
ation. A is the antenna 
undergoing measurement, B is 
a fixed reference antenna, and 
C is the fixed remote antenna

which most ranges do not have. In an 
attempt to extend the capabilities of the 
ESTEC measurement facility without recourse 
to a phase and amplitude receiver, a new 
intermediate range method has been devised 
whereby the phase information is extracted 
from interference patterns, but in a diff 
erent way from that accomplished with the 
well known holographic technique (Ref.3) 
This new technique, described below, has 
been simulated by a series of computer 
programs and at the time of writing is 
being tried in practice.

In figure 1. antenna A is the antenna 
to be measured and is situated on a 2 axis



138 K.M. KEEN

positioner, B is a fixed reference antenna 
and C is the remote antenna. The diagram 
shows the measurement hardware in an 
anechoic chamber, but the system is the 
same for indoor or outdoor ranges. Fig.2 
shows the feeding circuit which includes 
a phase shifter able to switch from some 
arbitrary zero to +90 degrees and +180 
degrees relative to that zero.

The method can be explained as follows. 
Let the field distribution at the chosen 
intermediate' distance (i.e. somewhere 
between, say, the Rayleigh distance and 
the close proximities of conventional 
near field probing methods of measurement) 
and in one known polarisation be repres 
ented by

quasi near field phase and the procedure
is as follows.

With antenna B switched out, the
quasi near field power level distribution 
Pi(G,ip) is recorded. This determines 
fr t (9,$) since, ignoring decibel

scaling and a constant of proportionality

(3)

Then, with the reference antenna switched 
in and the phase shifter set to zero 
degrees, +180 degrees, then +90 degrees, 
three more power level distributions are 
recorded. These are Pr (<9, 0) , 9-±(9,<t>) 
and ^(0,0) respectively. The phase 
distribution can then be extracted from 
the four power level distributions using 
the following relationships.

Figure 2. Feeding circuit of antennas 
A and B

and let the corresponding far field 
distribution be

where H, and r\i are amplitudes and /7 
and *?• are phases. The desired descrip 
tion of the radiating characteristics of 
the antenna is flz.^,^.) , usually expressed 
in decibels, together with its orthogonal 
polarisation counterpart (OPC). These 
are the far field radiation distributions, 
and often only certain 'cuts' i.e. 
radiation patterns, are required. From 
electromagnetic theory it is known that 
A, (0,4) and its OPC can be found from
£\i(.Qi?) and 7^(£/^Plus their OPCs > and 
there' are a number of near field to far 
field transformation computer programs in 
existence which do this. The interference 
method provides a way of determining the

and

 - (*)
The constant O has no effect on 

the subsequent transformation and can be 
ignored; it is actually the real value 
of the arbitrary zero of the phase 
shifter. To extract "£;(£>,<f) from 4 and 5 
it is only necessary to evaluate one 
equation and find the arithmetic sign of 
the other.

The above outlines the basis of the 
measurement technique; four power level 
distributions are recorded, and from 
these a phase distribution and an 
amplitude distribution are extracted by 
data processing. If this is done in two 
orthogonal polarisations, the resulting 
phase and amplitude information can be 
processed by a near field to far field 
transformation computer program. The 
data sampling about antenna A requires 
a 2 axis positioner, but many conventional 
ranges have these, as sampling in this 
fashion is carried out for the measurement 
of directivity (Ref.4). The spherical 
envelope about the antenna can be monitor 
ed by either great circle (constant 0 ) 
or conical (constant & } rotations.
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2, COMPUTER SIMULATION

Before trying the technique in 
practice, a computer simulation was 
carried out to see if the method was viable 
and to get some feel for the magnitude of 
the data processing. The simulation was 
made with a mathematical model of an array 
of 17 half wave dipoles (fig. 3) with 
inter-element spacings of 1.2 wavelengths 
at a frequency of 2.4GHZ. The dipoles 
were modelled as equally fed in amplitude 
and phase, and for mathematical convenience 
the array was oriented along the Z axis 
of the measurement co-ordinate system. 
This way, all radiation is in the £0 
polarisation (plus, in the near field, a 
radial component which we ignore. ) with 
zero cross (£^) polarisation. If K. is 
the range distance (i.e. distance from 
array co-ordinate system origin to remote 
antenna) then the near field is given by

(6)
Figure 3. Dipole array geometry (only 

7 of 17 dipoles shown)

where K is a constant and 
related to R , & and 2.*

is

and Q^ is related to 0 , K. and Zn.by

'U** 9*. ~ (8)

In the above ^w. refers to dipole position 
relative to the Z axis origin. The 
expression for the far field is much 
simpler and is

(9)

Ac)

where the dipole pattern in (9) and (1) 
is, of course, given by

£00 = (10)

Figure 4. Power level pattern n \&) of
the 17 dipole array at 5 metres 
distance.

The 17 dipole array has a Rayleigh 
distance of 97 metres and a far field 
radiation pattern which exhibits a main 
beam of 2.5 degrees half power beamwidth 
in the array plane, two prominent side- 
lobes and many minor lobes. The near 
field range length of the simulated 
system was set at 5 metres, and antenna 
B was placed the same distance below A 
and inclined at 45 degrees to the horiz 
ontal. The parameters of the feeding 
circuit were chosen such that with the 
main beam peak of the array directed 
toward C, the field amplitudes from 
antennas A and B were equal at C. Radiat 
ion distribution samplings were made at 
intervals of 2.25 degrees in & and 
90 degrees in p . These spacings were
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Figure 5. Far field pattern of the 17
dipole array. Continuous line 
is the calculated pattern at 
infinity, dots are from the 
simulated near field measurement 
and subsequent data evaluation.

dictated by the computer program subsequ 
ently used for transformation, and repre 
sents the minimum number of samples nec 
essary for the matching of spherical modes 
for this size of antenna.

Figure 4 shows the quasi near field 
power level pattern P, (&) of the array, 
and the continuous line curve of fig. 5 
shows the directly computed far field 
pattern. In the measurement simulation, 
after the amplitude and phase data was 
extracted from the sets of four near field 
distributions, it was transformed to the 
far field using the computer program 
SNIFT (Ref.5). Output from this is shown 
as dots on figure 5, and it can be seen 
that there is good agreement with the 
directly computed far field pattern.

3. PRACTICAL IMPLEMENTATION

At the time of writing, trial measure 
ments are proceeding and fig. 6 shows- the 
first experimental arrangement. A 1.3m 
diameter reflector antenna with a log- 
periodic feed operating at 1.2GHz was 
chosen as a test case; this has a con 
venient Rayleigh distance of 13.5 metres, 
so by making direct measurements well 
into the far field at 20 metres and then 
comparing patterns from quasi near field 
measurements at 3 metres, it is hoped 
that agreement will be demonstrated. As 
can be seen from the photograph, crossed 
log-periodic antennas were initially 
used for the remote and reference antennas, 
but it was quickly learned that a wide 
beam reference antenna was not acceptable 
as scattering from the rotating model

Figure 6. Initial measurement arrangement 
on the ESTEC site.

tower base caused the reference wave to 
be far from constant. At this time it 
was suggested (see acknowlegment) that 
an alternative to combining the main and 
reference waves at the remote antenna 
would be to combine them further on in 
the microwave circuit, i.e. instead of 
air propagation for the reference wave, 
a cable path could be used and the two 
waves combined in a directional coupler 
at a point before the receiver. This 
idea was adopted and fig.7 shows how a 
coupler can be used in this way.

The upper diagram of fig.7 shows a 
directional coupler in normal use; if a 
wave of voltage V is applied at the 
input port, then KW and K't.V are 
seen at the output ports where K', and

Kv a re complex constants each composed 
of an insertion phase and an amplitude 
reduction term. If the coupler is used 
to combine two waves of voltage V& and

Vt (lower diagram) applied at ports 
B and C, then a certain amount of the 
input energy goes to the load, and an 
output X7va + KiVc is seen at 
port A. The phase constant introduced 
by K\ and k<x is unimportant as all 
measurements are in relative phase anyway. 
The amplitude constants are also unimport 
ant as they have the same effect as 
changing the amplitude of the reference 
signal, and this can be set to anything 
convenient - the only requirement being 
that it stays constant throughout data 
recording.

A practical point that has arisen 
from the use of a coupler in this way is 
that extra cable must be put into the
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A new intermediate distance antenna 
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simulation. At the time of writing 
trial measurements are being carried out 
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subsequent data processing will be available 
in the near future.
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ANTENNA MEASUREMENTS ON AN 
INTERMEDIATE DISTANCE RANGE 
BY USING AN INTERFERENCE-PATTERN 
TECHNIQUE

Indexing term: Antenna radiation patterns
Far-field antenna-pattern measurements have been made by 
using a recently proposed intermediate-distance technique, 
whereby phase information is extracted from interference 
patterns. A comparison between these and radiation patterns 
obtained on a conventional far-field range demonstrates the 
viability of the measurement method.

A new intermediate-distance antenna-pattern measurement 
method was recently proposed and results of a computer 
simulation were presented. 1 The purpose of the technique is 
to extend the capabilities of conventional ranges for cases 
where the Rayleigh distance of antennas to be measured 
greatly exceeds the available range distance. Only a few 
simple items of additional equipment are necessary, and, as 
phase information is extracted from interference patterns, 
nothing more sophisticated than a conventional amplitude 
receiver is required. The technique has been tried in practice, 
and results are presented below.

Fig. 1 Initial measurement arrangement

Fig. I shows the first intermediate-distance measurement 
arrangement, although, as will be described, this was subse 
quently modified. In the photograph, the antenna undergoing 
measurement is a 1-3 m paraboloid and feed. This size of 
antenna was convenient as a test case, as its Rayleigh distance 
was small enough for conventional far-field measurements to 
be made and used as a comparison. The feed was a linearly 
polarised log-periodic antenna; no attempt was made to 
optimise its position for the best secondary patterns, as this 
was not important to the present study. The remote antenna 
was a crossed log-periodic dipole array as was the inter 
ference-wave antenna. Measurements were made at 1200 
MHz, ultimately at 3 m range length (the photograph shows 
a 5 m separation) and also at 20 m range length on a conven 
tional elevated range for comparison. The Rayleigh distance 
of the paraboloid antenna is 13-5 m.

The purpose of the interference-wave antenna is to provide 
a constant reference wave for interference-pattern formation 
at the remote antenna, and, on the original measurement 
set-up, the ability to do this was tested for by transmitting 
with the interference antenna alone, receiving with the remote 
antenna and rotating the test antenna. When this was done, 
the interference wave was seen to be far from constant 
because of scattering from the test antenna and its tower and 
metal base. The obvious solution to this problem would be 
the use of a more directive interference antenna, but another 
scheme was proposed at this time and ultimately adopted. 
With this modification, instead of forming the interference 
pattern in air from two waves propagated by antennas, the 
interference-wave antenna is removed, a cable link takes the 
reference wave to a point beyond the receive antenna and 
interference is caused by combination of the two waves in a
ELECTRONICS LETTERS 23rd June 1977 Vol.13 No. 13

directional coupler. Fig. 2 shows how a directional coupler 
can be used in this way.

The upper diagram of Fig. 2 shows a directional coupler 
in normal use; if a wave of voltage V is applied at the input

load

K,V

load

L
', ;_ — — — — — — — ——

K,VB.K 2 VC

Fig. 2 Use of directional coupler for 2-channel combiner
Top: coupler in normal use. Below: coupler combining the reference- ;ind dircci-
channel signals

port, KI V and K 2 V are seen at the output ports, where K, 
and K 2 are complex constants, each composed of an insertion- 
phase and an amplitude-reduction term. If the coupler is 
used to combine two waves of voltage VB and Vc (lower 
diagram) applied at ports B and C, a certain amount of the 
input energy goes to the load, and an output K, Va + K 2 Vc 
is seen at port A. The phase constant introduced by K, and 
K 2 is unimportant, as all measurements are in relative phase 
anyway. The amplitude constants are also unimportant, as 
they have the same effect as changing the amplitude of the 
reference signal, and this can be set to anything convenient, 
the only requirement being that it stays constant throughout 
data recording.

A practical point that has arisen from the use of a coupler 
in this way is that extra cable must be put into the direct 
circuit to approximately equalise the direct and reference 
path lengths to minimise dispersion.

The direct and interference radiation distributions were 
sampled in orthogonal linear polarisations at intervals of 5 C 
in 0 and 6° in t/> over the spherical region about the parabolic 
antenna. The sampled relative power levels were recorded 
on 8-level punched paper tape to give a resolution of 0-25 dB; 
this data was transferred to a digital computer for processing 
with two computer programs. The first of these extracted the 
amplitudes and phases from the recorded power levels, as 
described previously, 1 and these values were treated by the 
near-field-to-far-field transformation program, SNiFT, 2 to give 
far-field radiation patterns.

Figs. 3 and 4 indicate how the far-field patterns obtained 
by the interference technique compare with those measured 
conventionally. Fig. 3 shows //-plane patterns of the para 
boloid antenna and Fig. 4 shows £-plane patterns (this plane

.-180 -120

Fig. 3 H-plane patterns of parabolic antenna
Full line is from conventional pattern measurement at 20 m, broken line is pattern 
from interference method at 3 m
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contained a feed strut, hence the asymmetry) and in each case 
the full line represents the conventionally measured pattern

-180 -120

Fig. 4 E-plane patterns of parabolic antenna
Full line is lYom conventional pattern measurement at 20 m, broken line is pattern 
Irani interference method at 3 m

and the broken line shows where the interference-technique 
pattern deviates from it. It can be seen that there is good 
agreement between patterns measured by the two techniques 
down to low levels. In general, it is believed that the conven 
tionally measured patterns which were made at a finite dis 
tance and in the presence of a ground-reflection level of the 
order of - 30 to - 35 dB are the less accurate of the two sets.
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PREDICTION OF MICROWAVE SLANT-PATH 
ATTENUATION FROM POINT 
RAINFALL-RATE MEASUREMENTS

Indexing terms: Microwave links, Radiowavepropagation, Rain, 
Smell He links ________________________________
An experiment is described in which a rapid-response (10s) 
raingauge was operated for 3 years with an 11-6 GHz radio 
meter directed along an inclined radio path such as might be 
used with a communications satellite. Cumulative statistics of 
the path attenuation due to rain are computed from the radio 
meter results and compared with cumulative rainfall-rate 
statistics for each of the 3-year periods. The spread between 
successive years is considered to be small enough for reliable 
predictions of attenuation to be made from the raingauge 
results. The application to data obtained from slower-response 
raingauges is considered.

Introduction: The adverse effects of rain on Earth-space 
propagation, particularly for frequencies above 10 GHz, are
376

well known. Future communications-satellite systems will 
use frequencies above 10 GHz, and, for planning to proceed, 
the statistics of the fading that will be obtained on any 
desired link must be predicted from data already obtained on 
other links. Such data will relate to climatic conditions 
different from those occurring on the desired links, and, for 
predictions to be made, the statistical rainfall characteristics 
for all the required areas must be known with sufficient 
accuracy, particularly the statistics relating to the short-term 
peak rainfall. Unfortunately, the response time of conven 
tional raingauges in the worldwide network is not sufficiently 
fast for the peak rainfall rate to be recorded accurately. 
In recent years, however, rapid-response raingauges have been 
installed in various places, and it is therefore of interest to 
examine the possibility of using them to estimate long-term 
attenuation statistics. Much work has been carried out at the 
Appleton Laboratory by using fast-response raingauges in 
conjunction with ground-ground links, the results being in 
course of preparation for publication,* but, in the present 
letter, an experiment is described in which a rapid-response 
raingauge was placed near an experimental satellite communi 
cations link, so that rainfall rate and excess slant-path 
attenuation could be compared simultaneously. Resuts 
obtained are discussed and used to indicate the probable limits 
of accuracy to which the statistics of path attenuation can be 
predicted from fast-response point rainfall-rate measure 
ments.

Experimental equipment and technique: Attenuation and 
rainfall-rate data were obtained from separate, but concurrent, 
experiments conducted at the Appleton Laboratory over a 
period of three years. The values of excess attenuation due 
to rainfall were derived from sky-noise measurements, made 
by an 11 -6 GHz radiometer which formed part of a network 
set up in the Slough (UK) area for studying the application 
of space diversity to reception of signals from geostationary 
satellites.' The antenna of the radiometer was I m in diameter 
and was directed at an elevation angle of 29-5° on a bearing 
of 198-25°. The sky-noise temperature T (kelvins), was 
sampled every 2-5s and converted into excess path 
attenuation A by using the formula

A = log 275
275-T— I decibels

In this expression, a temperature of 275 K is assumed for the 
absorbing medium. The rapid-response raingauge 2 was 
approximately 400 m west of the radiometer site on level 
ground and formed part of an experimental programme 
designed to investigate rainfall-rate/attenuation profiles on a 
number of ground-ground links. 3 ' 4 The integration time was 
10s.

Observations: Fig. 1 shows the cumulative excess-attenuation 
results for 1973, 1974 and 1975. Other curves were produced 
for the 3 years which gave rainfall rates exceeded for given 
percentages of the time. The data for 1974 and 1975 are

00001 " cFoor 001 ~ or
percentage timegiven lade-level exceeded <^® 

Fig. 1 Cumulative statistics of excess attenuation at 11 -6 GH2
Elevation angle: 29-5°
Azimuth angle: 198-25°
The 1973 curve excludes data for May and August

* HARDEN, B. N.: Private communication
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the signal when A' and fltm are such that the humps merge 
together to form a nearly continuous spectrum.

The amplitude and frequency profiles of optimum 4- and 
8-puIse signals are shown in Fig. 2 for/Hw = 10. These profiles 
illustrate a general conclusion that, for N<fum , the amplitude 
profile is nearly flat and the frequency profile is of staircase 
form. The signal is thus a discrete approximation of a linear 
chirp signal. When N is of the same order as f,im , there is no 
apparent general order in the profiles of the signals.

amplitude to
frequency

2 '

-2

10

LDJ J]
Fig. 2 Amplitude and frequency profiles of optimum N-pulse ampli 
tude f.s.k. burst

Forcing the individual pulse amplitudes to be equal results 
in a pure f.s.k. signal without any amplitude modulation. The 
broken line of Fig. 1 shows the variation of Q,/n with^/m for 
such a burst with N= &. Again, it is seen that the pure f.s.k. 
burst is significantly inferior to an amplitude-modulated f.s.k. 
burst only when ./Vis comparable to7/fm . ForN<fum , flatten 
ing the signal amplitude results in little loss of clutter perfor 
mance.

The ambiguity surfaces of several optimum signals have 
been plotted to obtain their combined range-Doppler 
resolution and clutter-rejection behaviour. Some of these 
signals exhibit excellent combined close-target range-Doppler 
resolution, as shown by a slender central ambiguity peak. For 
moderate ffim , the narrow central spike is accompanied by 
acceptable sidelobe levels elsewhere on the range-Doppler 
plane. This is not so with higher values of fum , for which, 
although the central spike is finer than for moderate fum , the 
sidelobes are numerous. Many of these sidelobes are unaccept- 
ably high and are located very close to the central spike.

P. R. MAHAPATRA 30th August 1977
Department of Aeronautical Engineering 
Indian Institute of Science 
Bangalore 560012, India
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V.H.F.-TURNSTILE-ANTENNA PERFORMANCE 
AS A FUNCTION OF ANTENNA GEOMETRY 
ON LARGE CYLINDRICAL SATELLITES

Indexing terms: Antennas, Artificial satellites, Computer-aided 
design
Until recently, development of v.h.f.-turnstile-antenna systems 
for satellites was carried out mainly empirically by using r.f. 
models, but computer programs are now available to assist in 
this. One of these programs has been used to model turnstile 
systems on large cylindrical satellites (of the size of current 
European scientific satellites) and some general conclusions 
have been reached concerning the choice of monopole base 
radius and Inclination.

Since first seen on Sputnik 1, the most common type of 
satellite antenna for telemetry and telecommand at vJi.f. 
frequencies has been the 4-whip turnstile antenna. This 
consists of four monopoles, usually mounted on one surface 
of the spacecraft, which are fed in progressive phase quad 
rature but equal amplitudes. 1' 2 With such an antenna, a 
perfectly symmetrical spacecraft, as in Fig. la, will exhibit 
circular-polarisation characteristics at the 0=0° and 8 = 180° 
poles (the 'hand' of polarisation depending on the sense of the 
quadrature phase feeding) and linear polarisation in the 
equatorial (6 = 90°) zone. The monopoles are approximately 
a quarter of a wavelength long—small variations are sometimes 
made in practice for impedance matching—and far-field 
radiation from such a system derives from the monopoles 
themselves and from surface currents which are induced on the 
spacecraft body. For small satellites of the order of one- 
quarter wavelength in diameter, such as those launched in the 
late 1950s and early 1960s, most radiation comes from the 
monopoles. But, for larger satellites, the situation is reversed 
and it can be difficult to obtain adequate coverage, free of 
deep dips in the radiation distribution, from satellites larger 
than about half a wavelength in diameter.

Until recently, vJi.f. antenna systems for satellites were 
developed almost entirely empirically by using rJ. models 
(sometimes called 'tinsats') with which measurements are

\l

\

Fig. I

654

a Four-whip turnstile antenna on cylindrical satellite
b Co-ordinate system
c Satellite and antenna geometry
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carried out on suitable antenna measurement ranges. 3 This 
procedure can now be augmented by computer simulations 
using the radiation-pattem-prediction programs developed for 
the European Space Agency.4 One of these programs- 
ROT 2-s has been used to model large cylindrical satellites 
with turnstile antennas. Some general conclusions have been 
reached concerning the choice of turnstile geometry, which 
could be of use in the development of future systems. These 
are the subject of this letter and are outlined below'.

Four sizes of 'large' cylindrical satellite were modelled 
during this study, but most work was concentrated on a space 
craft of 0-71-wavelength diameter and 0'544-wavelength 
height, this being a mean of the ESA COS-B and the ESA 
GEOS satellites. These large scientific satellites represent very 
nearly the limit of satellite size with currently available launch- 
vehicle fairing space. The modelling frequency was chosen as 
142 MHz, halfway between the usual telemetry and tele 
command frequencies. Only simple turnstile antennas were 
modelled, i.e. those with monopoles either vertical or with 
radial inclination at some angle a, as these are used in the 
majority of cases.

The effect of monopole inclination on the polar (con- 
stant-0 plane) radiation patterns is illustrated in Fig. 2. These 
patterns are for the above-mentioned-size satellite with a 
monopole-base-radius/satellite-radius ratio fixed at r/a = 0-63, 
and the cut is at 0 = 0°, although the patterns, which are total 
power, i.e. the sum of the power densities in the individual 
polarisations, are almost independent of 0. Total-power 
radiation patterns are of most interest with this type of 
satellite antenna, as the ground stations generally monitor in 
two orthogonal polarisations and, in reception at least, employ 
diversity combination, which, in effect, is very similar to total- 
power reception. Computations were made for 10° increments 
in a from a = 0° (vertical whips) to a = 70°. It was seen that, 
as the monopoles are inclined, the radiation decreases in the 
+Z direction and increases in the -Z direction. This effect 
increases to a maximum at between a = 40° and a = 50°, and 
then slowly reverses as a increases further. Similar computa 
tions that were made with a slightly different satellite 
geometry (0-78-wavelength diameter, 0-53-wavelength 
height), but with a much larger monopole base radius at 
r/a = 0-87, indicate that inclination effects are much more 
dramatic with large r/a; in fact, a complete null was seen at 
40° for this geometry. However, as will be shown below, large 
r/a cause excessive equatorial-plane-pattern ripple, and should 
normally be avoided if possible.

15' 150"

[517711

The practical usefulness of this information is as follows. 
Satellites are rarely simple structures, as they often have 
deployable booms and other appendages, which, along with 
the rest of the outer surface of the spacecraft, have currents 
flowing on them. These boom currents can be thought of as 
causing radiation which disturbs the distribution from the 
satellite and turnstile antenna alone. This disturbance is 
usually detrimental to the radiation distribution; thus the 
surface currents in the vicinity of the boom should be 
minimised. For example, if the majority of the booms of a 
satellite are concentrated on the top (+Z end) surface, the 
monopoles should be inclined to a = 40° or thereabouts. This 
gives minimum radiation in the +Z direction, and therefore 
minimum surface currents on the top surface of the spacecraft. 
As these currents are minimised, the currents induced on the 
top surface booms will also be minimised; hence the corre 
sponding disturbance from boom radiation in all regions 
around the spacecraft can be expected to be as small as 
possible. Similarly, if there are more booms or objects on the 
bottom surface than elsewhere, vertical monopoles could be 
expected to give the most satisfactory radiation patterns.

One final thing to note concerning monopole inclination is 
that inclination slightly increases the pattern ripple in the 
equatorial region. For example, with r/a = 0-63, as described 
above, the peak/trough ripple changed from 2 dB at a = 0° to 
3 dB at a = 70°.

Whether the monopoles are inclined or not, changes in the 
monopole base radius affect the equatorial-plane-pattern ripple 
such that large r/a give relatively large ripples. Fig. 3, which is 
from computations on the 0-71-wavelength-diameter space

Q.a.r 3'

Oa 2- • • • •

0-2 0-4
r/o

a

0-6 0-8

a 
£ 3

a 2

0-2

———— oc =22° 
............. oc =50*

0-4
r/a

b

0-6 0-8

Fig. 3 Equatorial plane (9=90°) peak/trough pattern ripple as a
Fig. 2 Total-power radiation patterns in 0 = 0° p/ane /or tfiree function of r/a 
monopole inclination angles

Radial scale is in dBI
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craft, shows this, and it can be seen that to obtain minimum 
ripple, r/a should be no greater than about 0-63. The ripples 
of Fig. 3 are for the total-power equatorial-plane patterns. 
Incidentally, the computer-derived data from Fig. 3 were only 
calculated to the nearest decibel. This explains the apparent 
abruptness of the ripple increase beyond r/a = 0-63 and of the 
anomolous hump for the a = 30° case, which is almost 
certainly far less severe in reality.

Two further sizes of spacecraft were studied, one being 
about 10% larger than the 0-71-wavelength diameter space 
craft, at 0-78-wavelength diameter and 0-598-wavelength 
height, and the other about 10% smaller, at 0-64-wavelength 
diameter and 0-49-wavelength height. The same general 
behaviour as reported above was seen for these sizes of space 
craft; it seems that the conclusions concerning the choice of 
monopole base radius and inclination are true in general for 
large cylindrical satellites.

To sum up, the study shows that, for a v.h.f. turnstile 
antenna system on a large cylindrical satellite, the monopole 
base radius should be chosen to be no greater than about 
0'6 of the satellite radius, and that the monopole inclination 
should be chosen according to the presence of booms or other 
appendages which are likely to be troublesome as regards 
unwanted 'parasitic' radiation. This study also highlights the 
usefulness of the pattern-prediction computer programs.
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COMPUTER-PROGRAM DESCRIPTION

Computer-program system for evaluating partial and 
total antenna directivities from measured data
K.M. Keen, M.Sc., C.Eng., M.I.E.E.

Indexing terms: Antenna radiation patterns. Communi 
cations computing

Abstract
A system of three computer programs is described which pro 
cess data from far-field amplitude antenna pattern measure 
ments to give partial and total directivity mappings (where 
'partial directivity' refers to one polarisation only). The 
measurement data is acquired by sampling the radiation 
distribution over a spherical region enclosing the test antenna, 
first in one polarisation and then in the orthogonal polaris 
ation, so that two 'spheres' of information are contained in a 
measurement data set. A small binary/decimal conversion 
program processes the two parts of the data set individually, 
and a data package with a heading containing measurement 
specifications is then set up. The data package is processed 
by the main program which integrates to find the isotropic 
level and then the partial and total directivities, and prints 
out the values in tabular form. As well as the conversion and 
main programs, there is an optional program that prints out 
the contents of the data package in an easily viewable form. 
This is useful if the input data contains errors.

1 Introduction
If, on a far-field antenna measurement range, the antenna 

or radiating system under investigation is mounted on a positioner 
with two independent rotational axes at right angles, then it is 
possible to make polar diagram measurements that cover the entire 
spherical region about the antenna. If two 'spheres' of information are 
recorded, the first in some convenient polarisation and the second in

Fig. 1
Photograph of full-scale r.f, model of satellite undergoing v.h.f. 
antenna measurements

Program CP1S6E, received 23rd December 1976. The program and accompany 
ing documentation are held In the IEE Program Library, IEE, Savoy Place, 
London WC2R QBL, England. Copies are available on application and on 
payment of a charge of £30.50

Mr. Keen is with the ERA RF Technology Centre, Cleeve Road, Leatherhead, 
Surrey, England

the orthogonal polarisation, then the information can be computer 
processed to find the isotropic level; and then radiation pattern maps, 
normalised to the isotropic level, can be printed out in digital form. 
As an example, Fig. 1 shows a full scale r.f. model of a current ESA 
satellite undergoing vJi.f. antenna-system measurements on the 
ESTEC antenna test range; the 4-whip turnstile antenna system can be 
seen on the foremost face of the spacecraft model. It was mounted on 
a measurement tower with the geometry and co-ordinate system 
shown in Fig. 2. This is probably the most common 2-axis measure 
ment geometry and 'spheres' of radiation patterns are made by a con 
tinuous 0 rotation over 360° with 8 constant, followed by a 6 incre 
ment which is then followed by another 0 rotation and so on, until a 
'sphere' consisting of a set of conical cut radiation patterns is 
collected.

A computer program set is described below which processes 
'spheres' of radiation pattern data recorded in digital form and gives 
partial and total directivity printouts in tabular form. The term 
'directivity' used here is a general one and refers to the value in any 
direction 8, 0 (see Appendix 8). Directivity information is useful for 
the following reasons: If the directivity and gain of an antenna are 
measured, then, within the limits of measurement error, the antenna 
efficiency can be deduced. Conversely, in some circumstances it is 
impracticable to measure the gain of an antenna or radiating system, 
so the directivity is measured instead, and the gain determined by 
estimating a value for the antenna efficiency. This is often done for 
omnidirectional v.h.f. satellite antenna systems where efficiencies of 
— O'S dB are typical. Although for some antenna types, e.g. uni 
directional narrow-beam types, only the directivity in the boresight 
direction may be of interest, there are many others where full 
directivity mapping is of great use. Omnidirectional satellite antenna 
systems for telemetry and telecommand at either vji.f. or S-band 
frequencies fall into this category; during launch phase, transfer 
orbit and final orbit manoeuvres, the spacecraft attains various 
attitudes with respect to the ground stations with which it must have 
a 2-way link. Obviously, before the spacecraft is 'flown', its radiation 
properties must be known fully so that link budgets can be established, 
and partial and total directivity mappings can be used for this. In 
such cases, the total-power directivities can be of special importance 
as many ground stations receive telemetry simultaneously in 
orthogonal polarisations and mix the powers received in the two 
channels together in a way which, in many cases, is equivalent to total 
power reception.

test antenna

Fig. 2
Measurement geometry and co-ordinate system
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The measurement technique described here has been in existence 
for, perhaps, 15 years; however, there are comparatively few Euro 
pean establishments (perhaps 5 or 6) that use it. The purpose of this 
paper is to make the technique more widely known, and to describe 
a computer program system which can be used for data evaluation.

2 Theory
Let the total radiated power of an antenna system be PT . If 

Ua (6, 0) represents the power radiated per unit solid angle in direction 
8, 0 in some polarisation a, and J/6 (0, 0) represents the corresponding 
quantity in the orthogonal polarisation b, then, using the definitions 
described in Appendix 8, partial directivities for each polarisation 
can be written as follows:

0)

(2)

In practical measurement cases, the orthogonal polarisations would be 
either left- and right-hand circular polarisations or orthogonal linear 
polarisations, such as vertical and horizontal, defined by the electric- 
field direction relative to the ground. The important property of 
orthogonal polarisations, so far as directivity measurements are con 
cerned, is that, for a given direction, the powers in each polarisation 
can be added to give the total power in that direction.2 That is, if 
UT(8,<t>) represents the total power radiated per unit solid angle in 
direction S , 0, then

UT (S,<fi = Ua (8,<t>) + Ub (8,^ (3) 
and it can be seen that the total power directivity given by

n <f> ^ 4rr(/T (fl,0) ... Dr(0,0) = —— - ——— (4) "T

is simply the sum of the partial directivities

DT (0,0) = D0 (0,0) + D0 (0,0) (5)

The required outputs from the computer processing are numerical 
maps of Da , Db , and DT values as a function of 0 and 0. The com 
puter inputs are groups of Ua and Ub values (measured data) as 
functions of 6 and 0. From these inputs the computer program must 
first determine PT by integration, then find the directivities from 
eqns. 1, 2 and 5. 
Now

PT = JJ UT(e,<t,)sin8d6d<p
47T

which, from eqn. 3, can be written

= JJ £/0 (0 > 0)sin0crfld0 + JJ J/0 (0,0) sin dfl d0 (6)

The recording of Ua and Ub is made in the following way: the 8 
parameter is fixed and a 0 rotation is made from 0 to 360° during 
which a 'line' of data is recorded, A 8 increment is then made and for 
this new 8 value another 360 degree 0 rotation and data recording is 
made, and so on until a complete sphere of space about the radiating 
device under test is covered. Hence, it is convenient to write eqn. 6 
in the form

2 "r" 
=\

J
sin0d0 r ( r 

J J
sin6de

The quantities in curly brackets represent integrations for each 'line' 
of data from a 0 rotation. The integrations are made in the computer 
by the application of Simpson's rule. If/4(0) represents the integration 
of (4(0, 0) with 0 constant and B(0) likewise for the other polaris 
ation, then eqn. 7 is reduced by the first set of integrations to

PT =f A(6)sin8de +f
J n J n

(8)

A second set of integrations, again using Simpson's rule, yields PT . 
This value is then used via eqns. 1 and 2 with the original data sets of 
Ua and (/(, values to give printouts of Da and Db . Finally, the partial 
directivities are added in the computer according to eqn. 5 to give a 
printout of total directivities.

An important practical point is evident from the above theory. 
During measurements it is necessary to ensure that no power-level

changes or drifts occur in the measurement system; i.e. each conical 
cut radiation pattern must have the correct recorded levels in re 
lation to the others in the 'sphere'. Furthermore, the two recorded 
'spheres' of data must have the true power-level relationship to each 
other.

heading from 
terminal

1 ~'~l~ ,~l

empora 
isc 
torage

ry
sub 

program 
'binary'

1 _

1 
1

/ 
in computer

r-l—— 1 1
1
1 
1
1 
1 
1 
1 
J_

data ' 
package |

L ._._. J

main 
program 
'direct'

output

J

Fig. 3
Data-processing sequence of events

3 Data-processing organisation
Fig. 3 shows the data-processing sequence of events. On the 

ESTEC antenna test range for which this program set was written, 
measurement data from 'spheres' of conical cut radiation patterns is 
recorded on eight level punched paper tape using commercially avail 
able equipment. During each 0 (head) rotation, the received power 
level is recorded in a pseudobinary code on the tape at intervals of 
2°. Between the 0 rotations, the intermediate 0 increments are 5° 
in magnitude. So two paper tapes, one for each polarisation, are 
punched and each contains 37 'lines' of numbers, each 'line' having 
180 pattern-level samples. This sampling system, i.e. 6660 radiation 
distribution samples per polarisation, is a convenient value which gives 
sufficient information for accuracy without excessive and impractical 
measurement time. The main program described in Section 4 is 
written for these increments but can be easily modified for others.

Cards or magnetic tape are the normal input media for modern 
digital computers; so it is necessary to change to one of these using a 
conversion machine, and although the choice of media is not very im 
portant, it was found that card sets were preferable as these can be 
looked at before entry to the computer. The conversion machine 
makes a straight copy; i.e. the coded data on the tape is punched on 
the cards without alteration. Each card set then contains approx 
imately 85 cards.

After being fed into the computer via its card reader, the two sets 
of data are stored on disc files. Each file is then processed with the 
sub program BINARY. This subprogram reads the 'raw' data as if it 
was binary coded, into a word of 2 bytes length, shifts it to the 
least significant byte, then writes it out as decimal data in a form suit 
able for input to the main program. The decimal values are not the 
recorded decibel-scale values as the recording code is not pure binary; 
this can be seen from Fig. 4 which shows the punched-paper-tape 
format. However, there are simple relationships between the two, and 
the first task of the main program is to make a decimal number to 
decibel value conversion.

direction of 
travel

39 dB —
35 75dB —

22dB —

2925dB —

r""oo o —
O oQOO

OOO o OO
O oQO

OO O o o
oO O

O o OO
O o O

JO OOoQ _O

—— start of
marker

—— 1775 dB

— 5dB

— 325dB
— 15dB

87654 321 track number 

i -j 32 16 8 <. 2 1 bit weight

Fig. 4
8-level punched-paper-tape code format
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The two 'spheres' of data are individually treated by BINARY and 
are appended to a 4-line heading to make a data package as shown in 
Fig. 3. A typical heading is given as follows:
TAPE A IS (8 spaces) LEFT-HAND CIRCULAR POLARISATION
TAPE B IS (8 spaces) RIGHT-HAND CIRCULAR POLARISATION
ANTENNA IS (7 spaces) 1-5 METRE PARABOLOID WITH LPDA
FEED
FREQUENCY IS (5 spaces) 1550 MHZ
This heading is split up by the main program and used to provide titles 
for the final output sheets. The number of spaces is not critical but 
there should be at least five, and preferably a few more.

When the data package has been set up it is ready to be run with 
the main program; however, it may subsequently be found to contain 
errors. But with its format of one number per line, the data package is 
in an inconvenient form for inspection. For this reason, the program 
VIEW has been written. This takes the information in the data 
package and converts it into the more readily viewable format of the 
4-line heading followed by the numbers arranged in groups of 20 per 
line.

The last stage of the data processing is to run the data package 
using DIRECT, the main program. If the data package is error free, 
partial and total directivity values are printed out in tubular form. If 
not, an error message giving the location of the error is produced.

4 Main program 'direct'

The main program can be divided into three sections: a data 
input stage, a conversion and integration stage and an output stage. A 
program run starts by reading the 4-line heading, storing it in sections, 
then printing out a copy in its original form as an overall output 
heading. After this, the first number is read and ignored. This number 
should be 48; the reason for this is that when the radiation distribu 
tions are sampled and recorded each line is terminated by a binary 
equivalent of 48 (see Fig. 4). In addition, each complete 'sphere' of 
information is ended with a 56 and started with a 48, and it is this 48 
which is initially read. Following this, the first 'sphere' of data is read 
into a 2-dimensional array with data 'lines' as rows. At the end of each 
'line', the 48 is read and identified. If the number proves to be other 
than 48, then there is an error on the data - perhaps one character 
was missed by the tape punch — and the computer run terminates 
with an error message identifying the polarisation and the line number. 
One or two missing characters at the end of a data line' happens 
occasionally, but can be corrected for by interpolation without sig 
nificant loss of accuracy. The next operation by the computer is to 
see if the 56 which terminates the 'sphere' is present. If not, the 
'sphere' contains an incorrect number of 'lines', and an appropriate 
error message is given and the run halted. But if, as is usually the case, 
the polarisation A data is read in without a hitch, then the entire oper 
ation described above is repeated for the polarisation B data, and a 
second 2-dimensional array is set up.

The first task in the next program stage is conversion from the 
decimal numbers in the two arrays to their equivalent decibel values. 
The first six tracks of the source-data paper tapes contain integer 
decibel values in pure binary, but tracks 7 and 8 hold fractional 
decibel values. If the 8-track tapes were read as if they were wholly 
binary, then the resulting decimal numbers are related to recorded 
decibel values in the following way. If YDB is the decibel equivalent 
of a decimal number X, then for X in the range 0-40,

for X in the range 64-104,
YDB = X-63-5 

for * in the range 128-168,
YDB = X- 127-75 

and for X in the range 192-233,

When the conversion has been made, the decibel values are changed to 
power levels. Absolute values are, of course, not possible, or necessary, 
and the following type of relationship is used:

(9)Ua (6,<t>) = 1

This takes into account the fact that although no sign is encoded on 
the paper tapes, all decibel values are negative ones below an arbitrary 
OdB. The integrations in the curly brackets of eqn. 7 are then carried 
to produce A(6) and B(6) of eqn. 8. These are then separately 
integrated with a sin S weighting and added to give PT .

In the manner shown by eqns. 1 and 2, the power levels which 
were derived by equations such as eqn. 9 and stored in two arrays are 
then normalised to give the partial directivities £>0 (0,0) and D b (8,4>) 
which are themselves stored in two arrays before printout. Finally, 
the partial directivities are added to give the total directivities DT(B,<t>) 
which are also stored in an array. Before storage, all directivity values 
are converted to decibel units and are therefore in decibels compared 
to the isotropic level (dBI) units.

The output stage prints the three directivity tables with job des 
cription headings plus 8 and <t> scales. A directivity table contains 6660 
directivity values, each to one decimal place and with an arithmetic 
sign, and is too large to be contained in a single printout of standard 
37-5 cm width. To overcome this, tables are printed in halves, each 
half using almost the full width of the printer. These have to be joined 
to form a table measuring 66 x 90cm. Fig. 5 shows the top left-hand 
corner of a typical table; only this small portion is shown to give an 
idea of the table format. If a complete sheet was shown the characters 
would be too small to be seen.

The program normally assumes that measurements are started at 
6 = 0° and terminated at 6 = 180°, but it is sometimes more con 
venient to start at 8 = 180°. For this situation, the S scale printout 
can be reversed by changing a parameter near the beginning of the 
program. There is a line as follows; START = 0. If this is changed to 
START = 180 the 6 scale heading begins at 180 degrees and decreases 
to 0 degrees.

TICK* 8 BAND WITH SKIRT

2250 MHZ

HORIZONTAL LINEAR POLARISATION

BELOW IS A DIGITAL M" °f THE 
DIRECTIVITY IN DBI U1ITS

PHI 
0, 
2.

.... 4.
6.
S.

10.

Fig. 5
Photograph of upper left-hand corner of one output sheet

5 Program details
Computer used: ICL system 4
Length of DIRECT : 368 cards
Length of BINARY: 13 cards
Length of VIEW: 35 cards
The program language is FORTRAN IV.
Single precision arithmetic is used throughout.
The main program DIRECT requires 490 storage units and 21 e.t.u.
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8 Appendix

Note on the definitions of directivity and gain
The definition of directivity used in this description is as 

follows:
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where the directivity D(9,<t>) and the radiation intensity U(6,<t>) are in These definitions are not exactly as specified by the IEEE stan-

one specified polarisation or total power, and PT is the power radiated dards,3 but it is the author's contention that the above are the ones in

by the antenna. common usage. Generally speaking, 'gain' is an antenna parameter

The above equation is'distinct from gain which is defined by which is related to the power supplied to the antenna, and is measured
by comparison with a gain standard such as a calibrated horn. In con-

p . _ 4n U(8, 0) trast, 'directivity' only depends on the shape of the radiation patterns 

' ' ' ~ pIN and is determined by pattern measurements and integration. To intro 
duce a third definition 'directive gain' is, in the author's opinion,

where, again, G(6, 0) and U(8,<t>) are in one specified polarisation or confusing and unnecessary. This also applies to the term 'power gain', 

total power. P1N is the power supplied to the antenna input port. It Furthermore, 'directivity* as defined in Reference 3, i.e. as a maxi- 

ean be seen that gain takes into account the efficiency of the antenna mum value only, has no useful meaning for an omnidirectional type of 

whereas directivity does not. antenna system.

Errata
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Fig. 2 shows typical learning curves for a stationary environ 
ment. With ci = 0-875 and c2 = 0-75 the curves show Addie 2 
(estimating c2 ) counting up to its steady-state value of 0-75. 
The higher trace shows Addie 1 counting up and then being 
held at a steady-state value (~ 0-8) just above c2 . The reason 
for Addie 1 stopping counting up at ~ 0-8 is that when Addie 
2 reaches a steady-state condition, and this estimate is lower 
than the value in Addie 1, then the automaton will always 
select the action resulting in c2 being selected, thus inhibiting 
Addie 1. Similar results are obtained with the c/s reversed 
and also with an initial condition such that c, is chosen first. 
To investigate the operation of the two Addies in their count 
up and inhibit modes, Fig. 3 was taken with a fast time base. 
The learning curves illustrate the alternate counting modes 
until a steady state condition with c2 = 0-875 is reached. In 
order to compare Addies of varying bit size the results of 
Fig. 4 were obtained. This shows the learning behaviour of 
a 12, 16 and 20-bit Addie system. As expected a compromise 
has to be met between speed of operation and accuracy in the

C,099

Addie clock 1MHz H 
latch clock 250Hz

-O875

0 5 10 15 20 25 30 35 40 45
ms /cm Irro/jl

Fig. 3 Alternative Addie count modes during learning

C|-0875 
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a (20 bit) 
to(16 bit) 
c 02bit) 

Addie clock 1MHz 
latch clock 100KHz 
i——i——i

0 200 400 600 800 1000 WOO 1800 
ms I

Fig. 4 Influence of bit size on learning characteristics

penalty-probability estimate. If a very small bit size of Addie 
is used and the two c/s are close together than there is the 
possibility that the wrong state will be chosen. This fact 
means that the automaton is no longer optimal, even with 
(3 equal to zero, thus contradicting the theoretical prediction 
of eqn. 4. In practice a 12-bit Addie was found to provide 
a satisfactory compromise solution.

Conclusions: The hardware synthesis of a modified-estimating 
automaton based on digital stochastic computing techniques 
has been described. Experimental results for the operation of 
the automaton in stationary stochastic environments have 
shown that learning times are similar to those obtained for 
other automata structures. 7 ' 8 A significant application area 
for the modified-estimating automaton is in nonstationary 
environments and this will be reported subsequently. It is 
intended to apply a hierarchical array of m.e. automata to 
the adaptive routing control of telephone traffic systems. 9
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BEAMWIDTH VARIATION WITH APERTURE 
DIAMETER OF THE CHOKED 
WAVEGUIDE FEED ANTENNA

Indexing terms: Antenna feeders, Reflector antennas. Wave 
guide antennas

The choked waveguide feed antenna, which exhibits E- and 
//-plane radiation pattern equality, good pattern symmetry 
and low cross polarisation, is an excellent feed for symmetrical 
reflector antennas with f/D ratios in the range of about 0-3 to 
0-4. An experimental programme has been carried out to 
determine the variation of beamwidth with feed aperture 
diameter, and the results are presented here.

It is now well known that for a certain aperture size, flanged 
smooth wall cylindrical waveguide or narrow flare angle 
conical horn feeds operating in the TE H fundamental mode 
exhibit £'• and //-plane radiation pattern equality and low 
cross-polarisation performance. The aperture diameter at 
which this occurs has been shown to be 1-15 wavelengths. 1 
This effect is a narrow bandwidth one, but the range over

406

which pattern equality is maintained can be extended for 
smaller aperture diameter waveguides or horns by the addition 
of a coaxial choke as in Fig. 1. The choked waveguide has been 
shown to be an excellent low blockage feed of relatively 
simple construction for front fed symmetrical parabolic 
reflector antennas with f/D ratios in the range of about 0-3 to 
0-4, and it can even be extended to dual band operation by 
the addition of a second choke. 2 However, there appears to 
be little information in the literature which can be used for

Fig. 1 Choked horn configuration 
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the direct design of such feeds, in particular there is no 
published data on the relationship between radiation pattern 
beamwidths and feed aperture diameters. An experimental 
programme has been carried out to determine this data, and 
results are presented here.

A feed element was constructed from a length of circular 
section waveguide and two short concentric tubes, the larger 
of which fitted over the other, which in turn fitted over the 
waveguide. By moving the smaller diameter tube relative to 
the outer tube and the waveguide, chokes of different depths 
could be formed. Also, by operating at different frequencies, 
the feed aperture diameter (in wavelengths) could be altered. 
The essential dimensions of the element components were as 
follows: waveguide-7-15 mm inner diameter, 8-0 mm outer 
diameter; inner concentric tube-8-0 mm i.d., 10-0 mm o.d.; 
outer concentric tube-10-0 mm i.d., 12-25 mm o.d. Although 
the tubes were a good 'push fit', a high conductivity silver 
loaded paste was applied to ensure good electrical contact. 
The circular waveguide was interfaced to a transition to 
WG22 rectangular waveguide for TE M mode feeding, and 
measurements were made over the frequency range of 28 GHz 
to 39 GHz.

The two important dimensions of a choked waveguide feed 
are the aperture diameter in wavelengths (cz\) and the choke 
depth in wavelengths (/x ) as shown in Fig. 1. The measure-
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Fig. 2 12 dB half beamwidth for choked waveguide feed as a function 
of aperture diameter

ment technique involved choosing the operating frequency to 
give the required d^ value and then setting /x to a value of 
0-255, this value deriving from Reference 2. Fig. 2 shows 
measured radiation pattern 12 dB half beamwidth values for 
the E- and //-planes as functions of rf\, and it can be seen thai 
the beamwidths in the two planes are always equal to within 
a few degrees.

To conclude, the relationship between the E- and //-plane 
radiation pattern beamwidths and the aperture diameter of 
the fundamental mode choked waveguide feed has been 
determined experimentally, and this information can be used 
directly in the design of front fed reflector antenna systems. 
It is interesting to compare the beamwidths of the choked 
waveguide feed with published data for similar size circular 
waveguides without chokes. 3 With these, as the aperture 
diameter decreases below 1-15 wavelengths, the £-plane 
pattern becomes progressively wider than the //-plane pattern 
and beamwidth equality is soon lost; typical values are 65° 
//-plane 12 dB half beamwidth and 75° £-plane 12 dB half 
beamwidth at a d\ value of about 0-8. The choked waveguide 
feed, however, shows beamwidth equality within a few 
degrees, down to at least a d x va ' ue ° f 0 '67.

K. M. KEEN 8th May 1978
RF Technology Centre at ERA
Cleeve Road
Leatherhead
Surrey KT22 7SA
England
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DEGRADATION IN SHORT WAVELENGTH 
(AIGa)As LIGHT-EMITTING DIODES

Indexing terms: Light-emitting diodes, Semiconductor junction 
lasers _________
Degradation in short-wavelength (AlGa)As lasers is investigated 
through lifetests of such devices operated in the incoherent 
mode. It is shown that degradation increases with emission 
energy for diodes containing zinc in the p-type (AlGa)As 
bounding region, whereas diodes containing Ge in this region, 
although not satisfactory as c.w. lasers because of high 
resistivity, show no degradation. A way out of this difficulty 
is proposed through double doping with Ge and Zn, in which 
case degradation appears to be brought down to the Ge level.

Double-heterojunction Al^Gaj-xAs/Al^Ga^^As laser diodes 
have been produced with room-temperature lasing wave 
lengths ranging from about 0-9 Mm to 0-68 urn. Reliable 
devices have been reported in the spectral region of 0-82 to 
0-87 ^m, 1 but no data are available concerning devices 
emitting closer to the visible region. This paper reports 
reliability test results on diodes emitting between 0-73 and 
0-82 urn.

Owing to the difficulty of achieving adequate conductivity 
for c.w. operation in Ge-doped Al^Ga,_ x As as x approaches 
0-5, 2 it is necessary to use Zn as the acceptor dopant in the 
liquid phase epitaxial growth of shorter wavelength lasers. 
However, the substitution of zinc for germanium as the dopant 
in the p-type bounding layer introduces fabrication problems 
and potential reliability issues. Nevertheless, it is only with 
zinc doping that room-temperature c.w. laser diodes operating 
near 0-73 urn have been achieved. 3 The substitution of Zn 
for Ge introduces a factor which we study with respect to the 
degradation of these devices. We show that Zn doping leads to

ELECTRONICS LETTERS 22nd June 1978 Vol.14 No. 13

accelerated degradation compared to Ge-doped diodes as the 
emission wavelength moves from the infra-red toward the 
visible, but double-doping with Ge and Zn yields reliable 
diodes.

The devices studied consisted of the structure shown in 
Fig. 1, the parameters of main interest being the dopants 
used (Ge, Zn, or Ge + Zn) in the p-type Al>,Ga 1 _),As 
bounding region, and the x and y values employed. The 
recombination region was not deliberately doped. The devices 
were grown by a conventional liquid phase epitaxial process, 
and every attempt was made to keep the growth conditions 
similar to those employed in the fabrication of reliable 
(AlGa)As lasers emitting in the 0-80 and 0-87 pm range. 
A summary of the materials parameters used is given in 
Table 1.

All of the lasers discussed here were formed using the 
oxide-isolated stripe-contact process, with a stripe width of 
10-15/um. The diodes were mounted with In solder, p-side 
down, on Cu heat sinks. This process of fabrication is known 
to generally produce very reliable devices when used for

1-2pm 
d;0 T*jjm 

- 1 um

- Ujrn

metal

Go As substrate

Al yGa,_y As Te (n)
AI«Gau,As (undoped)
Al y Gai_ y As Zn.Ge orZn.Ge

GoAs Zn or Ge (p)
J nr,otn] I, ~f

recombination 
region

- S i0 2

--13pm— indium solder

Cu heat sink fTofTH 

Fig. 1 Typical device structure used in this work
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Interference-pattern intermediate-distance 
antenna measurement technique

K.M. Keen
Indexing terms: Antenna radiation problems, Communications, Computing, Microwave antennas, Micro wave measurement

Abstract: A new antenna-pattern measurement technique for antennas with large-field distances is described. The method is applicable to conventional ranges with 2-axis positioners and receivers that work in amplitude only. Basically, the technique is to make pattern measurements on a conventional finite-length range in the normal way but with a third antenna or an auxiliary circuit that causes interference. Interference patterns and finite-distance amplitude patterns are recorded and the finite-distance phase distribution extracted by data processing. This finite-distance data is then the input to a near-field/far-field transformation computer program that gives the fai-field patterns.

1 Introduction

The far-field characteristics of the majority of microwave 
antennas can be determined on conventional measurement 
ranges in the normal way, i.e. by rotating the antenna and 
monitoring its radiation pattern with a remote antenna 
situated a sufficient distance away. However, there are 
cases - either because the Rayleigh criterion does not 
apply, or because the antenna aperture is large in terms of 
the operating wavelength - in which the need for very large 
range distances precludes conventional methods and some 
form of near-field measurement method may be necessary. 
A recent example was a shaped-beam satellite antenna for 
earth coverage, 1 for which an 'intermediate-range distance' 
facility was set up near Chelmsford, England.2 On this 
range both phase and amplitude are monitored, and the 
quasi near-field information is transformed by computer 
processing to give the far-field radiation patterns. This type 
of range has additional usefulness in that it can be operated 
in the conventional mode for measuring the majority of 
antennas.

From the reverse point of view, existing conventional 
ranges could be adapted to this system for the measurement 
of antennas with large far-field distances; the only 
drawback being that the above mentioned range uses a 
sophisticated (and expensive) phase and amplitude receiver, 
which most ranges do not have. In an attempt to extend the 
capabilities of the antenna measurement facility at the 
European Space Research and Technology Centre without 
recourse to a phase and amplitude receiver, a new 
intermediate-range technique has been devised whereby the 
phase information is extracted from interference patterns, 
but in a more direct way from that accomplished by the 
holographic method developed at the University of 
Sheffield.3

The new technique was first simulated by a series of 
computer programs to establish its viability and give some 
'feel' for the extent of the data processing that would be 
involved. This was followed by a practical trial with 
encouraging results, and the technique is now considered as 
a generally available feature of the facility at which it was
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developed.4 Aspects of the development have been reported 
previously,5 "7 but this paper gives a comprehensive review 
of the technique and the investigation and implementation 
of it.

2 Description of the technique
In Fig. 1, antenna A is the antenna to be measured and is 
situated on a 2-axis mount, B is a static reference antenna 
and C is the remote antenna. The diagram shows the 
measurement hardware in an anechoic chamber, but the 
system is the same for indoor or outdoor ranges. Fig. 2 
shows the feeding circuit, which includes a phase shifter 
able to switch from some arbitrary zero to + 90° and

Fig. 1 Measurement-method geometry

r.f. source

to Rx

Fig. 2 Feeding circuit - method 1
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+ 180° relative to that zero. The purpose of antenna B is 
to act as a fixed reference for interference patterns set up 
at antenna C by interference between radiation from A and 
B. Fig. 3 shows an alternative circuit for causing the desired 
interference and this will be described later, but for the 
moment the technique is best explained bv reference to 
Fig. 2.

rf. source

toRx
matched load

Fig. 3 feeding circuit - method 2

Let the field distribution at the chosen intermediate 
distance (i.e. somewhere between, say, the Rayleigh dis 
tance and the close proximities of conventional near-field 
probing methods of measurement) and in one known 
polarisation be represented by

Z),(0,0) = Ai(8,4>)e i*Wt>) (1) 

and let the corresponding far-field distribution be
£2(0,0) = ^ 2 (0,0)e ;^ (9' 0) (2)

where A^ and A 2 are amplitudes and i//i and i// 2 are 
phases. The desired description of the radiating charac 
teristics of the antenna is A 2 (6, 0), usually expressed in 
decibels, together with its orthogonal polarisation counter 
part (o.p.c.). These are the far-field radiation distributions, 
and often only certain 'cuts' i.e. radiation patterns, are 
required. From electromagnetic theory it is known that 
-4 2 (0, 0) and its o.p.c. can be found from A l (6, 0) and 
i//,(0, 0) plus their o.p.c.s, and there are a number of near- 
field to far-field transformation computer programs in 
existence that do this. The interference method provides a 
way of determining the quasi near-field phase, and the 
procedure is as follows.

With antenna B switched out, the quasi near-field power- 
level distribution Pi(0, 0) is recorded. This determines 
A,(8, 0), since, ignoring decibel scaling and a constant of 
proportionality,

Pi(8,(j>) = A](8,<(>) (3)

Then, with the reference antenna switched in and the phase 
shifter set to 0°, + 180° and +90°, three more power level 
distributions are recorded. These are />2 (0, 0),/>3 (0, 0) and 
P^(8, 0), respectively. The phase distribution can then be 
extracted from the four power-level distributions using the 
following relationships:

/>2 (0,0)-f3 (0.0)
(B , 0) [Pj (0 , 0) + />3 (0 , 0) - , 0)] }

(4)

and

,(0,0)[/>2 (0, 0) + P3 (e, 0) - IP, (0,0)]} (5)

The constant 6 has no effect on the subsequent trans 
formation and can be ignored; it is actually the real value 
of the arbitrary zero of the phase shifter. To extract 
i//! (6, 0) from eqns. 4 and 5 it is only necessary to evaluate 
one equation and find the arithmetic sign of the other.

The above outlines the basis of the measurement 
technique; four power-level distributions are recorded, and 
from these a phase distribution and an amplitude dis 
tribution are extracted by data processing. If this is done in 
two orthogonal polarisations, the resulting phase and 
amplitude information can be processed by a near-field to 
far-field transformation computer program. The data 
sampling about antenna A requires a 2-axis positioner, but 
many conventional ranges have these, as sampling in this 
fashion is carried out for the measurement of directivity. 8 ' 9 
The spherical envelope about the antenna can be monitored 
by either great circle (constant 0) or conical (constant 9) 
rotations.

3 Computer simulation

Before trying the technique in practice, a computer 
simulation was made with a mathematical model of an 
array of 17 halfwave dipoles with interelement spacings of 
1-2 wavelengths at a frequency of 2-4 GHz. In the array, 
the dipoles were axially aligned and equally fed in ampli 
tude and phase, giving a far-field radiation pattern with a 
main beam of 2-5° half-power beamwidth in the array 
plane, two prominent sidelobes and many minor lobes. The 
Rayleigh distance for the array is 97m. The near-field 
sampling was made in Ee and £"0 components, and to 
simplify the simulation the array was placed along the 
8 = 0° axis of the measurement co-ordinate system, so that 
the £0 field was always zero. The near-field range length 
was set at 5 m, and antenna B was placed this same distance 
below A and inclined 45° to the horizontal. The parameters 
of the feeding circuit were chosen so that, with the main- 
beam peak of the array directed toward C, the field 
amplitudes from antennas A and B were equal at C. 
Radiation-distribution samplings were made at intervals of 
2-25 in 8 and 90 in 0. These spacings were dictated by 
the computer program subsequently used for trans 
formation, and represent the minimum number of samples 
necessary for the matching of spherical modes for this size 
of antenna.

Fig. 4 shows the quasi near-field power-level pattern 
Pi(8) of the array, and the continuous line curve of Fig. 5 
shows the directly computed far-field pattern. In the

sin [i//, (0,0)-5]

90 120 
0 . degrees

Fig. 4 Power-level pattern Pje) of the I 7-dipole array at 5m 
distance
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measurement simulation, after the amplitude and phase 
data were extracted from the sets of four near-field dis 
tributions, they were transformed to the far field using the 
computer program SNIFT. 10 This is a spherical-mode 
matching program that makes use of fast-Fourier-transform 
techniques. Output from this is shown as dots on Fig. 5, 
and it can be seen that there is good agreement with the 
directly computed far-field pattern.

15 30 45 60 75 90 105 120 135 150 165 180 
9 . degrees

Fig. 5 Far-field pattern of the 1 7-dipole array
Continuous line is the calculated pattern at infinity, dots are from 
the simulated near-field measurement

4 Trial measurements using the technique

Fig. 6 shows the first intermediate-distance measurement 
arrangement although, as will be described, this was sub 
sequently modified. In the photograph the antenna under 
going measurement is a 1 -3 m paraboloid and feed. This size 
of antenna was convenient as a test case, as its Rayleigh 
distance was small enough for conventional far-field 
measurements to be easily made and used as a comparison.

The feed was a linearly polarised log-periodic antenna. No 
attempt was made to optimise its position for the best 
secondary patterns, as poor patterns would not have been 
detrimental to the investigation. In fact, high sidelobes 
seen with the //-plane secondary pattern and a deep null 
just off the main beam in the £-plane secondary pattern 
(caused by a feed strut in this plane) were considered useful 
for monitoring the accuracy of the technique at different 
levels and angular positions. The remote antenna was a 
crossed log-periodic dipole array, as was the interference- 
wave antenna. Measurements were made at 1200MHz, 
ultimately at 3 m range length (the photograph shows a 
5m separation) and also at 20m range length on a con 
ventional elevated range for comparison. The Rayleigh 
distance of the paraboloid antenna is 13-5 m.

The purpose of the interference-wave antenna is to 
provide a constant reference wave for interference-pattern 
formation at the remote antenna, and on the original 
measurement set-up the ability to do this was tested by 
transmitting with the interference antenna alone, receiving 
with the remote antenna and rotating the test antenna. 
When this was done, the interference wave was seen to be 
far from constant because of scattering from the test 
antenna and its tower and metal base. The obvious solution 
to this problem would be to use a more directive inter 
ference antenna, but an alternative scheme was proposed at 
this time and adopted for the trial measurements. With this 
scheme, shown in Fig. 3, instead of forming the interference 
pattern in air from two waves propagated by antennas, the 
intereference-wave antenna is removed, a cable link takes 
the reference wave to a point beyond the receive antenna, 
and interference is caused by combination of the two waves 
in a directional coupler. Fig. 1 shows how a directional 
coupler can be used in this way.

The upper diagram of Fig. 7 shows a directional coupler 
in normal use; if a wave of voltage Misapplied at the input 
port, then K^V and KiV are seen at the output ports, 
where K t and K 2 are complex constants each composed of 
an insertion phase and an amplitude reduction term. If the 
coupler is used to combine two waves of voltage Kg and Vc 
(lower diagram) applied at ports B and C, then a certain 
amount of the input energy goes to the load, and an output 
K\VB +KiVc is seen at port A. The phase constant

K,V

Fig. 6 Initial measurement arrangement
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Fig. 7 Use of a directional coupler for a 2-channel combiner
a Coupler in normal use
b Coupler combining the reference- and direct-channel signals
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introduced by K\ and KI is unimportant, as all measure 
ments are in relative phase anyway. The amplitude con 
stants are also unimportant as they have the same effect as 
changing the amplitude of the reference signal, and this can 
be set to anything convenient - the only requirement being 
that it stays constant throughout data recording.

A practical point that has arisen from the use of a 
coupler in this way is that extra cable must be put into the 
direct circuit to approximately equalise the direct and 
reference path lengths to minimise dispersion.

The direct and interference radiation distributions were 
sampled in orthogonal linear polarisations at intervals of 
5° in 8 and 6° in 0 over the spherical region about the 
parabolic antenna; the number of data points corresponding 
to this spacing were in accordance with the input require 
ments of the transformation program, 10 and are the 
minimum number of samples necessary for spherical-mode 
matching over this particular size of antenna. The sampled 
relative power levels were recorded on 8-level punched 
paper tape to give a resolution of 0-25 dB, and then this 
data was transferred to a digital computer for processing 
with two computer programs. The first of these extracted 
the amplitudes and phases from the recorded power levels 
according to eqns. 3, 4 and 5, and then these values were 
treated by the near-field to far-field transformation program 
SNIFT to give far-field radiation patterns. The program 
requires only relative phase values and is able to allow for 
an added phase variation due to the phase centre of the 
antenna under test being not precisely on the axes of 
rotation.

Figs. 8 and 9 show how the far-field patterns obtained 
by the interference technique compare with the con 
ventionally measured ones. Fig. 8 shows //-plane patterns 
of the paraboloid antenna and Fig. 9 shows E-phne 
patterns, and in each case the hard line represents the 
conventionally measured pattern and the dashed line shows 
where the interference-technique pattern deviates from it. 
It can be seen that there is good agreement between 
patterns measured by the two techniques down to low 
levels. There are, of course, some discrepancies, but it must 
be remembered that the comparison is being made between 
patterns measured at 20m (i.e. 1-5 times the Rayleigh 
distance of the antenna) and patterns in the true far field

-120 -60 6 60 
6, degrees

120 180

i.e. projected to infinity. Also, the conventional measure 
ments were made in the presence of a ground reflection 
level of the order of —30 to — 35 dB. In general, it is 
believed that the conventionally measured patterns are the 
less accurate of the two sets.

1 -20

Fig. 8 H-plane patterns of parabolic antenna
Full line is from conventional pattern measurement at 20m, broken 
line is pattern from interference method at 3 m

-180

Fig. 9 E-plane patterns of parabolic antenna
Full line is from conventional pattern measurement at 20m. broken
line is pattern from ihterference method at 3 m
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INTRODUCTION

The far field radiation patterns of the 
majority of microwave antennas can be 
determined in the classical way, i.e. by 
rotating the antenna in an electromagnetically 
clean environment (usually either an outdoor 
range with low ground reflections or an 
anechoic chamber indoor range) and monitoring 
the radiation patterns with a remote antenna 
situated a sufficient distance away. This 
distance is usually chosen from the criterion 
X'J'V'X , where "P is the major antenna 
dimension, which is a good approximation to 
the far field distance (l). However there 
are cases - either because the distance 
criterion is not valid, or because the antenna 
aperture is large in terms of the operating 
wavelength - where the need for very large 
range distances precludes classical methods 
and some form of near field measurement method 
may be necessary.

Due to the emergence of an increasing number 
of antennas which would be difficult or 
impossible to measure in the normal way, for 
example shaped beam and fine pencil beam 
satellite and radar antennas, the last two or 
three decades have seen a great deal of work 
in the development of what may be termed 
'conventional' near field measurement 
techniques (2). Leaving aside the compact 
range technique, which is a special case and 
limited in application to relatively small 
antennas such as feeds, conventional near 
field techniques can be described as methods 
where a probe is moved across the aperture of 
the test antenna, and the near field phase 
and amplitude sampled. Sampling may be over 
spherical, planar or cylindrical surfaces, and, 
after data collection, a near field to far 
field transformation is carried out by computer 
processing to give the far field radiation 
patterns. /These near field methods do have 
their drawbacks; for example there are 
measurement errors associated with the probe. 
These are of two types. Firstly, the physical 
presence of the probe alters the field being 
measured (e.g. energy is re-scattered on to 
the antenna under test). This effect cannot 
be corrected for in practice. Secondly, 
because the probe has a finite aperture, it 
measures an average of the field over this 
aperture rather than the field at a point. 
This can be corrected for at the cost of some 
complexity ('probe correction'). Also, large 
probe carriage structures are needed which 
must be capable of positioning with very high 
accuracy. These structures are housed in 
anechoic chambers, and obviously, to facilitate 
the measurement of physically large antennas, 
both probe carriage and chamber must themselves 
be large, making a near field system a very 
expensive facility to set up. Two other points 
worth noting, both involving planar near field 
probing, are as follows. Planar probing 
mechanisms are to some extent restricted in 
bandwidth. For example, for J and Q band 
frequencies, extremely good resolution/planar- 
ity is important; whilst for L band the overall

size of the structure is considerable. It is 
difficult to get both with one carriage 
structure. The other point is that with 
planar probing, 'all round' radiation patterns 
cannot be determined. In practice, patterns 
can only be defined within a cone of semi 
angle of 60 degrees or so about the boresight 
axis.

With these limitations as a spur, a new class 
of antenna measurement method is emerging. 
In Europe, particularly in England, 
intermediate distance measurement methods 
have come forward, and although only a 
relatively small amount of development has 
taken place so far, it is clear that these 
methods have some operational and cost 
advantages over conventional near field 
systems.

As the name implies, intermediate distance 
methods employ range lengths somewhere 
between the 1-pVV distance and the close 
near field region. Both amplitude and phase 
are monitored at the intermediate distance, 
and an intermediate to far field (IDFF) trans 
formation is made in some way to give the far 
field radiation patterns. One obvious 
advantage of the technique is that conventional 
far field test ranges can be adapted to inter 
mediate distance working for the relatively 
few antenna measurements that can not be made 
in the normal manner. Temporarily adapting an 
existing range by keeping the test and remote 
towers, positioners etc., and merely reconfig 
uring the receiving and recording system is a 
far more attractive proposition than having a 
purpose built near field facility which, 
because the majority of antenna measurements 
are best carried out in the conventional way, 
would probably be under utilised.

In this paper, three particular intermediate 
distance measurement techniques are outlined. 
These are the holographic technique developed 
at the University of Sheffield, the Marconi 
Research Laboratories technique as used for 
satellite antenna measurements, and the 
interference pattern technique developed at the 
European Space Research and Technology Centre 
(ESTEC). All these techniques rely on some 
sort of transformation process; amplitude and 
phase distribution are recorded in some way 
and in two orthogonal polarisations, then an 
intermediate distance to far field transform 
ation is carried out to give the far field 
distribution.

The University of Sheffield Holographic 
Technique

The holographic technique developed at the 
University of Sheffield (3) uses the arrange 
ment shown in Fig. 1. A static microwave horn 
provides -the reference wave which is combined 
with the antenna signal via a hybrid-T. The 
antenna elevation/azimuth positioning system is 
utilised to obtain the hologram in a raster 
format defined by the positioner axes.

I
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The data array formed by regular sampling of 
the hologram signal is then computer processed 
using fast Fourier transform techniques to 
provide a variety of antenna diagnostics. One 
feature of the 'pure 1 holographic technique is 
that only an amplitude receiver is required 
(rather than a phase and amplitude receiver) 
because the storage of phase information is 
inherent in the holographic process.

Fig.2 shows a comparison of far-field radiation 
patterns obtained for a 3.66m paraboloid 
antenna both by direct, conventional measure 
ment and by the holographic prediction process. 
Good agreement is seen between the predicted 
ang experimental results except in the -2 to 
-4 region of the elevation patterns. The 
measured results were obtained in conditions 
of deep snow and the high sidelobes obtained 
in the above region are due to ground 
reflections. Small differences in the azimuth 
patterns are due to positioning errors.

A further feature of the holographic approach 
is that a transformation can be readily made 
from the measured data to the aperture region 
for the purpose of antenna metrology (4). 
Holographic phase and amplitude measurements 
have, for example, been made a lOGHz on the 
reflector antenna shown in Fig.3b. The surface 
profile error generated from the measured data 
is shown in Fig.3a and its interpretation leads 
to the identification of localised deformations, 
spinning errors and astigmatic distortion. 
Optimisation of the prime focus feed position 
has also been obtained from the data and the 
corresponding improvements in measured 
radiation patterns have been demonstrated.

The scanning geometry employed enables the 
investigation of very large antennas such as 
radio telescopes and satellite earth station 
antennas, with regard to both far-field 
radiation patterns and surface profile error. 
The 76m diameter Jodrell Bank Mark 1A radio 
telescope has been investigated by the holo 
graphic technique, using the Mark II radio 
telescope as a reference. In this case the 
antenna was illuminated by 31cm radiation from 
a stellar radio source. Recently, a 
comprehensive survey of the SRC 25m radio 
telescope was carried out and is reported 
elsewhere in these Proceedings.

The Marconi Research Laboratories Technique

The Marconi intermediate field range was 
originally developed for bread-board and flight 
model testing of the MAROTS (now MARECS) 
satellite antenna. This is basically an out 
door facility using two 13m towers at 107m 
spacing (Figs.4 and 5). For MAROTS L-band 
tests the range length is *s <fpy\ . This 
length would ordinarily have been sufficient 
to permit conventional far field measurements, 
but for the special characteristics of a shaped 
reflector/shaped beam antenna. True near field 
probing would also be unsuitable for this type 
of antenna, because this would place unwanted 
emphasis on phase measurement accuracy - e.g. 
1 phase measurement error would result in 
0.2 dB error in the predicted antenna gain.

The range uses conventional azimuth and polar 
antenna positioners, effectively giving 
spherical surface probing. Previous computer 
orientated test range implementations (2) have 
required that a tape (paper or magnetic) be 
transferred from the range to the processing 
centre. For the Marconi range this drawback 
is overcome by an on-line interconnection. 
With reference to Fig.6, synchronising pulses 
are generated at regular increments of the

antenna azimuth angle. They initiate both the 
digitisation of the received signal and also 
the serialisation of the signal to permit 
transmission by GPO telephone to the central 
computer. Thus antenna patterns and other 
data can be displayed on a V.D.U. screen at 
the range, and are immediately available to 
the antenna development engineer.

The time taken to characterise an antenna at 
one frequency is limited by the number of cuts 
required and the positioner turning speed. The 
latter in turn is limited by the digitisation 
time for a pattern point. Phase is measured 
as well as amplitude, since this reduces 
measurement time by a factor of 4 in compariso 
to amplitude only measurements. For MAROTS, a 
complete test is of about 1% hours duration.

The spherical probing data is processed by a 
spherical wave expansion technique (8). This 
is essentially a rigorous electromagnetic 
transformation. It is valid regardless of 
measurement range, and ideally permits all six 
electromagnetic field quantities (3 components 
E, 3 components H) to be individually 
specified at near or far-field range. The 
spherical wave spectrum for the antenna is a 
standard interface which can be used to trans 
fer data to other computer programs. The 
'cut-off' property of the spectrum gives a 
filtering action to eliminate spurious 
components of the measured pattern not compat 
ible with the size of the aperture under test. 
The Marconi processing technique (7)(8) places 
no restrictions on data sampling interval, and 
the latter may be reduced to improve the 
smoothing action of the transform.

The Marconi range also incorporates many 
special features (9) to further suppress 
measurement errors, e.g. rigorous compensation 
•for off-centre mounting of the test antenna, 
compensation of linear equipment drift and 
reference horn multipath, and polynomial 
fitting to the standard gain horn reference 
cuts. An overall absolute measurement 
accuracy of + 0.07 dB at J-Band has been 
established experimentally (6),(9), some 4 
times better than a conventional test range.

The Marconi range has been operated at 
frequencies from L-Band to. J-Band, and can 
measure 'near-in' or 'all-round' patterns. 
With processing, the limit on test antenna 
size is 50 >> - 100\ , to avoid computer time 
/storage difficulties. In common with other 
intermediate range techniques, the facility 
can also be used in a 'conventional' mode 
without IDFF and without this limitation.

The ESTEC Technique

The technique developed at ESTEC (I0)(il)(i2) 
is in some ways a hybrid of the two previously 
described methods, and was developed to extend 
the capabilities of the conventional far-field 
approximation antenna test range on the ESTEC 
site. Basically, the antenna under test is 
fed in parallel with a second antenna, in orde 
to make interference patterns which are 
monitored at an intermediate distance. As wit 
the holographic technique, the interference 
patterns contain the essential phase informat 
ion, although with the ESTEC method the 
formation of the interference patterns, the 
phase data extraction, and the intermediate 
to far field distance transformation are 
carried out in different ways.

Fig.7 shows the antenna measurement geometry 
and Fig.8 illustrates the circuit which feeds 
the test and reference antennas. Actually,
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Figure 2 (a) Far-field radiation patterns
(H-plane).

(b) Far-field radiation patterns 
(E-plane).

Figure 3a Contour map of profile error
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zero height contour omitted for clarity

Figure 3b The 3.66 m paraboloid antenna

Figure 4 MAROTS antenna measurement facility

Figure 5 Receive tower with a development 
antenna in test container.
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Figure 6 Marconi 'MAROTS' antenna test range instrumentation

Figure 7 Measurement method geometry
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shifter Q

load

to rx
Figure 9 H-plane patterns of parabolic antenna

Full line is from conventional pattern 
measurement at 20 m, broken line is pattern 
from interference method at 3 m.

Figure 8 Feeding circuit of antennas A and B
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INTRODUCTION

With the increasing usage of the geostationary orbit 
for satellite radio-communication systems and the 
constant pressure upon the available frequency 
spectrum for space applications, the sidelobe radia 
tion performance of earth-station antennas is rapidly 
becoming a parameter of critical importance. The 
present generation of earth-station antennas has been 
designed and constructed with considerable emphasis 
placed upon performance parameters such as gain, 
efficiency and figure of merit, and with much less 
attention given to the suppression of sidelobe radia 
tion. Although the figure of merit parameter implies 
some interest in spurious radiation, this is more in 
relation to noise temperature considerations and is not 
primarily concerned with sidelobes which are directed 
toward the relatively cold sky.

It is generally accepted that the use of antennas with 
the best achievable radiation patterns will lead to 
the most efficient use of the available radio-freq 
uency spectrum and the geostationary orbit. However, 
it is also clearly desirable that any specifications 
on sidelobe performance while providing an adequate 
electrical performance will also be realisable with 
good design and construction practice without imposing 
excessive cost requirements.

Most satellite earth-stations employ the axisymmetric 
Cassegrain design of antenna. The major factors 
influencing the wide-angle radiation of such an 
antenna can be identified as:

(a) primary-feed spillover
(b) diffraction from the edges of both the main and 

sub-reflectors
(c) scattering from the subreflector support structure
(d) main reflector profile errors.

Each of these factors is discussed and their relative 

importance clarified.

The so-called reference curve 32-251og9 dBi originated 
from the need for a generalised radiation pattern for 
earth-station antennas for use in estimating interfer 
ence between earth-stations and terrestrial radio-relay 
stations. This curve can usefully be employed as a 
measure of the sidelobe performance of different 
antennas and the relative importance of the component 
factors giving rise to that performance.

PRIMARI-FEED SPILLOVER

A prime objective in the design of primary-feeds for 
high-gain earth-station antennas is efficient illumin 
ation of the Cassegrain subreflector. For an axisym 
metric system, primary-feed radiation pattern symmetry 
is a first step towards achieving this. For good over 
all sidelobe suppression it is also essential that the 
wide-angle radiation pattern, including the first side- 
lobe, of the primary-feed itself be well controlled. 
An example of an antenna employing a primary-feed not 
compatible with low sidelobe radiation is illustrated 
in Fig 1. Here the E-plane radiation pattern from the 
feed has been superimposed on satellite measurements Q 
of the antenna radiation pattern. From an angle of 10 
off-boresight (the edge of the subreflector) outwards

the sidelobe structure of the feed can be identified 
on the antenna pattern. A necessary condition for 
overall antenna sidelobe suppression is, therefore, 
the adoption of high performance primary-feeds whose 
own wide-angle radiation pattern satisfies the overall 
specification. The corrugated conical horn has been 
shown to be capable of very low sidelobe radiation 
over a wide frequency band and when employed in a 
Cassegrain configuration results in a significant 
improvement in the wide-angle radiation.

DIFFRACTION FROM REFLECTOR EDGES

A further high contribution to the wide-angle radia 
tion is due to the blockage and scattering effects 
caused by the Cassegrain subreflector. The Geometrical 
Theory of Diffraction may be used to determine the edge 
diffraction from the subreflector due to the incident 
radiation from the primary-feed. These diffraction 
effects depend on the geometry of the antenna and on 
the level of edge illumination. Fig 2 depicts the 
diffraction effects, in the vicinity of the incident 
shadow boundary, when the primary-feed edge illumin 
ation is varied. The absolute level of the diffraction 
pattern changes with the edge illumination, with the 
maximum coinciding with the semi-angle subtended by 
the subreflector at the primary-feed. This maximum 
level of the spillover-diffraction lobe can be approx 
imated by the simple formula,

S = G_ + T - 6 dBi 
P F

where G^ is the primary-feed gain and T is the edge 
illumination taper.

The edge illumination taper is a critical parameter; 
Fig 3 shows the maximum level of the spillover-diff 
raction lobe for various subreflector semi-angles and 
primary-feed edge tapers. In the case of the parabol- 
oid-hyperboloid Cassegrain configuration, the choice 
of primary-feed illumination taper at the edge of the 
subreflector directly influences the attainable aper 
ture efficiency and a taper of about -13dB is 
generally found to optimise the product of aperture 
and subreflector spillover efficiencies. However, 
this level of edge taper is not compatible with a low 
spillover-diffraction lobe and efficiency must be 
degraded to ensure a spillover-diffraction lobe whose 
level falls below the reference curve. For the high- 
efficiency shaped Cassegrain reflector, a low level of 
primary-feed edge illumination can be compensated by 
shaping the subreflector profile so that the main 
reflector aperture distribution is essentially uniform. 
It is therefore feasible to ensure both high effic 
iency and spillover-diffraction lobes below the 
reference curve using edge tapers of about -20dB. 
However, communications antennas need to operate over 
a. fairly wide frequency band with the design frequency 
generally chosen nearer the lower end. The primary- 
feed illumination taper will therefore increase as the 
frequency increases and the efficiency will decrease. 
A compromise value of the edge taper at the design 
frequency would appear to be -15dB.

In contrast to the variation of the edge illumination 
taper, when the diameter of the subreflector is varie 
the absolute level of the diffraction pattern at the 
incident shadow boundary remains unaltered but the
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periodicity of the ripple and the rate of fall-off 
change. This rate of fall-off, in any case, decreases 
faster than 25 logQ so that any violation of the 
reference curve will be restricted to angles in the 
vicinity of the incident shadow boundary.

Two other sources of diffracted fields are associated 
with Cassegrain antennas,

(b)

subreflector blockage diffraction due to the 
fields reflected by the main reflector incident 
on the rim of the subreflector, 
main reflector edge diffraction due to the 
reflected fields from the subreflector.

The former is dominant close to the main beam of the 
antenna but for most practical cases is exceeded by 
the diffraction at the subreflector edge due to the 
incidence of the primary-feed radiation. The main 
reflector edge diffraction leads to a maximum in the 
direction of the reflection shadow boundary of the 
subreflector. In the case of the paraboloid-hyper- 
boloid configuration this maximum level depends on 
the illumination taper at the edge of the subreflector. 
For high-efficiency shaped Cassegrains, the illumina 
tion distribution across the main reflector aperture 
is, generally, highly tapered towards the edge thus 
minimising the diffraction effects.

SCATTERING FROM THE SUBREFLECIOR SUPPORT STRUCTURE

The contribution of subreflector support blockage to 
the wide-angle radiation of an axisymmetric Cassegrain 
antenna arises from two factors:

(a) the spherical wave reflected from the subreflector 
being blocked before reaching the extremities of 
the main reflector,

(b) the plane wave emanating from the main reflector 
aperture being blocked by the support struts.

Spherical wave blocking leads to trapezium shape 
shadowed areas at the periphery of the main reflector. 
The scattered radiation associated with this may be 
determined by application of aperture-field techniques 
since the major contribution is contained close to 
boresight. For a typical earth-station Cassegrain 
geometry, the level of radiation reduces quickly away 
from boresight, reaching the isotropic level of the 
antenna at 5-10 from axis.

The more dominant contribution to the wide-angle 
radiation is due to the scattering by the support 
struts of the plane wave reflected from the main 
reflector aperture. By approximating each strut as a 
plane strip whose surface current distribution is 
determined by application of the field boundary con 
ditions, an approximate theoretical model can be 
constructed for determining the wide-angle radiation 
envelope (1). For a single strut, the predicted 
scattered field resembles that of a phased line source, 
maximising on a conical surface whose angular position 
depends solely on the inclination of the strut to the 

aperture plane.

An experimental programme has been carried out to 
investigate the validity of this theoretical model. 
Isolation of the scattered field associated with a 
strut from the far-field response of an antenna is 
generally difficult as the contribution is of a 
similar order of magnitude to the sidelobe levels of 
the reflector. However, by placing a strut in the near- 
field of an offset reflector antenna with very low 
sidelobes of its own, a "pattern difference" technique 
has been devised which allows this isolation with 
reasonable accuracy. The measurement system is illus 
trated in Fig 4. The strut model is supported by 
blocks of expanded polystyrene which is almost invis 
ible at microwave frequencies. Strut responses are 
isolated by comparing in each case a "with strut"

pattern with its "without strut" counterpart, as shown 
in Fig 5. Fig 6 compares the predicted and measured 
overall -1OdBi contour levels for a 3.8A diameter 
circular strut; good agreement is evident. The peak 
values of the co- and cross-polar responses were also 
in good agreement to within 5dB.

The overall radiation envelope due to plane wave 
blocking from a tripod or quadrupod, as used in earth- 
station antennas, can be derived from the sum of the 
patterns of constituent single struts. An approximate 
contour plot for a tripod with parameters typical of 
those associated with a 30m diameter Cassegrain antenna 
in the receive frequency band is shown in Fig 7.

MAIN REFLECTOR PROFILE ERRORS

Random profile errors in earth-station antennas arise 
from several causes. Changes in the gravitational 
loading with elevation angle, wind and thermal expan 
sion will all tend to cause profile errors with large 
correlation intervals of the order of the reflector 
radius, resulting in an average gain function which is 
directive and largely contained in the boresight region. 
On the other hand, errors in the setting of individual 
reflector panels or in the original manufacture of the 
panels, will give rise to errors with correlation 
intervals of the order of a panel size or less. Panel 
dimensions will vary to some extent with aperture size, 
but in most antenna designs lie between 1m and 3m. 
The effects of typical profile errors for earth-station 
antennas of diameter 30m operating at 6GHz (2) are 
shown in Fig 8. Only the errors associated with small 
correlation intervals are seen to affect the wide- 
angle radiation and these effects rapidly become neglig 
ible with increasing angle. The curves are drawn such 
that 90$ of the sidelobe peaks are contained below them; 
for all the peaks to be enclosed, a further 5dB should 
be added.

SUMMARY

The interference between satellite systems plays a 
major role in determining the allowable spacing 
between communications satellites sharing the same 
frequency band (3). If a curve of the form A-Blog9 
is used to represent the antenna sidelobe envelope, 
the minimum allowable spacing is dependent on both 
coefficients A and B. For the reference curve 
32-251og8 and with typical system parameters, the 
minimum acceptable spacing would be 2.9 . By reducing 
A, the envelope level at 1° off-axis, and increasing 
B, the fall-off rate of the envelope with angle, this 
allowable spacing can be decreased.

This poses the question - what are the limitations on 
sidelobe specifications and hence on satellite 
separation ? The limitations on the coefficients Aand 
B, given a primary-feed with low sidelobes, are princi 
pally due to subreflector edge illumination, subreflec 
tor blocking and profile errors. For example, most 
earth-station antennas employ an axisymmetric design 
with blocking diameter ratio of approximately 0.1. 
This sets a lower limit on A of between 26 and 28dB. 
The use of an offset antenna, where central blockage 
is avoided, could reduce this value by a further 2dB.

Table 1 summarises the major requir 
earth-station antenna to achieve s 
of 32-251og6, 29-251og6 and 26-331o 
allowable satellite spacings of 2.9 
respectively. Certain present-day 
antennas have been designed with th 
in view and have attained the first 
second envelope represents a design 
is feasible using an axisymmetric C, 
The third envelope offers a possibl 
future when the restrictions due t 
will be removed by the use of offse

ements on the 
idelobe envelopes 
g9 resulting in 
8 2.2° and 1.6° 
earth-station 
ese requirements 
envelope. The 
challenge which 

'assegrain antenna. 
e insight into the 
aperture blockage 

t configurations.
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TABLE 1 - *"tenna requirements for specified sidelobe envelopes

ANTENNA REQUIREMENT

Antenna type

Primary-feed

Subreflector edge taper
lain reflector profile errors 
correlated over less than 1m
Subreflector support structure

SIDELOBE ENVELOPE
32-251og9

High-efficiency shaped 
axisymmetric Cassegrain
Corrugated horn

-15dB

0.5mm rms

Due attention necessary

29-251og6

High-efficiency shaped 
axisymmetric Cassegrain

Corrugated horn

-20dB

0.25mm rms

Due attention necessary

26-331og8

Dual-offset - high-effic 
iency shaped Cassegrain

Corrugated horn

-20 to -25dB

less than 0.25nun rms

Not applicable

The table assumes that each factor can be treated 
individually. To ensure that the overall radiation 
envelope formed by the combination of each of these 
effects lies below a certain level even tighter rest 
rictions should be applied. The wide-angle spikes due 
to the plane-wave scattering from struts in an axis 
ymmetric antenna have not been considered in relation 
to the achievable sidelobe envelope since they only 
occur over a limited angular range. However, they 
do represent a potential interference hazard and can 
only be eliminated by employing an offset design.
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Fig 5 Wide angle radiation patterns from offset 
reflector relative to peak gain 
(a) without strut; (b) with strut

(b)

Pig 6 -10dBi contour plot of radiation from 3.8A 
diameter strut (a) predicted; (b) measured.

Main reflector diameter 400X, strut width 4A, strut
length 156A

Fig 7 Approximate contour plot of plane vave radia 
tion envelope due to tripod blocking 
(contours in decibels relative to isotropic)

(a) 1mm rms errors correlated over 10m
(b) 0.5mm rms errors correlated over 1m
(c) 0.5mm rms errors correlated over 0.2m 
- - - - diffraction envelope for uniformly illuminated 

aperture

Pig 8 Contribution of profile errors to radiation
envelope of a 30m earth-station antenna at 6GHz
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Introduct ion

Antennas on RPV's are employed for commun 
ication links and with microwave sensors. The 
former vary from narrowband Telemetry, Tele 
command and Control (TT and C) channels to a 
wideband secure video data link. Microwave 
sensors generally operate at frequencies extend 
ing well into the millimetre wave band to achieve 
higher resolutions. Although many of the 
problems associated with mounting antennas on 
RPV's are similar to those encountered with 
manned aircraft, there are important differences 
which demand special attention. This is 
particularly true of the smaller RPV's consid 
ered in the work reported here.

Perhaps the most important area is protect 
ion against enemy interference with the commun 
ications/data link between the RPV and the 
control station. Federhen ''' of the Defense 
Advance Research Products Agency writes:

"Command, telemetry and data links are the 
weakest part of the RPV system and, unless a 
way can be found to provide reliable links in 
a hostile electromagnetic environment, the 
utility of the entire (RPV) system will be 
severely restricted".

Although many techniques are available, one 
of the most effective approaches is to control 
the radiation pattern of the antenna. Consid 
eration must also be given to the scattering 
properties of the antenna, particularly in those 
RPV's which are specifically designed to mini 
mise the radar cross section.

The choice of antennas is limited by the 
constraints of the RPV platform. Small RPV's 
are subject to severe limitations on weight and 
volume with the payload mass, perhaps, 20-30% of 
all up weight; the antenna mass budget is a 
fraction of this, typically 0.5 Kg. The 
radiation characteristics of the antenna must 
take account of the manoeuvring of the RPV; this 
generally implies a coverage of 360° in azimuth 
with an elevation plane pattern which is shaped 
in accordance with the pitch and roll character 
istics of the aircraft and the operating range 
limits. Unless facilities for tracking and 
scanning the beam can be incorporated (at the 
expense of increased weight and complexity) 
small gain antennas must be employed. At high 
frequencies, however, the tail, wings and 
fuselage projections will cause deep nulls over 
wide angular regions of the antenna coverage 
pattern and several correctly sited antennas may 
be required to provide full azimuth coverage. 
Again, this is at the expense of additional mass

and complexity. Lower frequency antennas do 
not suffer from obscuration effects to such an 
extent and may be similar in design to those 
employed with manned aircraft although more 
flexibility in mounting position should be 
available because of the lower flying speeds. 
An added advantage is that smaller vehicles can 
be mounted on conventional antenna positioning 
equipment and the antenna radiation patterns 
measured directly. Also the airframe geometry 
may be simpler and more amenable to theoretical 
analysi s.

In the paper, the antennas used in current 
RPV experiments are reviewed and the development 
of a microwave antenna system for a secure data 
link is described which indicates the improvements 
which may be made with careful design.

Review of existing RPV antennas

Although at least 20 RPV's have been operat 
ional in the United States and perhaps half that 
number in Europe and elsewhere, the antenna 
design has received little attention.' ' The 
literature gives the impression that the final 
installation in an RPV is the comnunications/ 
control link antenna which is placed as close to 
the electronics equipment as possible without 
regard to the effects of the airframe on the 
radiation characteristics. The whip configur 
ation is generally used at low frequencies, 
whilst the higher frequency video links have 
employed skin mounted stub or discone elements.

Considerable attention has been given to the 
reduction of unwanted interfering signals using 
adaptive arrays, including null steering arrays 
(where with N elements. N-l interfering signals 
may be nulled out). (',],**) However, few 
practical examples have been reported and the 
weight restrictions are likely to limit their 
application in the immediate future to large 
RPV's. Nulls of -30dB to -kOd& on unwanted 
signals have been achieved in prototype systems 
with 3 to 5 element arrays. In order to 
maximise the desired signal it is, of course, 
necessary to either know its angular position 
or identify it by known parameters (exact 
frequency, bit rate or spread spectrum code).

To date, RPV mounted microwave sensors have 
mainly been radars although some development of 
radiometric sensors has been undertaken. '' The 
trend is towards higher operating frequencies to 
obtain greater resolutions without a corresponding 
increase in aperture dimensions. Conventional
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Summarising, the antennas required in RPV's 
must satisfy very demanding specifications, 
particularly those used with secure data links. 
Existing designs, developed largely for exper 
imental purposes, appear inadequate for eventual 
systems operating close to the horizon and in the 
presence of unwanted interference. The complexity 
of adaptive arrays make them unattractive in the 
short term, certainly for small RPV's. Against 
this background, antennas for a secure data link 
operating in I band and installed on the 
Stabileye fixed wing RPV are under development. 
A compromise solution has been chosen involving 
the use of multiple element switched beam 
antennas which provide some discrimination against 
interfering signals with the elements differently 
sited to maximise the overall coverage.

Antennas for I band secure data link

The coverage requirements for the vertically 
polarised antenna system are summarised in 
Figure I. Maximum gain is required in the 
yaw plane for horizon operation. Increased gain 
and some discrimination against interfering 
signals is realised with a number of switched 
beams, each providing sector coverage. The 
radiation patterns in the pitch and roll planes 
have, ideally, constant gain over the range of 
angles corresponding to the pitch and roll of the 
aircraft during manoeuvres, and are shaped in 
the remaining sectors to provide constant signal 
at the ground station with range. In practise, 
a separate antenna is required for extremely 
close ranges which provides a circularly polarised 
component at angles near to the vertical. The 
development was carried out in two phases: a 
single omni-directionaI antenna was designed for 
use in initial short range data link trials; in 
parallel, the problems associated with the 
provisioning of the switched beam antennas were 
examined and a preferred design established,

The short range antenna is mounted underneath 
the fuselage and is integrated with the payload. 
The radiation characteristics are shown schemat 
ically in Figure 2, A simple monopole element 
produces a vertically polarised pattern with a 
null on its axis. To provide the additional 
circularly polarised component for close ranges, 
the configuration shown in Figure 3 was devised. 
The parasitic element provides the required 
orthogonal vector in phase quadrature with the 
principal vector. Typical radiation patterns 
(of the isolated antenna) are plotted in Figure 
*i and the VSWR characteristics in the band of

interest are presented in Figure 5, The antenna 
is protected with a wedge-faired radome, 
compatible with low sub-sonic air speeds as 
I Ilustrated in Figure 6.

The outline specifications of the antennas 
for long range coverage are summarised below:

I. Beamwidth a) yaw plane: full 360 coverage 
provided by *l switched beams, 

b) pitch and roll plane: maximum 
gain in sectors ±25° about the 
horizontal and cosec 6 coverage 
at Iow ang1es.

2.

3.
it.

5.
6.

Polar isat Ion;

Frequency:

Bandwidth:

Target mass:

Compatible wi

vertical

1 band

approximately 5%

< 0.5 Kg.

th Stabileye airframe

It was realised that a major problem would 
be obscuration of the antenna radiation by the 
airframe which is large in terms of wavelengths. 
The principal effects are shown schematically in 
Figure 7. A number of radiation pattern 
measurements were performed with a monopole 
mounted at various sites in the fuselage skin 
and with a biconical antenna, elevated above the 
airframe, to examine the magnitude of these 
effects. Sample radiation patterns are presented 
in Figures 8 and 9. The results demonstrate 
that, first, a single antenna mounted on the 
fuselage will not provide adequate 360° coverage 
at angles close to the horizontal and second, 
multipath effects seriously degrade the perform 
ance of elevated antennas which provide adequate 
coverage in the pitch and roll planes. It was 
concluded that several antennas were needed to 
obtain acceptable performance and that the wing 
tips offered the best sites since they introduced 
least obscuration.

The wing tip antenna system is shown 
schematically in Figure 10. Three single pole- 
double throw switches are required to direct 
energy to the appropriate radiating element. 
The driving signals to control these are derived 
from the navigation equipment and the circuitry 
required is being developed by RAE and BAe. 
Obviously, the penalty to be paid in this scheme 
is the mass and insertion losses of the switches 
and semi-rigid feeder; this is estimated to be 
350gms and 1 .AdB respectively.

The Stabileye wing assembly consists of a 
metal skin and ribs, with the wing tips formed 
in rigid plastic foam covered with a GRP skin, 
It is therefore appropriate to mount the antennas 
on the end metal rib and use the present wing tip 
moulding as a protective radome. A prototype 
antenna system was constructed using dipole 
radiating elements as shown in Figure II. 
Representative patterns of one wing tip assembly 
providing 180° coverage in the yaw plane are 
shown in Figure 12. No interaction with the 
edges of the wing were noted but the patterns ore



strongly influenced by the surface of the end 
wing rib and the patterns shown were recorded 
with radio-absorbent material on the rib. An 
optimised antenna configuration is currently 
.under development.

Cone 1 us ions

The problems associated with mounting 
antennas on RPV's have been discussed and the 
need for improved designs was highlighted. 
The design of a high frequency antenna system 
for the video data links of a fixed wing, mini- 
RPV was described which represents one possible 
approach to achieve improved performance.
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With the increasing usage of tie 
ary orbit for satellite communications systems the 
Eidelobe radiation performance of earth-station 
antennas is rapidly becoming a parameter of 
critical importance.

This paper considers the factors contributing 
to the wide-angle radiation of typical earth- 
station antennas, and derives their relative 
importance. Tighter sidelobe performance specifi 
cations are proposed and the necessary design 
parameters required to meet these specifications 
are stated. These measures would significantly 
reduce the minimum spacing between satellites in 
the geostationary orbit.

INTRODUCTION

REDUCING THE SIDELOBES OF EARTH-STATION ANTENNAS

A B HARRIS, Telecommunications Development Department, British Post Office 
B CLAYDON and K M KEEN, RF Technology Centre, ERA, England

(ai Primary-Je«d spillover

Q>) S-jbreflectcr edge diffiractica.

(c) Main reflector aperture distribution and 
edge diffraction.

(d) Scattering from the subreflector support 
structure.

(e) Main reflector profile errors.

Eac^ of these factors will be discussed in 
turn before we assess their relative significance 
and the measures which would need to be taken to 
reduce sidelobe levels below those of current 
specifications.

The CCIR Reference Curve

G = 32-25 log 6 dBi

has been widely adopted as a specification. In 
this paper it is used, as a baseline against which 
to compare the performance of particular antennas 
and the relative significance of the separate 
contributions to that performance.

PRIMARY-FEED SPILLOVER

In a Cassegrain antenna, sidelobes of the 
feed horn itself will contribute directly to the 
far-field radiation pattern of the antenna. Fig 1 
shows an example of an early antenna design in 
which, from an angle of 10° outwards, the feed 
radiation pattern can clearly be seen underlying 
the antenna pattern. In beam-waveguide antennas 
the sidelobes of the horn will still contribute to 
the sidelobe radiation but lose their regular lobe 
structure on transmission through the beam- 
waveguide .

An essential condition, therefore, for an 
antenna to meet a given specification is that the 
feed horn should well satisfy that specification. 
Fortunately the corrugated horn, which is coming 
into widespread use because of its wide-band pat 
tern symmetry and low cross-polarization, is also 
capable of excellent sidelobe performance-».ver a 
wide frequency range.

SUBREFLECTOR EDGE DIFFRACTION

A further high contribution to the wide-angle 
radiation is spillover of the feed horn main lobe

In the early days of satellite communications, 
satellite capacity was limited principally by 
thermal noise in the receiving antenna relative to 
the low signal power available from the satellite. 
As a result earth station specifications placed a 
strong emphasis on G/T, the ratio of antenna gain 
to noise temperature. However, with the rapidly 
increasing number of communication satellites nbw 
using the geostationary orbit, interference 
between satellite systems is becoming the major 
limitation on communications capacity. This fac 
tor imposes a fundamental limit on the number of 
co-frequency satellites which can be deployed 
around the geostationary orbit, so there is an 
urgent need to establish the minimum sidelobe 
radiation level which could be economically 
achieved by taking appropriate measures in the 
design of the antenna.

This paper reports the principal results of a 
study carried out to determine the limitations on 
antenna sidelobe performance (Refs 1, 2) . Consi 
deration is primarily directed towards large 
reflector antennas of 4OO-6OO wavelengths diameter, 
such as the 32 m antennas used at 4 and 6 GHz in 
the Intelsat system, but the principles deduced 
apply to all large reflector antennas of more than 
5O-10O wavelengths diameter.

At present most earth-stations employ axisym- 
metric Cassegrain antennas, in which the following 
principal sources of sidelobe radiation dan be 
identified:

6.6.1

CH1435-7/79/0000-0037S00.75 © 1979 IEEE
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subreflector profile so that the main reflector 
aperture distribution is essentially uniform. It 
is therefore feasible to ensure both high effi 
ciency and spillover diffraction lobes below the 
reference curve using edge tapers of about—15 to 
-2O dB.

When the diameter of the subref lector is varied/ 
the absolute level of the diffraction pattern at 
its peak remains unaltered but the periodicity of 
the ripple and the rate of fall-off change. This 
rate of fall-off, in any case, decreases faster 
than 25 log 8 so that any violation of the refer 
ence curve will be restricted to angles in the 
vicinity of the subreflector half-angle.

The plane wave radiated by the main reflector 
is also incident on the subreflector, but the 
resultant diffraction is generally less significant 
than that due to the incidence of the feed horn
radiation.

MAIN REFLECTOR APERTURE DISTRIBUTION AND EDGE 
DIFFRACTION

The radiation patterns of different reflector 
apert\'-= distributions can be assessed using a 
simplified scalar analysis. The radiation pattern 
of an unblocked aperture lies well below the ref 
erence curve, even in the "worst" case of uniform 
aperture illumination. The sidelobe pattern is 
increased by blockage due to the subreflector, but 
not to the level of the present reference curve. 
The sidelobe levels may be reduced by lowering the 
illumination levels at the edge of the blocked 
region and at the edge of the main reflector.

In some antennas there is a region of high 
sidelobes around 10O°-120° from axis where the 
radiation from the subreflector spills past the 
edge of the main reflector. This can also be con 
trolled by shaping the subreflector to taper the 
illumination sharply at the edge of the main 
reflector.

SCATTERING FROM THE SUBREFLECTOR SUPPORT STRUCTURE,

The contribution of subreflector support 
blockage to the wide-angle radiation of an axisym- 
metric Cassegrain antenna arises from two factors!

(a) the spherical wave reflected from the 
subreflector being blocked before reaching the 
extremities of the main reflector,'

(b) the plane wave emanating from the main 
reflector aperture being blocked by the support 
struts.

Spherical wave blocking leads to trapezium- 
shaped shadowed areas at the periphery of the main 
reflector. The scattered radiation associated 
with this may be determined by application of 
aperture-field techniques since the major contri 
bution is contained close to boreslght. For a 
typical earth-station Cassegrain geometry, the 
level of radiation reduces quickly away from bore- 
sight, reaching the isotropic level of the antenna 
at 5-10° from axis.

The more important contribution to the wide- 
angle radiation is the scattering by the support 
struts of the plane wave reflected from the main 
reflector aperture. By approximating each strut 
as a plane strip whose surface current distribution 
is determined by application of the field boundary 
conditions, an approximate theoretical model can 
be constructed for determining the wide-angle radia 
tion envelope (3). For a single strut the predicted 
scattered field resembles that of a phased line 
source, and maximises on a conical surface whose 
angular position depends solely on the inclination 
of the strut to the aperture plane.

An experimental programme has been carried out 
to investigate the validity of this theoretical 
model. Isolation of the scattered field associated 
with a strut from the far-field response of an 
antenna is generally difficult as the contribution 
is of a similar order of magnitude to the sidelobe 
levels of the reflector. However, by placing a 
strut in the near-field of an offset reflector 
antenna with very low sidelobes of its own, the 
effect of the strut could be isolated (Fig 4) .

-50

dB 
-20

-190° -120° -60° 0° 60* 120° 180*

(a)

-50

•50

-100° -120° -60° 0° 60° 120' 180° a' • - O

(b)
Fig 4 Wide angle radiation patterns from offset 

reflector relative to peak gain

(a) without strut

(b) with strut
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fig 5 -lo dBi countour plot of radiation from 
strut:

(a) predicted

(b) measured using circular strut

(c) measured using flat strut

Pig 5 compares the predicted and measured 
overall -lo dBi countour levels for 3.8X diameter 
struts. Good agreement is evident for the circular 
strut, but the results for the flat strip show

additional effects arising from reflection from the 
flat surfaces or diffraction at the corners. The 
peak values of the co- and cross-polar responses 
vary with position along the conical maximum; the 
predicted and measured values agreed within 5 dB.

The overall radiation envelope due to plane 
wave blocking from a tripod or quadrupod, as used 
in earth-station antennas, can be derived from the 
sum of the patterns of constituent single struts.

MAIN REFLECTOR PROFILE ERRORS

Random profile errors in earth-station antennas 
arise from several causes. Changes in the gravita 
tional loading with elevation angle, wind and 
thermal expansion will all tend to cause profile 
errors with large correlation intervals of the 
order of the reflector radius. One the other hand, 
errors in the setting of individual reflector 
panels or in the original manufacture of the panels 
will give rise to errors with correlation intervals 
of the order of a panel size or less. Panel dimen 
sions will vary to some extent with aperture size, 
but in most antenna designs lie between 1 m and 3m, 
The effects of typical profile errors for earth- 
station antennas of diameter 3O m operating a 6 GHz 
(4) are shown in Fig 6. Only the errors associated 
with small correlation intervals are seen to 
affect the wide-angle radiation and these effects 
rapidly become negligible with increasing angle. 
The incidence of sidelobes arising from profile 
errors is statistical in nature, but in order to 
include effectively all the sidelobes the curves 
are drawn to include 99.9% of the sidelobe peaks.

SUMMARY

We are now in a position to consider the 
limitations on improvements to earth-station side- 
lobe performance.

Fig 7a indicates the principal factors 
limiting the performance of a typical earth- 
station designed to meet current specifications.

a. Imm rms, correlation 10m
b. 0-5mm rms, correlation Im
c. 0-5mm rms, correlation 0 2m

Anglo off-oxis (degrees)

Pig 6 Effect of Random Profile Errors for a 3o 
Earth-Station Operating at 6 GHz
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Fig 7 Contribution to the overall sidelobe
performance of earth-station antennas:

• — Main reflector profile errors

• — Plane wave blocking

Main reflector aperture 
distribution inc blockage

• — HuhrgCloctor odgo diffraction

• Biiherical wave blocking

., Main reflector edge diffraction

• 32-25 log 6

It is of axisymmetric Cassegrain type, has a 
corrugated feed horn with low sidelobes, a sub- 
reflector extending to -15 dB of the feed horn main 
lobe, and within-panel profile errors of O,5mmrms.

If the subreflector is extended to increase 
its edge illumination taper to 2O dB, and the 
small-correlation-interval profile errors are 
reduced to O.25 mm rros, it should be possible to 
achieve a sidelobe envelope of

G = 29-25 log 6 dBi

(Fig 7b). This envelope is proposed as a suitable 
design target for the next generation of axisym 
metric Cassegrain antennas.

In axisymmetric Cassegrain antennas, 
however, there is no known means of removing the 
effects of the subreflector supports from the 
sidelobe patterns, so there will be restricted 
angular regions where the sidelobe level will rise 
to values of the order of -1O dBi. These effects 
can only be removed by adopting an offset configu 
ration. With all the effects of aperture blockage 
removed, this type of configuration can lead to 
much lower sidelobes over the whole radiation 
pattern! An envelope of

G = 26-33 log 6

could then be achieved (Fig 7c). With this side- 
lobe envelope the minimum spacing between co- 
frequency geostationary satellites could be 
significantly reduced; for example the 3 minimum 
spacing required between Intelsat satellites could 
be reduced to about 1.6 .
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RADIATION CHARACTERISTICS OF A DOUBLE OFFSET ANTENNA: 

THEORY AND EXPERIMENT *
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The requirement for high gain antennas with low sidelobes and low 
cross-polar radiation characteristics is becoming an increasingly 
important feature in planning of many satellite communication 
missions. This has forced antenna designers to consider not only 
single offset reflector geometries but also double-offset antenna 
(DOA) configurations of the type illustrated in Fig (l). In 
addition to avoiding aperture blocking effects, this antenna allows 
the primary feed hardware to be located close to the antenna plat 
form thus avoiding long RF transmission paths.

Analysis performed by several workers has shown that the 
double offset antenna can be designed such that, when fed by conven 
tional linearly polarised primary feed, the depolarisat ion arising 
from the two reflectors can be made to cancel. This performance is 
achieved by matching the scattered radiation fields from the sub- 
reflector to the main reflector and, in principle, the technique 
offers a potential for a broad-band low cross polar performance.

Although such features are highly attractive, there is at present 
time little information available concerning the overall perform 
ance and limitations of (DOA) for spacecraft applications where 
the choice of reflector parameters is restricted by the volumetric 
constraints imposed by the launcher shroud. In this situation the 
design demands a careful consideration of the associated reflector 
diffraction effects which impair the polarisation purity of the 
radiated fields. Although theoretical techniques such as the 
Geomtrical Theory of Diffraction and the physical-optics surface 
current integration have been employed in the past to assess 
the level of depolarisat ion caused by these effects, significant 
discrepancies have been noted between the predictions obtained from 
these methods (3). Attempts to resolve this problem have been 
further hampered by the lack of reliable experimental data with 
which the theoretical predictions can be compared.

This paper describes the results of detailed measurements performed 
°n a representative double offset Cassegrain configuration (Fig 1) 
designed to satisfy some of the principal requirements of a planned 
European satellite communication mission. The primary objective 
°f this study has been to provide accurate experimental data to 
validate computer programmes for analysis of DOA systems. In the 
P f esent work, experimental results are compared with predictions 
°t>tained usinq the phys i ca 1-opt i cs surface current integration 
techn i cue.

'K was supported by the European Space Aoencv 
CH1557-S-80/0000-0545S00.75 © 1980 IEIE



Examples of the measured and predicted resul'ts are provided in 
Fig (2) - (M. Fig (2) shows the scattered radiation character 
istics of the subreflector (in the plane of asymmetry) when illum 
inated by a linearly polarised pyramidal horn operating at 30GHz. 
The horn dimensions are selected here to provide an edge illumin 
ation taper of -10dB in the principal planes.

Fig (3) shows the overall copolar radiation characteristics in 
the antenna plane of asymmetry. The peak cross-polar radiation 
in this plane has been measured at a level of -A2dB; predictions 
indicate peak value of -'

Fig CO shows the predicted and measured characteristics of the 
subreflector when illuminated by a circularly polarised corrugated 
conical horn feed with aperture diameter of 2.8 cms. Although 
excellent correlation is noted for the radiation in the plane of 
symmetry, there is considerable discrepancy between theory and 
experiment for the cross-polar field distribution in the plane of 
asymmetry. This discrepancy is attributable largely to the edge 
diffraction effects which are not accurately accounted for in the 
physical-optics formulation.

Additional measurement data together with the conclusions drawn 
from the study will be discussed during the presentation.
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opt 
Fig. 2. p versus c op | for minimum gain loss condition.

the distance between the horn aperture and the subreflector had a 
deviation of less than three percent from the calculated value. This 
agreement is quite good considering the fact that, in theory, the 
effects of random surface errors of the parabolic reflector on the 
phase error are neglected. The overall measured gain differed from 
the calculated value by less than 0.2 dB. The radiation pattern 
measurements showed a symmetrical 14 dB down first sidelobe 
level on either side of the main beam with nulls that were on 
the average 20 dB down below the sidelobe peaks.

ACKNOWLEDGMENT
The author would like to acknowledge the support and valuable 

assistance of J.S. Hollis in this development effort.

REFERENCES
(1J J.H. Brunning, "A best Tit paraboloid solution to the shaped dual 

reflector antenna," presented at Symp. U.S. Air Force Antenna 
Research and Development Program, Nov. 15, 1967.

[2] G.W. Collins, "Shaping of subreflectors in Cassegrainian antennas 
for maximum aperture efficiency," IEEE Trans. Antennas 
Propagat., vol. AP-21, pp. 309-313, May 1973.

(3) V. Galindo, "Design of dual-reflector antennas with arbitrary 
phase and amplitude distributions," IEEE Trans. Antennas 
Propagat.. vol. AP-12, pp. 403-408, July 1964.

A Measurement Technique for Modeling the Effects of Feed 
Support Struts on Large Reflector Antennas

K. M. KEEN

Abstract—A measurement technique is described in which fre 
quency scaled models of struts are placed in the near-field region of an 
offset reflector. In this compact range environment the excitation of 
the strut model is by plane waves, as would be encountered in the 
axisymmetrical reflector situation. Far-field radiation patterns are 
recorded, with and without the strut model in place, and, because of 
the low sidelobe levels associated with offset reflector antenna 
systems, it is possible to isolate the far-Field response of the strut 
model. This technique is particularly useful for determining the real 
effects of structures that are difficult to analyze mathematically, such 
as latticed struts or metallic geodetic radomes.

In connection with an investigation into the sidelobe per 
formance of earth station antennas [1], [2], an experimental 
technique for investigating the far-field response of large axi-

Manuscript received October 5, 1979; revised December 24, 1979. 
This work was supported under a contract from the Telecommunica 
tions Development Department, British Post Office.

The author was with the ERA RF Technology Centre, Leatherhead, 
Surrey, England. He is now with the Department of Electronic and 
Electrical Engineering, University of Surrey, Guildford, GU2 5XH, 
Surrey, England.

Fig. I. Scattering cone from one support arm.

\ __STRUT 
\5 MODEL

Fig. 2. Measurement arrangement and coordinate system.

symmetrical reflector antenna feed support struts has been devised 
and is described here. Such struts are actually subject to two modes 
of excitation, i.e., plane wave excitation from the main reflector, 
plus spherical wave excitation from the feed or subreflector. This 
latter mode of excitation is in some cases small (depending on the 
geometry) compared with the plane wave excitation, and the 
experimental technique as described here only models plane wave 
excitation which, from each antenna strut, gives rise to scattering 
which maximizes on a conical surface as illustrated in Fig. 1.

With an axisymmetrical reflector antenna system, measurement 
of the scattering from support struts is difficult, as the contribution 
from these in the far field is in the presence of large contributions 
from the main blockage component (i.e., either a subreflector or a 
feed assembly, depending on whether the antenna system is 
Cassegrainian or front fed). Sheftman [3] has carried out an 
excellent experimental study with a 110-in diameter Cassegrain 
reflector system. However, for the investigation of the effects of 
particular cross sections of struts, measurements with zero 
blockage offset reflector systems would appear to offer greater 
accuracy. For this reason a "pattern difference" offset reflector 
antenna technique has been devised which allows strut model 
scattering to be reasonably well isolated from other contributions. 
Basically, the technique involves placing a strut model in the near 
field of an offset reflector antenna, as shown in Fig. 2. It is well 
known from the use of compact antenna ranges [4] that the 
wavefront is planar in this region, even up to millimeter wave 
frequencies [5). Thus representative plane wave excitation can be 
achieved in this way. With the strut model in the near field of the 
offset reflector antenna, far-field radiation pattern measurements 
are made, and these are compared with similar measurements made 
with the strut model absent, to show the contribution of the strut 
alone.

0018-926X/80/0700-0562S00.75 © 1980 IEEE
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Fig.

90"

Bf

Offset reflector measurement system with 3.8-wavelength di 
ameter strut model.

This pattern difference technique is possible because of the low 
wide-angle sidelobe levels that are associated with offset reflector 
antennas. Typically, strut response levels of -40 dB compared 
with the main beam peak have been seen with the antenna system 
used for the earth station antennas measurement program. This 
antenna system had a gain of approximately 45 dBi. Wide-angle 
sidelobe levels for the same antenna (minus strut model) were seen 
to be -55 dB, or thereabouts, below the main beam peak. The 
accuracy of the pattern difference technique depends on the level 
of the strut response in comparison with the antenna sidelobe level 
below it. Suppose Es is the peak level of a lobe from the strut 
alone, and Ea is the antenna sidelobe level at the same angular 
position. Then the recorded value can be anything from Es — Ea , if 
the fields are in antiphase, to E, + Ea , if the fields are in phase. 
Thus a level of uncertainty is associated with this technique which 
depends on the ratio of E, to Ea . As an example, if the E, to £, 
level difference is 15 dB, a typical value for the measurement 
technique, the recorded value of Es has an error spread of 1.4 dB to 
— 1.7 dB about the true value.

Fig. 3 shows an experimental arrangement used for investigating 
some strut models. It consisted of a 70-cm projected aperture 
diameter offset reflector fed by a conical corrugated hom. Strut 
models were placed in the aperture with chosen inclinations using 
polystyrene foam supports which gave good rigidity but which 
were found by experiment to be virtually invisible at the 30-GHz 
measurement frequency. The coordinate system used is shown in 
the inset in Fig. 2. Before far-field measurements were carried out, 
near-field probings were made with the reflector and feed system, 
and these showed that it was necessary to reduce the reflector edge 
diffraction by putting absorbent material along the reflector 
periphery. With the absorbent material, near-field probing ex 
periments showed that a useable area of approximately 45 
wavelengths in diameter existed in the central portion of the 
reflector aperture, and that over this zone the amplitude dis-

ISO

-ISO

-120' -60°

Fig. 4. -10-dB level contour diagrams, (a) Predicted response of a 
3.8-wavelength diameter strut inclined at 32.5° to vertical, (b) 
Measured response corresponding to (a), strut model length 45 
wavelengths, (c) Response of a flat strip strut 3.8 wavelengths wide.

tribution was smooth and with an approximately "cosine on 
pedestal" taper, the taper level reducing to about -6 dB at the 
zone edges. This taper was, of course, dependent on the feed used, 
and different tapers can be arranged with this measurement 
technique by a suitable choice of feed.

The far-field measurements were carried out on a 105-m length 
elevated mode range with multipath reflection levels lower than 
-55 dB. "Great circle" cut radiation pattern measurements were 
made in increments of 15° about the antenna axis so that contour 
diagrams could be plotted. The available dynamic recording range 
was of the order of 60 dB.

Fig. 4 illustrates some results obtained with this technique. Fig.
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4(b) shows the response of a 3.8-wavelength diameter strut model, 
actually a 3.8-cm brass tube 45 wavelengths long, inclined at 32.5° 
to the vertical. Polarization was vertical linear. The scattering cone 
can be clearly seen, and it compares well with a theoretically 
predicted response shown in Fig. 4(a). The corresponding hor 
izontal polarization gave a virtually identical contour diagram. 
Fig. 4(c) is interesting as it is the measured response of a flat strip 
rectangular strut model 3.8 wavelengths wide and 0.3 wavelengths 
thick. Instead of a scattering cone, the response is seen to be 
elongated in the regions around 9 = -45° and 6 = -135°.

The above illustrates the usefulness of the technique with regard 
to real struts or structures that are difficult to model mathe 
matically. For example, lattice struts could be experimentally 
investigated using this technique. Another area in which the 
technique is potentially useful is the investigation of depolarization 
and scattering from metallic frame radome structures.

As described, the technique does not extend to spherical wave 
excitation. However, by the correct positioning of the feed and 
strut, this form of excitation could also be included. One final 
point is that the small amount of level uncertainty connected with 
the pattern difference technique could be eliminated by making 
measurements in both amplitude and phase.
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Pattern Shaping with a Metal Plate Lens

ALEXANDER C. BROWN, JR., MEMBER, IEEE

Abstract—The metallic parallel plate lens is a viable alternative to 

both the shaped reflector and the array antenna for beam shaping. A 

C-band antenna using this lens is designed to provide a esc2 8 (cos fl)'/2 
power pattern over the angular limits of 60°-80° below horizontal. The 

Woodward-Levison synthesis technique is applied to determine the 
required amplitude and phase distribution across the aperture. Initial 

plate positions and lengths of the lens are determined from geometrical 

optics and infinite waveguide theory. The positions and lengths of the lens 
plates are adjusted experimentally until a satisfactory pattern is obtained.

Manuscript received August 3, 1979; revised January 24, 1980. 
The author is with the Goodyear Aerospace Corporation, Arizona 

Division, Litchfield Park, AZ 85340.

I. INTRODUCTION
In this communication, we describe the design of a shaped beam 

microwave antenna using a metalic parallel plate lens to provide 
the shaping. Although the technique is not new [1], it has not been 
discussed in widely available literature. The lens is easy to 
construct as it consists simply of flat metal plates. This approach is 
a viable alternative to the shaped reflector and to the array antenna. 
In all other respects, this antenna is quite ordinary; a single layer 
pillbox and flare are used to space feed the lens. The development 
of this antenna is especially simple as the lens is designed by 
easy-to-apply synthesis techniques and a simulator, which we 
describe in Section II.

The antenna is part of a side-looking radar system [2], The 
antenna illuminates a swath of ground from 60° to 80° around the 
roll axis (H plane of the antenna) of the aircraft. This depression 
angle 6 is measured positive downward from horizontal. Within 
these angular limits the beam is shaped to provide a esc 2 6 (cos 
8) " 2 power pattern. With respect to the direction of flight (E plane 
of the antenna), the beam is conventional and has a beamwidth of 
3.5° at the 3-dB points.

This antenna had to satisfy a number of requirements of varying 
degrees of importance. Most important was the beam shaping 
requirement. This pattern was allowed to deviate from the esc 2 8 
cos" 2 9 curve by no more than ±0.5 dB. This requirement 
simplifies the design of the radar system because no signal 
compensatory circuitry was required to make up for pattern 
difficiencies of the antenna. The antenna had to operate at 5.5 GHz 
(in the C band) with an input voltage standing-wave ratio (VSWR) 
of less than 1.4 over the fairly narrow band of ±7.5 GHz, and 
should be able to handle 50 kW at 5 psia. Other requirements 
included - 11-dB sidelobes and -20-dB cross polarization, which 
were not stringent.

An antenna satisfying the above design requirements consists of 
a single layer pillbox, a 90° flare, and a metal plate lens. The 
pillbox [3], [4] is a parabolic cylinder reflector between two 
parallel plates fed from the center by an open waveguide polarized 
so that the electric field is parallel to the plates. A focal length to 
dimension (FID) ratio of 0.25 is chosen to provide approximately 
10 dB of edge taper in the E plane. The aperture of the pillbox is 
increased by a 90° angle flare. Then the pillbox and flare space 
feed a lens constructed of flat parallel (to the E field) metal plates. 
Fig. I shows the C-band antenna. The antenna is matched to within 
1.4 VSWR over the band by placing an inductive post in the 
waveguide feed, and the size of WR-187 is sufficiently large to 
handle the power [5].

II. DEVELOPMENT OF THE ANTENNA

The antenna development consisted of the building and testing of 
a simulator, a prototype, and a final C-band antenna. In Table I the 
aperture dimensions are given. The simulator was built as a tool to 
design the lens; consequently, it was simply an //-plane sectoral 
horn with a lens. In effect, it was a slice of a complete antenna as 
can be seen by comparing Figs. 1 and 2. Both the simulator and the 
prototype were designed to operate at 1 1.44 GHz, because at this 
frequency the ratio of the wavelength and the width of standard 
X-band the WR-90 waveguide is identical to the ratio of the 
wavelength (at 5.5 GHz) and the width of the WR-187 waveguide. 
The simulator and the prototype were built to operate in X band 
solely because of facility and test equipment availability. The final 
C-band antenna was tested at the Physical Science Laboratory, 
New Mexico State University.

0018-926X/80/Q700-0564S00.75 © 1980 IEEE
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Fig. 3. Phase center location f as a function of defocusing d for vari 
ous angular semiapertures i|/ 0 .
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Fig. 4. Phase center location {• as a function of defocusing d (in focal 
length /) with operating wavelength X (in fractions of focal length 4) 
as a parameter.

From Figs. 3 and 4 we can see that
i) the rate of change of f with d generally increases with 

^o (or//X);
ii) the location of the first maximum of the f versus d curve 

moves toward the coordinate with i// 0 (or//X), while the 
first maximum itself decreases with i// 0 (Fig. 3) and in 
creases with//X (Fig. 4).

The overall features of these figures (except Fig. 2(c)) can be 
summarized as follows.

i) The shape of the curve of f versus d is somewhat similar 
to a damped oscillating curve for d > 0 or d < 0. This means 
that f moves to and fro around the location of f d=0 which is 
near the vertex of the reflector. In general, f changes rapidly 
with d.

ii) The main features of the curves in Figs. 2(a), 3, and 4 are 
similar to each other. This indicates that d, the amount of de- 
focusing, is a dominant factor in determining the phase center 
location.

iii) The relative difference between f£- and f#, (f^- — ?#)/ 
f£-, generally decreases as d increases. At some values of d 
(e.g., d = -1.1 X or 1.2 X in Fig. 2(a» $E = fH . Therefore 
phase centers in the E and H planes can be brought together 
by defocusing.

iv) Moving the feed toward the reflector (d < 0) has a 
somewhat stronger effect on the phase center than moving the 
feed away from the reflector (d > 0). This can be easily seen 
from the unsymmetrical characteristics of curves of f versus d 
about the focus in Figs. 2(a), 3, and 4.

III. DISCUSSION
With an axially defocused feed (d i= 0) the phase center of 

a paraboloid defined around the main beam direction (9 — 0) 
is not only a function of n (the primary feed gain function) 
and i// 0 ~ f/D (the angular semiaperture), but also a function 
of d/X and //X. In many practical cases, when discrete data of 
phase pattern are provided only, the analytical expression (3) 
may be of little use, and numerical techniques [6], [9J to 
determine the location of the phase center in a least-square 
sense must be used.

IV. CONCLUSION
The phase center of a paraboloid with an axially defocused 

feed is a function of various antenna parameters and the 
amount of defocusing d. The curves of f versus d are unsym 
metrical about the focus. By proper defocusing, ^£ and f/y 
can be brought together.
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A Low-Blockage Dipole Array Reflector Antenna Feed for 
the Lower Microwave Frequencies

K. M. KEEN

Abstract—An antenna is described which was devised as a feed for a 
small axisymmetrical paraboloid reflector at an operational frequency 
of just over 1 GHz. The antenna consists of a broadside array of two 
dipoles on t printed circuit board (PCB), joined by a common
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transmission line. Each dipole is backed by a small strip reflector. 
With this simple array, which has one central feed point, the W-plane 
radiation pattern can be varied independently of the E-plane pattern. 
In addition, the aperture blockage of the feed is small.

At the lower microwave frequencies, aperture-blockage con 
siderations generally dictate the use of dipole-based elements 
as feeds for full paraboloid reflector antennas, unless the re 
flectors are comparatively large (e.g., with diameters larger 
than about 5 X or so). Unfortunately, the commonly used 
feeds, for example the dipole-disk and dipole-plate elements 
[ 1 ], have the disadvantage that the //-plane radiation patterns 
are broader than the £-plane patterns, because of the funda 
mental properties of a half-wavelength dipole. This is a partic 
ular nuisance in situations where equal E- and //-plane second 
ary patterns are required from an axisymmetrical paraboloid. 
Obviously, to achieve this the reflector aperture illuminations 
in these planes must be equal, and therefore equal E- and 
//-plane primary patterns are needed. This communication de 
scribes a simple feed configuration that allows independent 
control of the //-plane pattern and which can exhibit pattern 
symmetry if required, while maintaining a low-blockage pro 
file.

Fig. 1 shows the feed, which can be conveniently con 
structed from two copper covered fiberglass printed circuit 
boards (PCB's). Two half-wavelength dipoles and a common 
transmission line are formed on one board, and two strip re 
flectors are formed on the other which is spaced at a quarter 
of a wavelength behind the first board. The interdipole spacing 
is chosen to give the required //-plane pattern beamwidth. The 
common transmission line is of the type described by Bawer 
and Wolfe and used in the output section of their well-known 
printed circuit balun [2]. Essentially, this transverse electro 
magnetic (TEM) mode transmission line consists of two co- 
planar conducting strips with a small gap between them. The 
characteristic impedance as a function of geometry can be 
found either from the experimental results in [2] or in the 
paper by Crampagne, Khoo, and Guiraud [3]. The common 
line is fed at its center from a coaxial cable with a suitable 
balun arrangement.

Figs. 2, 3, and 4 show measured results obtained with a de 
velopment model of the antenna aimed at operation in the 
region of 1000-1100 MHz. This antenna had an interdipole 
spacing of 13 cm (0.433 free-space wavelengths at 100 MHz) 
and a dipole-to-reflector spacing of 7.5 cm. The dimensions of 
each of the reflector strips were 19 cm by 3 cm. The size of 
these strips (each only 0.63 by 0.1 X) was determined as a 
compromise of the smallest physical feed area transverse to 
the reflector axis which was sufficient to give an acceptable 
back-to-front radiation pattern ratio. Fig. 2 shows E- and 
//-plane radiation patterns at 1000 MHz, and it can be seen 
that essentially, pattern symmetry is present over the portion 
of the main beam which would be used to illuminate a parab 
oloid reflector. Over a frequency band of ±5 percent or so, 
the £-plane patterns of the feed were found to be virtually 
independent of frequency, but the //-plane pattern beamwidth 
decreased with increasing frequency, as would be expected 
with a broadside array, although this effect was seen to be 
minor. The effect on patterns of reducing the dipole-to-re 
flector spacing was also investigated, but this was found to be 
small although the effect on impedance match was detrimen 
tal. For this reason the spacing was kept at one-quarter of a 
free-space wavelength. Pattern measurements also revealed the

915

Fig. 1. The antenna.
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On the Edge Mode in the Theory of Thick Cylindrical 
Monopole Antennas

JACK H. RICHMOND, FELLOW, IEEE

back-to-front ratio of the antenna. Clearly this is dependent 
on the size of the reflector strips, but even with the low-block 
age 19-cm by 3-cm strips of the development antenna, back-to- 
front ratios of the order of—14 dB were seen.

Fig. 3 shows a Smith chart plot of input impedance from 
900 to 1300 MHz referenced to the central feeding point of 
the common transmission line on the front PCB. The plot is 
normalized to the 50-fl characteristic impedance of the coax 
ial feeding cable. This indicated that, with suitable impedance 
transformation, the antenna has a respectable impedance 
match bandwidth of the order of ±15 percent. The plot also 
showed that with this spacing the resistive part of the input 
impedance is close to 50 ft and that a reasonably good match 
could be obtained directly, by merely nullifying the positive 
reactance component. Fig. 4 shows the measured voltage 
standing-wave ratio (VSWR) obtained in this way, by the addi 
tion of a reactive shunt at the center of the common interdi- 
pole transmission line. It can be seen that the VSWR is good, 
but it is worth noting that it could be further improved by also 
matching the resistive component of the input impedance, for 
example with the transforming balun described by Cans, 
Kajfed, and Rumsey [4].

As a final comment it should be mentioned that with this 
form of construction the antenna is an essentially low-cost 
item, especially in production where conventional PCB etching 
techniques could be employed. At these frequencies and be 
cause, first, the common transmission line sections are short, 
and second, very few of the fields associated with the dipoles 
and the common transmission line are contained in the dielec 
tric substrate, ordinary inexpensive printed circuit board ma 
terials may often be acceptably efficient, and the expensive 
microwave PCB materials can be avoided, thus keeping costs 
down further. The use of some grades of ordinary fiberglass 
PCB materials for planar antenna structures at the lower mi 
crowave frequencies is well-known, and even with Archeme- 
dian spiral antennas, where considerable transmission region 
path lengths exist on the dielectric substrate, the efficiency is 
only reduced by 0.5 dB when using common PCB materials 
[5],
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Abstract—The Fourier transform is employed to develop the theory 
of thick cylindrical monopole antennas. The tubular monopole with an 
open end is considered as well as the solid monopole with a flat end. 
The unknown current or field distribution is expanded in a Fourier 
series, and Galerkin's method is employed to develop simultaneous 
equations for the Fourier coefficients. When the edge mode is included 
among the basis functions, it is found this greatly improves the 
convergence of the moment-method calculations. Numerical data are 
included, showing excellent agreement with experimental measure 
ments of the monopole admittance.

I. INTRODUCTION
Einarsson [ 1] presents solutions for tubular and solid cylin 

drical-wire antennas. These solutions are based on a delta-gap 
model of the generator and thus are not suitable for calcu 
lating the susceptance. This objection applies also to the for 
mulations of Chang [2] and King and Wu [3]. Otto [4] em 
ploys a realistic magnetic-frill model for the generator and 
reduces Einarsson's formulation to one equation with one 
unknown (rather than eight simultaneous equations). It has 
not been demonstrated that Otto's approximations are appli 
cable to electrically thick antennas, however.

Chang [5] presents a moment-method solution for the 
thick tubular monopole based on Hallen's integral equation 
with an extra term corresponding to a radially extended source 
in the aperture of the coaxial feed cable. Thus an excellent 
solution is available for the thick tubular antenna, but evi 
dently not for the thick solid cylindrical antenna.

King [11] presents measured admittances of thick mono- 
poles, theoretical results for thick tubular monopoles, and a 
correction term for higher order modes in the coaxial feed 
line.

In this communication we present moment-method solu 
tions for tubular and solid cylindrical antennas. In comparison 
with previous formulations, ours are straightforward. It is 
demonstrated that the convergence of the solution is greatly 
improved when the edge mode is included among the basis
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Satellite-antenna measurement techniques
K.M. Keen, M.Sc., C.Eng., M.I.E.E.

Indexing terms: Satellite links, Antennas, Measuring science

Abstract: Initially, the review takes a brief look at the various types of antenna systems that are used on 
satellites and shows that in terms of the measurement of their radiation characteristics, they can be cate 
gorised into two groups, i.e. low-gain (omnidirectional and quasi-omnidirectional) antennas, and medium- and 
high-gain antennas. With the first group, the main measurement difficulty lies with the suppression of multi- 
path reflections, and the various range configurations that can be used to avoid or overcome this problem aie 
described. Two of these are, for example, the ground reflection mode range and the use of baffles within an 
anechoic chamber. Following this, direct measurement ranges applicable to medium- and high-gain antennas 
are reviewed. These far-field approximation test range configurations include the elevated mode range, either 
in an outdoor environment or within an anechoic chamber, and the semi-open anechoic chamber. Subse 
quently, the review considers the various near-field and intermediate distance methods. Finally, some special 
techniques that have been devised to examine some particular satellite-antenna problems, such as the deter 
mination of the r.f. transparency of launch vehicle fairings and the effect of conductive thermal-control 
paint on satellite-reflector antennas, are presented. The review is principally from a European viewpoint.

1 Introduction

During the last decade there has been a considerable 
increase in the use of artificial Earth satellites for tele 
communication, scientific and military applications. More 
over, the satellites themselves have become more complex, 
are often larger, and have generally greater capability than 
previous generations of spacecraft. One of the aspects of 
satellite engineering in which this increase in capability is 
evident is in the technology of the antenna systems. This 
technology has undergone substantial evolution owing to 
the research and development activities which have been 
necessary in this field in order that antenna systems are 
able to meet the stringent performance requirements that 
exist for current and future satellite programmes. This 
evolution can be seen, for example, in the polarisation 
diversity and multibeam reflector antennas and their 
associated high-performance feeds. Of course, as satellite- 
antenna systems have become capable of higher per 
formance, then so the measurement of this performance, 
i.e. the determination of radiation patterns, gain, cross- 
polarisation levels, beamsquint and so on, has become more 
exacting, and there has been a corresponding evolution in 
antenna-measurement methods. It is the purpose of this 
paper to collate and review the many techniques that have 
evolved, or are evolving, for satellite-antenna performance 
measurement. Some of these techniques were developed 
exclusively for the specific problems of certain satellite 
systems, but many are applicable to antenna technology 
in general. Therefore, hopefully, the contents of this review 
will be of relevance to all readers who have an interest in 
antenna measurements in the part of the electromagnetic 
spectrum that extends from v.h.f. to millimetre wave 
frequencies. The introduction to this review continues 
with a brief look at some of the various types of satellite 
antennas.

As suggested in Fig. 1, satellite antennas can be broadly 
categorised into two groups, i.e. low-gain (omnidirectional
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May 1980. Commissioned IEE Review
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and quasi-omnidirectional) and medium- and high-gain 
types. The low-gain antennas have been seen on satellites 
since the days of Sputnik 1, particularly the well known 
turnstile antenna system, which consists of four monopoles 
on one surface of the spacecraft, the monopoles being fed 
equally in amplitude and in progressive quadrature 
phases. 1 "4 An example of this is shown in Fig. 2, which is 
an r.f. model of the British UK 6 satellite, used for 
radiation-pattern measurements; the four cranked whips 
of its v.h.f. turnstile system are clearly apparent. The 
purpose of omnidirectional or quasi-omnidirectional antenna 
systems on a satellite is usually for telemetry and tele 
command functions and quite often, these operations 
must be carried out before the satellite is in its final orbit 
and attitude with respect to Earth. For example, it may 
be necessary to stabilise a tumbling satellite in a transfer 
orbit by commanding the deployment of some booms. 
Clearly, the satellite must be capable of receiving the 
commands in any of its possible transfer-orbit attitudes, 
and hence the necessity for antenna systems with wide 
radiation-pattern coverage. Other low-gain antenna systems 
that have been used in the v.h.f. band include the one 
shown in Fig. 3, which was developed for the French 
Symphonic satellite 5 and the quadrifilar helix.6

Although the vJi.f. band is still favoured in many cases 
for telemetry and telecommand operations (a current 
example is the University of Surrey UOSAT satellite), 
there is a trend towards S-band frequencies 7 where the sky 
background-noise level is lower. Also, S-band antennas are 
physically small (typically the largest dimension would be

omnidirectional and quasi- 
omnidirectional antennas

medium-and high-gain 
antennas

Fig. 1 Classification of satellite antennas according to measure 
ment considerations
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Fig. 2 K.F. model of the UK 6 satellite

Fig. 3 Symphonic satellite, showing the v.h.f. antenna system on 
its upper surface

Fig. 4 Two breadboard versions of an S-band satellite antenna 
with controllable radiation patterns

of the order of 30cm) and, at these frequencies, they have 
the advantage over v.h.f. systems that the surface-antenna 
currents responsible for radiation are confined almost 
entirely to the antenna itself. V.H.F. systems, at the other 
extreme, function by exciting currents over the surface of 
the entire spacecraft. Therefore, any booms or appendages 
on the satellite may have currents induced on them which 
cause disturbances to the otherwise smooth radiation 
patterns that would result from the satellite body and 
antenna whips alone. For this reason, v.h.f. satellite-antenna 
performance can rarely be predicted at the design stage, but 
S-band antenna performance can be predicted.

At S-band, the various forms of conical spiral antenna 8 ' 9 
are often used, either as a single antenna giving hemi 
spherical coverage, or in a system which can switch between 
two antennas mounted on the top and bottom of the 
spacecraft to give full omnidirectional coverage. Other 
types of antenna have been developed for use with satellites 
at S-band; in particular, Reference 10 describes a light 
weight slotted cylinder antenna which features a useful 
degree of radiation pattern control. Breadboard examples 
of two forms of this antenna are shown in Fig. 4.

All the low-gain antenna systems, whether they are v.h.f. 
systems operating at about 150MHz, or S-band antennas 
operating at just over 2 GHz, present measurement 
problems as regards their far-field radiation-pattern charac 
teristics, mainly as a result of multipath reflections that 
would occur on conventional test ranges. Section 2 of this 
paper describes the measurement techniques that are used 
to overcome the multipath problem and reviews some other 
features of low-gain antenna measurements such as the 
recording of radiation-pattern distribution data.

Fig. 5 is an impression of the ESA large platform satellite 
L-SAT and shows the antenna farm which illustrates the 
type of sophisticated antenna systems that are now used to 
provide spot beams at the higher microwave frequencies. 
Beam widths of 1° or less are not uncommon and, with the 
frequency bandwidth limitations currently encountered, 
there is an increasing use of polarisation diversity which has 
spurred the development of low-crosspolarisaton antenna 
systems." Thus, there has been considerable research and 
development activity associated with offset reflector 
antennas which (with suitable feeds) can exhibit improved 
crosspolarisation characteristics compared with axisym- 
metrical reflector antennas, as the aperture blockage 
associated with a feed or subreflector and support struts 
is eliminated. 12 In fact, the feasibility of multiple beam, 
dual polarisation, offset reflector antennas using a cluster
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of smooth wall feeds with aperture dimensions of just over 
one wavelength (where this type of feed attains good cross- 
polarisation characteristics) or by using small aperture 
octagonal feed horns, has been demonstrated. 13 ' 14 It is 
interesting to compare Fig. 5, where offset reflector 
antennas can be seen, with Fig. 6 which shows the ESA 
OTS satellite, launched in 1978. The reflector antennas 
on this satellite, front-fed axisymmetrical paraboloids, 15 
can be considered to belong to a previous generation of 
reflector antennas.

Apart from the high-gain spot beam antennas, there is 
also still interest in medium-gain antennas, such as the 
Earth coverage type of antenna 16 ' 17 (17° beamwidth from 
geostationary orbit). Such antennas usually have shaped 
beams and can have measurement problems of their own, as 
described later in Section 4 of this review for a particular 
case. Section 4 deals with near-field and intermediate- 
distance measurement techniques. Prior to this, Section 3 
deals with direct-measurement techniques normally used to 
evaluate the far-field performances of medium- and high- 
gain satellite antennas. Section 5 deals with special tech 
niques for particular problems, for example the measure 
ment methods used to determine the r.f. 'transparency' 
of modified launch vehicle fairings (e.g. the McDonnell 
Douglas Delta metallic fairing with glass reinforced plastic

rnorth

earth

Fig. 5 Artist's impression of a possible configuration of the ESA 
L-SAT

Fig. 6 OTS satellite undergoing antenna measurements in the 
British Aerospace Dynamics Group's anechoic chamber
The spot beam reflector antennas can be clearly seen

r.f. windows), and the effects of satellite solar panels on 
v.h.f. antenna performance.

To conclude this introduction, it is instructive to look at 
the antenna systems of a recent satellite to give some idea 
of the diverse antenna systems that can be seen on any one 
satellite. Fig. 7 shows the German HELIOS satellite which 
was used for solar investigation and which travelled close to 
the Sun (hence the reflective surfaces). The upper central 
mast carries three antenna systems and there is a fourth 
antenna, a small horn, inside the lower skirt of the space 
craft. 18 At the base of the mast there is a reflector antenna 
with a line feed, the reflector itself being formed by a wire 
grid. Above this is an azimuthally directional medium-gain, 
10 element, colinear dipole array antenna. Above this again 
can be seen a low-gain bicone.

2 Low-gain antenna-measurement techniques

As described in the introduction, the low-gain (omni 
directional and quasi-omnidirectional) satellite-antenna 
systems are usually either v.h.f. systems working at fre 
quencies of about 150MHz, or S-band systems working 
at about 2-2 GHz. The principal difference between these, 
as far as measurements are concerned, is that at v.h.f. 
the antenna system is actually the entire satellite, but at 
S-band, the antenna is an isolated entity. In other words, 
with a v.h.f. antenna, the v.h.f. monopoles excite currents 
over the spacecraft body and it is the entire system, i.e. 
spacecraft and monopoles, which radiates. With a smooth- 
bodied spacecraft, the antenna-pattern coverage is also 
smooth, but for a spacecraft with appendages such as 
deployable sensor booms, the currents induced on these 
structures can cause nulls or dips in the far-field radiation
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Fig. 7 HELIOS satellite

pattern. For this reason, v.h.f. antennas can only be 
measured either with the actual spacecraft, or with an r.f. 
model of the satellite. Such models are used extensively for 
v.h.f. antenna development (still largely empirical), and are 
sometimes referred to as 'tinsats'. 19 One such r.f. model has 
already been shown in Fig. 2, and Fig. 8 shows another, this 
being an r.f. model of the ESA GEOS satellite used for the 
development of the GEOS turnstile antenna system. The 
four vertical monopoles of the antenna system can be seen, 
as can the models of the GEOS booms. As a point of 
interest, the booms on an early version of this particular 
satellite caused just the sort of problem mentioned earlier, 
i.e. radiation from these structures upset the symmetry of 
the radiation distribution which was found to contain nulls 
in inconvenient directions. For S-band low-gain antenna 
systems, the surface currents from which the far-field 
radiation originates are confined mainly to the antenna 
itself, and so a good deal of antenna investigation can be 
carried out with the antenna in isolation. However, the 
antennas do have a certain amount of back radiation which 
causes scattering from the spacecraft body. Hence, at some 
stage, the S-band antenna or antennas must be mounted on 
a representative spacecraft body for measurement.

The radiation patterns of omnidirectional or quasi- 
omnidirectional antenna systems are always difficult 
to measure as, using a conventional test range with the 
antenna under test and a remote antenna on elevated 
towers or buildings (see Fig. 15), there is little protection 
from multipath reflections. This is particularly true at 
v.h.f. where the remote antenna usually has a broad main 
beam and relatively high sidelobes. Because of this, the 
general-purpose elevated-mode test range with the typical 
height and separation distances normally associated with 

420

Fig. 8 R.F. model of GEOS

microwave antenna measurements is avoided, and special 
test-range configurations are used as described below.

Probably the most common type of test range that is 
used for v.h.f. omnidirectional antennas is the 'ground 
reflection mode' test range,20 the principle of which is 
illustrated in Fig. 9. Basically, a remote antenna, usually 
a log-periodic dipole array or a Yagi, is placed just above 
level ground. Interference between the direct ray from the 
antenna and the ground reflection ray (or, looking at it 
from a different point of view, the image contribution) 
gives a vertical radiation pattern which has a broad lobe as 
shown in the illustration and in which the test antenna* is 
situated, plus some further narrower lobes which are 
unimportant. This type of test range is used, for example, 
at the European Space Research and Technology Centre at 
Noordwijk, Holland, where an area of ground measuring

vertical plane
radiation
pattern

remote antenna

image

Fig. 9 Ground-re flection-mode antenna test range

'Test antenna' is the normally accepted abbreviation for 'antenna 
under test'
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150 x 100m has been levelled to an accuracy of ± 2cm. 
This allows ground-reflection-mode measurements to be 
carried out over a frequency range of about 100 MHz to 
just over 2 GHz. 21 For a particular measurement, the range 
geometry is calculated from formulas in References 20 or 
21, which gives an indication of the required height of the 
remote antenna above the ground. The resulting amplitude 
distribution at the test end is, of course, dependent on the 
ground conditions of the particular test range (e.g. wet or 
dry soil, snow etc.) and so final adjustments are made 
empirically by moving a probe antenna across the test 
aperture to plot the field distribution, which can then be 
optimised. As the ground reflection characteristics are 
different for horizontal and vertical linear polarisation, 
measurements with the two polarisations require different 
remote antenna heights. Furthermore, measurements in 
circular polarisation require two linearly polarised remote 
antennas, each at their respective height above ground, and 
both fed from a common source via a network comprising 
a power divider, a phase shifter and an attenuator. The 
relative amplitudes and phases of the two antennas are then 
adjusted until an acceptable circular polarisation axial ratio 
is established at the test aperture. This is usually determined 
by 'rotating dipole' (or 'polarisation pattern') measure 
ments 20 at selected points in the test aperture.

A different but highly interesting approach is used by the 
Royal Aircraft Establishment at their Lasham test range, 19 
depicted in Fig. 10, which can be used at both v.h.f. and 
S-band frequencies. At this facility, satellites are mounted 
on a dielectric pole in front of sloping ground. At the top 
of the slope is a parabolic dish receiving antenna. Trans 
mission is from the test end, i.e. the satellite, and most of 
the ground reflections from the slope, are scattered away 
from the receiving antenna. The small contribution that 
does arrive at the reflector, and this is from an area just in 
front of the receiver cabin, arrives at a fairly large angle 
from the reflector antenna boresight so that (at least when 
the range is used at uJi.f. frequencies and above) it is 
discriminated against by the narrow-beam radiation pattern 
of the receiving antenna. At vJi.f., as the angle between the

direct and indirect ray leaving the satellite is minimised 
(to about 7°) by this geometry, the assumption is made 
that the signal radiated does not vary appreciably over this 
angle, between the direct and indirect rays. This is a 
reasonable assumption for omnidirectional and quasi- 
omnidirectional radiation patterns. The receiving dish has 
crossed dipoles as feeds which can be connected via a 
hybrid, so that the range can be used for measurements in 
any linear or either hand of circular polarisation.

As stated earlier, elevated mode test ranges with tower 
heights and range distances normally used for microwave 
antenna measurements are not employed for v.h.f. measure 
ments because of the multipath reflection problems 
inherent with such geometries. However, at v.h.f., the 
required far-field approximation range distance between 
remote and test antenna (determined by the well known 
criterion described in the following Section) becomes quite 
small, and there are some special elevated-mode test ranges 
used for vJi.f. omnidirectional antenna measurements with 
high but closely spaced towers as in Fig. 11. With this 
arrangement, the only multipath contribution is from 
almost directly below the two antennas, and, even at v.h.f., 
a reasonably directive remote antenna can be used to dis 
criminate against this. This geometry can also be used 
with the semi-open anechoic chamber type of facility 22 
described in the following Section, which, because of the 
anechoic chamber around the test antenna, has almost 
total rejection of the ground reflected ray.

There is considerable advantage in being able to carry 
out antenna measurements in an indoor environment, away 
from the weather, especially where flight hardware is 
involved. Flight hardware usually cannot be taken unpro 
tected outdoors without violating cleanliness stipulations. 
It has been shown that it is possible to modify a rectangular 
anechoic chamber in such a way that it can be used for 
antenna measurements at frequencies as low as 100 MHz. 23 
The modified anechoic chamber referred to is at the British 
Aerospace Dynamics Group's Space Division at Stevenage 
and has internal dimensions of 18-3 x 7-3 x 7-3 m. Fig. 12 
shows how this chamber has been modified for v.h.f.

UK 6 tinsot at 6=180°

conical
cuts
head

Fig. 10 Schematic diagram of the Royal Aircraft Establishment model range 1 as Lasham 
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measurements by using extra absorbing baffles. The reflec 
tivity level with this internal arrangement has been found to 
be —26 dB at 136 MHz in a zone measuring 3 x 2-4 x 2-4 m.

Having described some actual test ranges and techniques 
for measuring this class of satellite-antenna system, the 
current Section will now conclude with some remarks on 
the measurement of gain and directivity. At S-band, gain 
measurements are relatively straightforward and can be 
carried out by the substitution method, in which the test 
antenna is replaced by a standard gain horn of known gain, 
and the difference in recorded power level then gives the 
test antenna gain. Commercially available gain standards are 
usually linearly polarised, and the above procedure applies 
to linearly polarised test antennas. However, if a test 
antenna is circularly polarised, the gain can still be deter 
mined with a linearly polarised standard gain horn by using 
Stroka's method 24 in which the axial ratio of the circular 
polarisation generated by the test antenna must also be 
found. This can be determined by a 'polarisation pattern' 
measurement in which a linearly polarised remote antenna 
is axially rotated about a boresight axis shared between 
itself and the test antenna.

At v.h.f., gain measurements are very much harder. For 
these measurements, standard gain dipoles with adjustable 
dipole lengths and adjustable baluns are available, but, 
because these are essentially broad-beam devices (unlike 
standard gain horns), considerable errors can arise from

Fig. 11 Elevated-mode test range with elevation much greater 
than separation, for v.h.f. antenna measurements

their use. For example, it is not possible to replace a 
satellite model by a standard gain dipole suspended alone 
in free space; in practice, the substituted gain standard 
would be, perhaps, a dipole and attached coaxial cable on 
a large diameter dielectric tower. And even if the test range 
has been set up for low multipath errors with a satellite 
model and its antenna system, it often happens that, 
because of the different polarisations involved, there is not 
the same degree of multipath suppression or compensation 
for the standard gain dipole. Hence, for v.h.f. satellite 
antennas, the gain is often not evaluated, except as a crude 
check. Instead, the directivity of the system is found 
by pattern integration, to give the isotropic level, and 
allowance is then made for the ohmic losses in the antenna 
system. The allowance made is usually one half of a decibel, 
and this is more than adequate for all practical situations.

Directivity measurements with a v.h.f. satellite-antenna 
system are carried out by sampling the radiation distri 
bution over the entire spherical region about the satellite, 
in two orthogonal polarisations. The two independent 
polarisations are essential, because such antenna systems 
are only able to achieve omnidirectionality by radiating in 
a variety of polarisations; for example, a cylindrical satellite 
with a turnstile antenna system might radiate in left-hand 
circular polarisation in one axial direction, right-hand 
circular polarisation in the other axial direction, vertical 
linear polarisation in or near its azimuth plane, and with 
elliptical polarisations in all other directions, as illustrated 
in Fig. 13. In practice, the orthogonal polarisations used for 
the measurements are either left and right circular polar 
isations or horizontal and vertical linear polarisations. After 
the data has been processed and the isotropic level found, 
the original measured data can then be normalised to the 
isotropic level, to give in effect, normalised radiation 
pattern maps in the chosen two orthogonal polarisations. 
This is described in more detail below.

If PT is the total radiated power, Ua (6, 0) represents the 
power radiated per unit solid angle in direction 6, <t> in some 
polarisation a, and £/b (0,0) represents the corresponding

r.h.c. I pol.

elliptical 
pol.

lin. 
pol.

elliptical 
pol.

elliptical 
pol.

linear polarisation 
in azimuth plane

elliptical 
pol

l.h.c pol.

Fig. 12 British Aerospace Dynamics Group anechoic chamber 
configuration as used for v.h.f. measurements

Fig. 13 Typical distribution of polarisations in a vertical plane 
from a v.h.f. turnstile-antenna system on a cylindrical satellite
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quantity in the orthogonal polarisation b, then it can be 
shown that

PT = ff t/a (0,0)sin0c?0c?0 + ff
J J47T J *47T

If UT (6,(j>) represents the total power radiated per unit 
solid angle in direction 0 , 0, then

hence the partial directivities for each polarisation plus the 
total power directivity can be expressed as follows:

where, at any angle 0, 0, the total power directivity is 
simply the sum of the partial directivities.

In practice, computer programs exist to do the data 
processing, for example the one described in Reference 25, 
which is available from the IEE program library. Such 
programs print the partial and total directivity values in 
tabular form as a function of 0 and 0 from which radiation 
distribution contour maps can be prepared. Fig. 14 shows 
the upper left-hand extremity of a typical printout; only a 
small part of this is shown, as such printouts are large 
(typically 70cm x 90cm) and a presentation of a complete 
sheet here would make the printed characters indiscernible. 
These maps are highly useful, if not essential, for link 
budget evaluation, and are almost always used for omni 
directional and quasi-omnidirectional satellite-antenna 
systems, regardless of frequency band.

The reason for plotting total power directivity values 
as well as partial directivities is that some ground stations 
receive satellite telemetry simultaneously in orthogonal 
polarisations and mix the powers received in the two 
channels in a ways which, in many cases, is equivalent to 
total power reception.

As one final comment here, the definition of directivity 
used above is as follows:
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Fig. 14 Photograph of a part of a digital map of directivity values 
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where the directivity Z)(0,0) and the radiation intensity 
(7(0,0) are in one specified polarisation ot total power. 
PT is the power radiated by the antenna. This definition 
of directivity is distinct from that for gain, which is 
defined by:

11(0 ^\

'£(0,0) =

where, again, C(0,0) and C/(0,0) are in one specified 
polarisation or total power. PIN is the power supplied to 
the antenna input port. It can be seen that gain takes into 
account the ohmic losses of the antenna whereas directivity 
does not.

These definitions are not exactly as specified by the 
IEEE standards, 26 but it is the author's contention that the 
above are the ones on common usage. Generally speaking, 
'gain' is an antenna parameter which is related to the power 
supplied to the antenna, and is measured by comparison 
with a gain standard such as a calibrated horn. In contrast, 
'directivity' depends only on the shape of the radiation 
patterns and is determined by pattern measurements and 
integration. To introduce a third definition, 'directive gain' 
is, in the author's opinion, confusing and unnecessary. 
This also applies to the term 'power gain'. Furthermore, 
'directivity' as defined in Reference 26, i.e. as a maximum 
value only, has no useful meaning for an omnidirectional 
type of antenna system.

3 Medium- and high-gain antenna-measurement 
methods

Fig. 15 illustrates the type of antenna-measurement range 
that is most familiar to microwave antenna engineers. This 
is the so-called elevated-mode type of range where both the 
test and the remote antennas are elevated above the ground, 
often on towers, but sometimes on buildings. By rotating 
the test antenna in different planes, its radiation patterns 
can be recorded.

The separation or range distance between the two 
antennas has to be sufficient to approximate to a 'far-field' 
distance. Or, looking at it from another point of view, if 
transmission is from the remote antenna, the test antenna 
must have a wavefront incident on it that approximates to 
a plane wave. In practice, a range distance criterion as 
below is usually adopted:"

2D2 
d> ~

-range distance d .

test 
antenna

remote 
antenna

direct ray

range 
height h

Fig. 15 Elevated-mode antenna measurement range geometry
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Fig. 16 Front view of MBB semi-open anechoic chamber facility 
near Munich

where D is the antenna aperture diameter, d is the range 
distance, and X is the free space wavelength. This criterion 
is equivalent to a maximum phase error of 22-5° at the test 
antenna aperture edge, which is a sufficiently good approxi 
mation to a plane-wave environment for most measure 
ments. The effect of range distance on the accuracy of 
recording sidelobe levels has been described by Lyon, 
Hollis and Hickman in chapter 14 of Reference 20.

Having established the range distance d, the height of 
the two antennas above the ground is then chosen so that 
the ground reflected ray is minimised by the antenna 
radiation patterns. In other words, it is arranged that the 
antenna-pattern sidelobes pointing at the central ground 
area are as small as possible. If sidelobe discrimination is 
insufficient, the ground reflection component can be 
further reduced by using diffraction fences to screen off 
the first twenty or so Fresnel zones on the ground. 20 In 
practice, the 'free space v.s.w.r.' method and aperture 
probing are two ways of calibrating range performance,20 
and range improvement is usually carried out empirically 
by making successive calibrations interspersed with changes 
to the range layout, such as movements or diffraction 
screens or the deploymant of r.f. absorbent material. The 
effects of ground reflections on antenna measurements have 
been investigated by Moeller 28 and his paper contains 
useful graphs showing, for example, the errors in gain, 
polarisation purity, and boresight direction measurements, 
in the presence of ground reflections. In general, at the test 
aperture, a well sited antenna test range should have a 
ground reflection contribution level of not greater than 
— 40 dB (compared with the direct path level), and levels 
of — 50 dB are not untypical.29 Really excellent ranges can
424

Fig. 17 Side view of semi-open anechoic chamber facility

be better than this. Janssen et a/. 30 have described a range 
that was accurate over a 90 dB dynamic range, although 
this was a special elevated mode range with a height to 
separation ratio of 3:2, limited to the evaluation of corru 
gated horns.

As stated in Section 2 in connection with low-gain 
antennas, there is always an advantage in being able to 
carry out antenna measurements in an 'indoor' environment, 
especially where flight hardware is involved. For moderate- 
gain antennas where the range distance is not too great, it 
is often possible to carry out elevated mode measurements 
in an anechoic chamber. However, due to the high cost 
of broadband microwave absorbent material, anechoic 
chambers are expensive, and although there are quite a 
number of small chambers in existence (many of which can 
only be used for feed measurements), plus a few medium- 
sized chambers, there are relatively few large anechoic 
chambers. One such large facility of note which has been 
used for spacecraft work is the radio anechoic chamber 
of the Technical University of Denmark 31 at Lyngby near 
Copenhagen. The dimensions of this rectangular chamber 
are 12 x 14 x 6m and it is lined with 2m high broadband 
pyramidal absorbers. These allow measurements to be 
carried out at frequencies between 50MHz and 50 GHz. 
Because of the large transverse cross-section (12x 14m) 
of this chamber and the effectiveness of the pyramidal 
absorbers, the chamber has a relatively large quiet zone 
of 2-5 m diameter and 9-5 m length along its longitudinal 
centre line. Methods of evaluating radio anechoic chambers 
have been described by Appel-Hansen. 32

An ingenious variation on the anechoic chamber arrange 
ment is the Messerschmitt-Bolkow-Blohm GmbH facility 
at Ottobrunn near Munich.22 This facility, shown in 
Figs. 16 and 17, combines the protection, security and con 
venience of the anechoic chamber environment with the 
large range distance of the outdoor elevated mode antenna 
range. Basically, the facility consists of a large anechoic 
chamber, open on one face but protected from the outdoor 
environment by an r.f. transparent cover, in the top part of 
a specially constructed building. Below the chamber is a 
control room (2nd floor), offices (1st floor) and a dedicated 
workshop (ground floor). A railway track in front of the 
building allows the remote antenna tower to be moved to 
any required distance from the chamber, up to a limit of 
80m. Where longer range distances are required, it is 
possible to locate a tower beyond the limit of the railway 
track. Large antennas or other bulky rigs, such as satellite 
models or aircraft models, can be installed in the chamber
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Fig. 18 GEOS spacecraft encapsulated in r.f. transparent radome 
to comply with cleanliness requirements

through metal doors on one side. Positioning is carried out 
with a 2-5 ton maximum load crane which has a horizontal 
trackway across the top of the chamber. The advantages of 
this type of antenna measurement range are clearly obvious, 
and it is fair to say that, as a general-purpose range, this 
particular facility is one of the best in Europe.

One last comment concerning anechoic chambers is that, 
although having an enormous advantage as regards environ 
mental protection, they may still not satisfy the stringent 
cleanliness requirements imposed on flight hardware. In 
such cases it is necessary to cover the spacecraft or antenna 
system with some sort of radome. Fig. 18 shows one such 
radome fitted to the ESA GEOS spacecraft. This radome 
was a simple cylindrical construction with a glass-reinforced 
plastics framework covered by an r.f. transparent plastic 
film.

4 Near-field and intermediate-distance techniques
In the preceding Section it was shown that medium- and 
high-gain antennas are normally measured using elevated- 
mode ranges of one form of another. Unfortunately, there 
are some situations where this type of test range becomes 
impractical, unless gross measurement errors can be 
tolerated. This happens when the antenna to be investigated 
has such a large aperture in terms of its operating wave 
length that the far-field approximation range distance 
required for its measurement (determined by the 2£>2 /A 
criterion) becomes excessively large. There is a rule of 
thumb for the geometry of elevated-mode ranges which 
states that the elevation of the antennas above the ground 
must be at least one tenth the range distance. With

elevations lower than this, errors due to ground reflections 
become untenable. As an illustration, consider a 2 m 
diameter satellite reflector antenna witli an operating 
frequency of 14 GHz. The minimum range length required 
for measuring this antenna is, according to the 2D 2 /\ 
criterion, 373 m. This then implies an elevation of at least 
37m and preferably more: 60 or 70m would be better. 
Few antenna measurement facilities can accomodate these 
dimensional requirements. And when it is considered that 
satellite antennas need not be constrained by launch 
vehicle fairing dimensions (for example, the deployable 
reflector on the NASA ATS-6 satellite has a diameter of 
nearly 10m)33 and that the use of frequencies as high as 
30 GHz is under study, 34 the range distance problem can be 
appreciated.

It should be mentioned that there are a few direct- 
measurement long-distance antenna ranges in which the 
ground-reflection problem is at least partially overcome by 
a suitable choice of location: for example, by transmitting 
across a valley, or even between two adjacent mountains. 
However, these ranges are rarely completely satisfactory, 
either because the multipath error improvement is insuf 
ficient or for other reasons such as a lack of dynamic range 
with the recording apparatus, or even because of the 
difficulty in erecting antennas in remote sites of limited 
access.

Curiously, it is not only the electrically large aperture 
antennas that give rise to range distance problems. It must 
'be remembered that the 2Z)2 /X distance is only an approxi 
mation to a far-field distance, and that actually, wavefronts 
at the test antenna are spherical with path length deviations 
of A/16 at the antenna extremities. Because of this, certain 
antennas, constrained to have nontapered aperture phase 
distributions, may require far-field approximation distances 
much greater than the usually accepted value. For example, 
in connection with one of the ESA programmes, an I-band 
shaped-beam Earth-coverage reflector antenna with an 
aperture diameter of 2m 17 ' 35 was found by computer 
simulation to require a range distance of greater than 1 km, 
and a special 'intermediate distance' test range had to be 
constructed to overcome this problem. 36 The shaped beam 
antenna referred to, the MARECS satellite antenna, is 
shown in Fig. 21.

For situations where elevated mode measurement range 
distances become too long to be practical, measurements 
can be either carried out using 'near-field' techniques or 
'intermediate-distance' techniques. These techniques are 
their relative merits are described below, following a brief 
description of the compact range technique37 which is a 
special near-field technique in a class of its own. As will be 
seen, most near-field and intermediate-distance techniques 
are indirect-measurement methods where field sampling is 
carried out and then data processing is used to determined 
the required far-field characteristics. The compact-range 
technique, however, is a direct-measurement technique, 
although its use is limited to the measurement of relatively 
small antennas such as horn feeds. Fig. 19 illustrates a 
typical compact-range configuration. This type of measure 
ment range makes use of the well known phenomenon that 
planar wavefronts are generated in the near-field region of 
reflector antennas and lenses. Although metallic lens 
compact ranges have been described, 38 the usual form of 
a compact range is as in Fig. 19. Most often, an offset 
parabolic reflector is used in preference to an axisym- 
metrical parabolic reflector to avoid unnecessary aperture
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blockage. Edge diffraction from the periphery of the 
reflector is eliminated either with microwave-absorbent 
material, or by cutting castellations or triangular 'teeth' in 
the rim. Direct path screening between the reflector feed 
and the test antenna is necessary and this is usually 
accomplished with absorber. In addition, to avoid reflections 
from the test antenna support arm, this is usually covered 
in absorber also. It has been shown that the compact 
range technique can be used at up to millimetre wave 
frequencies. 39 An unusual application of the compact range 
principle has been described recently for the measurement 
of the scattering patterns of the support struts of large 
reflector antennas.40

In general, near-field techniques may be described as 
methods where a probe is moved across the aperture of a 
test antenna, and the near-field phase and amplitude 
sampled. The far-field characteristics of the test antenna 
are then determined by carrying out a near-field to far-field 
(n.f.f.f.) transformation of the near-field samplings using 
data processing techniques.41 ' 42 The sampling process may 
be carried out over spherical, planar or cylindrical surfaces. 
Fig. 20 illustrates one of these; it shows the type of move- 
able probe carriage arrangement used for planar scanning, 
where the probe can be moved vertically and horizontally. 
The relative advantages and disadvantages of using the three 
types of scanning geometries have been described by 
Wacker and Newell.43

There has been considerable interest in the use of near- 
field techniques with satellite antennas, particularly the use 
of spherical scanning. With this geometry, if probing is 
carried out in phase and amplitude in two orthogonal polar 
isations, the test antenna performance can be fully charac 
terised and the entire far-field distribution of the antenna

absorber

horn feed 

Fig. 19 One form of compact range

side view front view

Fig. 20 Near-field measurement arrangement using the planar 
probing geometry
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Fig. 21 Cylindrical scanning near-field facility under development 
by the British Aerospace Dynamics Group
The antenna under test is the MARECS satellite shaped beam 
antenna

can be found by data processing using fast Fourier 
transform (f.f.t.) techniques. One other advantage of 
spherical scanning is that it is not necessary to have an 
accurate probe positioner to move the probe around the 
antenna. Instead, the probe can be fixed and the test 
antenna made to scan using a conventional two-axis antenna 
mount. The feasibility of using spherical scanning for the 
measurement of satellite antennas has been described by 
Jensen.44

The cylindrical scanning near-field measurement is also 
being actively developed. This geometry is significantly 
simpler to deal with theoretically than the spherical scanning 
case. Also, the scanning mechanism is relatively simple, 
consisting of a probe with vertical linear motion only and 
azimuthal rotation of the antenna. This type of scanning 
ensures that no mechanical changes due to gravitational 
deflections occur with the test antenna during a measure 
ment cycle. Fig. 21 illustrates the cylindrical scanning 
facility under development by the British Aerospace 
Dynamics Group in Stevenage, England.45 The vertical 
probe carriage and probe antenna can be clearly seen 
behind the test antenna, which in this case is the MARECS 
shaped beam antenna referred to previously.

It can be seen then, that indirect near-field measurement 
techniques are under active development in Europe. So far, 
the results are encouraging and the only question concerns 
the ultimate accuracy obtainable with these techniques. 
There are measurement errors, for example, associated with 
the probe. These are of two types. First, the physical 
presence of the probe alters the field being measured, i.e. 
some energy is rescattered onto the antenna under test. 
This effect cannot be corrected for in practice. Secondly,
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because the probe has a finite aperture, it measures an 
average of the field over this aperture rather than the field 
at a point. This can be corrected for at the cost of some 
complexity. Larsen46 has investigated probe correction for 
spherical scanning and has shown that its use improves 
measurement accuracy. Investigations in the near future 
should indicate whether probe scattering causes significant 
errors, and if so, how the probe can be chosen to minimise 
these.

Intermediate-distance techniques, which have been 
reviewed by Keen, Bennett and Wood,47 offer an alter 
native to near-field techniques. The basis of these methods 
is that sampling is carried out at some convenient distance 
from the antenna between its near-field distance (i.e. right 
in front of the antenna) and its far-field distance. Typically, 
a distance of 0-5 Z> 2 /A might be chosen. Apart from this, 
the techniques are similar to near-field techniques in that 
the antenna field sampling must be carried out in both 
amplitude and phase, or in some form that contains com 
bined amplitude and phase data, and then an intermediate 
distance to far-field distance transformation is carried out 
by data processing to give the far-field characteristics of the 
test antenna.

If intermediate-distance techniques are compared with 
near-field techniques, there are both advantages and dis 
advantages depending on the type of measurements that are 
to be carried out. However, there are two general points in 
favour of intermediate-distance techniques that are worth 
noting. The first is the elimination of probe errors and 
the second is that, as the range distance is not critical, 
intermediate-distance working can be carried out on existing 
test ranges. This includes large anechoic chambers. In fact, 
virtually any elevated-mode test range with the necessary 
turntables, positioners etc. can be extended in capability 
by being able to adopt intermediate distance working. It 
must be emphasised, however, that the data processing 
involved is, as with near-field techniques, somewhat 
daunting, and a great deal of computer power and time is 
needed.

Three particular intermediate-distance techniques have 
been demonstrated so far. These are the University of 
Sheffield Holographic Technique,48 the Marconi Research 
Laboratories Technique36 ' 49 and the ESTEC technique, 50 
being named here after the establishments at which they 
were developed. The first of these, the holographic tech 
nique developed by researchers at the University of 
Sheffield, uses a 3-antenna arrangement as shown in Fig. 11. 
Transmission is from a remote antenna and reception is by

roster scanned 
test antenna

phase 
shifter 

receiver

Fig. 22 University of Sheffield holographic technique

both the test antenna (moveable) and a static reference 
antenna which are connected via a hybrid T. An attentuator 
and a phase shifter are also included in the r.f. circuit. The 
test antenna is mounted on a two-axis positioning system 
which carries out raster scanning of the test antenna during 
which the corresponding hologram is recorded. Originally, 
optical holograms were produced with this technique which 
were processed optically, but now electronic data processing 
techniques are used. The data array formed by regular 
sampling of the hologram signal is computer-processed 
using f.f.t. techniques to provide a variety of antenna 
characteristics, including far-field radiation patterns. One 
of the powerful features of this measurement method is 
that antenna surface profile information can also be 
obtained, and surface deformation and other deviations of 
paraboloid reflectors can be identified. 51

The Marconi intermediate-field range was originally 
developed for bread-board and flight model testing of 
the MAROTS (now MARECS) satellite antenna. This is 
basically an outdoor facility using two 13m towers at 
107m spacing. For tests at Z,-band the range length is 

— 4Z)2 /A. In ordinary circumstances, this length would have 
been sufficient to permit conventional far-field measure 
ments. However, the special characteristics of the shaped 
beam antenna precluded this, as described earlier. True 
near-field probing would also be unsuitable for this type of 
antenna, because this would place unwanted emphasis on 
phase measurement accuracy; e.g. 1° phase measurement 
error would result in 0-2 dB error in the predicted antenna 
gain.47

The range uses conventional azimuth and polar antenna 
positioners, effectively giving spherical surface probing. The 
spherical probing data is processed by spherical wave 
expansion technique which is essentially a rigorous electro 
magnetic transformation. It is valid regardless of measure 
ment range, and ideally permits all six electromagnetic-field 
quantities (3 components E, 3 components H) to be 
individually specified at near- or far-field range. The 
spherical wave spectrum for the antenna is a standard inter 
face which can be used to transfer data to other computer 
programs. The 'cutoff property of the spectrum gives a 
filtering action to eliminate spurious components of the 
measured pattern not compatible with the size of the 
aperture under test.

An overall absolute-measurement accuracy of ± 0-07 dB 
at /-band has been established experimentally with this 
technique. 52

The technique developed at ESTEC is in some ways a 
hybrid of the two previously described methods, and was 
developed to extend the capabilities of the conventional 
far-field approximation antenna test range on the ESTEC 
site. Basically, the antenna under test is fed in parallel with 
a second antenna, in order to make interference patterns 
which are monitored at an intermediate distance. As with 
the holographic technique, the interference patterns which 
are monitored at an intermediate distance. As with the 
holographic technique, the interference patterns contain 
the essential phase information, although with the ESTEC 
method the formation of the interference patterns, the 
phase data extraction and the intermediate to far-field 
distance transformation are carried out in different ways.

Fig. 23 shows the antenna measurement configuration 
and Fig. 24 illustrates the circuit which feeds the test and 
reference antennas. There is an alternative form of circuit 
arrangement in which the antenna B to antenna C path is
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replaced by a cable which combines the interference wave 
with the direct wave in a directional coupler, this being 
situated in the line between antenna C and the amplitude 
receiver. Both forms are, however, equivalent. Essentially 
the measurement method is as follows. For each conical 
directional 'cut' in the spherical measurement surface, 
four separate radiation patterns are recorded. The first is 
in amplitude only and is made with antenna B switched 
out. The following three are interference patterns formed 
by having antenna B switched in so that interference 
between radiation from antennas A and B can be monitored 
at antenna C. These three patterns are recorded with the 
phase shifter set to relative phases of 0°, 90°, and 180°, 
respectively. This procedure is carried out for the entire 
spherical envelope surrounding the test antenna, and in 
two orthogonal polarisations. When all the recording is 
finished, data processing is carried out in two stages. In 
the first stage, for each 'cut' and polarisation, the four 
patterns or sets of recorded data are processed to give an 
amplitude pattern and a phase pattern. Thus, the first stage 
is essentially concerned with extracting phase information 
from interference patterns. In the second stage, the ampli 
tude and phase data is processed by a near field (or inter 
mediate distance) to far-field transformation computer 
program, which finally gives the required far-field pattern 
information. At ESTEC, the program SNIFT" has been 
used for the transformation process.

To conclude this Section, it may be said that the range- 
distance problem encountered with electrically large 
satellite antennas can be overcome using either near-field 
or intermediate-distance techniques, all of which rely 
heavily on data processing.

5 Special techniques for particular cases

This Section contains a miscellaneous collection of antenna 
or related measurement techniques that have been used for 
some particular problems connected with satellites, mostly 
of an unusual kind. Section 5.1 deals with in-orbit satellite 
antenna measurements; these can be important as a check 
on the performance of an antenna in its 'real' operating 
environment. This may be particularly desirable if the 
satellite or the antenna system is the first of a future series 
of similar satellites or antennas.

Section 5.2 deals with the transparency of launch vehicle 
fairings. It is now normal, at least for European launches, 
to monitor telemetry data from a satellite from the very

beginning of its launch phase. In order that telemetry data 
can be transmitted through the metallic launch-vehicle 
fairing which covers the satellite for the first part of the 
launch, the fairing half-shells are fitted with r.f. windows. 
The location, number and size of the windows must be 
sufficient to give the required coverage.

In Sections 5.3 and 5.4, the measurement of small gain 
reductions or changes is described, in connection with the 
reflectivity of lightweight spacecraft carbon-fibre reinforced 
plastics reflectors, and in another context, in connection 
with electrically conductive paint that is sometimes applied 
to spacecraft bodies (and antenna systems) for dissipating 
electric currents induced by plasmas.

In Section 5.5, the effects of body-mounted solar panels 
on vJi.f. omnidirectional antenna systems is considered and 
a measurement technique used to evaluate the effects is 
described. Rocket-exhaust plume transparency measure 
ments and results are briefly described in Section 5.6. This 
can be important as regards, for example, apogee boost 
motor firing on satellites.

Finally, Section 5.7 deals with crosspolarisation measure 
ments which, with the advent of polarisation diversity 
antennas, have become of great importance. Some 
comments and descriptions are given for both linear polar 
isation and circular polarisation measurements.

5.1 In-orbit antenna pattern measurements

Although it has only been done on a few occasions, it is 
sometimes possible to measure the radiation characteristics 
of spot beam satellite antennas directly from an orbiting 
spacecraft, at least over a limited angular region around 
the boresight direction. This is done either to see if a 
deployable antenna has fully deployed and has assumed its 
correct shape, or to monitor the performance of an antenna 
or group of antennas under varying thermal conditions. 
Brain 54 has described an in-orbit measurement programme 
for the ESAOTS-2 satellite, in which the satellite is 
manoeuvred using its gas jets (north-south movement) and 
its momentum wheel (east-west movement). These roll and 
pitch rotations are limited to ±2°, hence several Earth 
stations have to be used simultaneously during the antenna 
tests, and the results integrated.

Other in-orbit measurements have been carried out in 
the past by flying aircraft through the main beams of high- 
gain satellite antennas.

Fig. 23 Interference pattern intermediate-distance measurement 
method
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power 
divider

Fig. 24 Feeding circuit for the interference-pattern method
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5.2 Launch-vehicle fairing transparency measurements

Fig. 25, which is based on a version of the much used 
DELTA launch vehicle, illustrates the positioning of a 
satellite above the third stage and within the fairing of such 
a vehicle. The fairing consists of two half-shells which eject 
at a height of about 120km. For early satellite launches, 
the fairing shells were made of fibreglass and were very 
nearly transparent at r.f. Hence telemetry data could be 
received from the satellite at all times during the launch 
phase. This reception of telemetry is considered important 
by some users, who, if something goes wrong, require to 
know precisely when the mishap occurs. As satellites 
became larger, more spacious fairings were needed and the 
fibreglass shells were replaced by bigger and more rigid 
metal ones, thus causing a problem with the initial launch- 
phase telemetry link. Fortunately, and here the DELTA 
vehicle is specifically referred to, it was possible to specify 
that fairing access doors were made of fibreglass rather than 
aluminium alloy. The access doors would then act as r.f. 
windows. It was also possible to have fibreglass panels fitted 
in the conical/hemispherical top section of the fairing.

During the development of the ESA GEOS and 
METEOSAT satellites, a measurements study was carried 
out with models of the launch vehicle configuration for 
each case, to ensure telemetry data reception during the 
initial phase of the launches of these two spacecraft. 55 The 
study was carried out with 1/Sth scale r.f. models of the 
upper parts of the launch vehicle and a similarly scaled 
satellite model which was correctly positioned in the 
fairing.

The factors which affect the 'coverage' of radiation from 
a launch-vehicle fairing and determine whether a vehicle to 
ground station link can be maintained during the launch 
phase are, first, how much energy leaks out of the r.f. 
windows from the inside of the fairing, and secondly, the 
combined radiation pattern of the windows on the fairing. 
For this reason, measurements were carried out in the 
following way in each case. The satellite was first evaluated 
alone over the entire spherical region around it, in the way 
described in Section 2 for determining directivity. Its 
isotropic level was then found by pattern integration. The 
same was then done for the launch-vehicle model with the 
satellite inside so that a digital printout of directivity values 
was produced, except that the isotropic level was adjusted 
to the original (satellite only) level. Hence the digital map 
showed not only the radiation pattern but also the insertion 
loss of the fairing configuration.

In anticipation that users may want to carry out similar 
measurements on the fairing configurations of Ariane, the

1st stage

fairing

Fig. 25 Typical positioning of a satellite within a launch vehicle 
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Fig. 26 Photograph of a \th scale model of ARIANE fairing 

View of outside

new European launch vehicle, a l/5th scale model of the 
upper parts of this launch vehicle is available, as shown in 
Figs. 26 and 27. These are various r.f. transparent sections 
on, or available with, the Ariane fairing. Most notable is the 
reverse cone at the base of the fairing, which is in glass- 
reinforced plastic. In addition to this, other windows can 
be provided, as illustrated in Fig. 26.

5.3 Measurements to determine the reflectivity of 
carbon-fibre plastic reflectors

Component mass is always a problem on satellites and must 
be minimised. The development of the carbon-fibre rein 
forced plastics (c.f.r.p.) which are strong, rigid, lightweight 
and have a small coefficient of expansion, has provided a 
uniquely useful material for satellite component parts. 
This includes antenna reflectors. The low coefficient of 
expansion is particularly relevant in this context as satellite 
reflectors are subject to considerable temperature variations 
from diurnal eclipses. Originally, spacecraft c.f.r.p. reflectors 
were coated with metal foil. Eventually, though, it was 
realised that c.f.r.p. is itself a good reflector with the same 
order of reflectivity as plane metal, subject to certain 
factors such as frequency, polarisation, surface filling 
fraction and surface roughness of the material, and the 
'lay-up' of the tows of fibres in the c.f.r.p..

Many ways have been devised to evaluate c.f.r.p. as a 
reflector material. Arguably, the only really satisfactory 
way is to take an actual c.f.r.p. reflector made in the 
appropriate way and with the correct surface finish (this is 
very important) and make gain difference measurements 
referred to a metallic surface. 56 ' 58 In other words, the 
reflector is first fitted with an appropriate feed to make
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Fig. 27 Photograph of a lT th scale model of ARIANE fairing 
View of inside

a representative antenna system. The reflector is then 
metallised in some reversible way, and with the antenna 
positioned on a suitable measurement range, the gain of the 
antenna is monitored. The metallisation is then removed 
and the difference in monitored received power level shows 
the gain loss, if any, associated with the c.f.r.p. reflector.

Measurements have been carried out in this way by using 
the substitution method as for gain measurements. That is, 
the metallised c.f.r.p. antenna gain is established first with 
reference to a gain standard (or in fact any convenient 
antenna, since the absolute gain value is not important). 
The metallisation is then removed and the new gain value 
established with respect to the same reference antenna as 
before. However, as gain differences are usually only small 
fractions of a dB, it is difficult to get the required accuracy 
with this method and the system shown in Fig. 28 has been 
found to be more accurate. This is a swept-frequency 
technique and therefore the reflectivity can be established 
as a function of frequency over an operating band of 
interest. This is clearly better than making spot-frequency 
measurements. Another advantage of this system is that 
the levels are monitored via a network analyser which 
measures the test channel to reference channel signal level 
and which therefore rejects variations in the source level. 
Only differences occurring in the test channel line are 
recorded.

A variety of methods of reversible metallisation have 
been tried, but the simplest and most effective seems to be 
to coat the reflector with a thin film of automobile grease 
and then to apply a thin aluminium foil which can be 
smoothed down to the correct shape. Very accurate 
metallic surface coverings can be made in this way without

much trouble. Such surfaces can be easily removed as can 
the grease, which may be wiped off using alcohol.

The results of test with various reflectors have shown 
that gain losses are usually smaller than 0-1 dB especially 
at the lower frequencies. High modulus (type I) carbon 
fibre appears to be better than high tensile (type II) fibre, 
but the most important factors are the filling fraction at 
the surface (i.e. the ratio of carbon fibre to plastic) which 
must be high, and the surface smoothness. The reflectivity 
of c.f.r.p. deteriorates at the higher microwave frequencies 
(it used to be considered that IS GHz or thereabouts was 
the limit of use); however, uncoated c.f.r.p. reflectors 
operating at much higher frequencies than this have been 
heard of, although with no published details at the time of 
writing. One final point concerns polarisation sensitivity; 
this depends on the lay-up of the fibres and is generally not 
a problem, but a lay-up with all the surface tows in one 
direction can give a degree of polarisation sensitivity.

5.4 Effect of conductive thermal-control paint on 
spacecraft antenna performance

A few years ago it became apparent that spacecraft in 
Earth orbits are subject to a previously unsuspected form 
of environmental hazard. System malfunctions and even, 
occasionally, the complete failure of satellites led to the 
conclusion that differential electrical charging from hot 
plasmas can cause highly destructive vacuum arcs. The 
plasmas are a manifestation of a phenomenon known as 
substorms, which occur in the Earth's magnetosphere owing 
to interactions between the solar wind, the Earth's magnetic 
field and the interplanetary magnetic fields. If a satellite 
encounters a substorm region, the high-energy electrons in 
the plasma can cause charging of its components parts to 
the order of 20 kV. Subsequent electrical breakdown in 
dielectric materials can cause electromagnetic interference, 
transient pulses in electronic circuitry burnout of electrical 
components.

A way to prevent charge build-up is to ensure that 
satellites are electrically conductive on all external surfaces. 
This conflicts with the use of thermal-control paints, 
normally dielectric materials, which are often applied to the 
spacecraft bodies or appendages for temperature control. 
If, however, the paint has some additive to make it slightly 
conductive, it fills the dual role of thermal control and 
charge build-up inhibition. The possibility of having to

c.f.r.p. 
reflector

,- transmit horn

3dB coupler

swept-frequency 
oscillator

Fig. 28 Swept-frequency measurement arrangement for recording 
small gain differences
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apply this type of paint to spacecraft antennas gave rise to 
doubts about the effect on reflector systems; it was feared 
that gain losses might occur as a result of the low con 
ductivity of the paint. This led to a measurement study 59 
similar to that carried out for the c.f.r.p. reflectors, and the 
use of the measurement system of Fig. 28 with a particular 
conductive thermal-control paint. An ordinary metal 
reflector was used this time at the test channel end, and it 
was initially coated with the conductive thermal-control 
paint. After a recording was made on the XY plotter, the 
paint was removed with chemical paint stripper and then 
another trace recorded on the plotter. Fig. 29 shows the 
result of measurements with a particular paint over an 
8-12 GHz frequency range. It was seen that the gain loss 
was smaller than 0-1 dB and therefore acceptable at these 
frequencies.

5.5 Effects of body-mounted solar panels at v.h.f.

As already stated earlier, v.h.f. satellite-antenna systems are 
effectively not just the monopoles. The mechanism by 
which radiation occurs is that the monopoles excite currents 
on the spacecraft body and the whole thing, i.e. spacecraft 
plus monopoles, is the source of the far-field radiation. 
Quite often, satellite bodies are covered in solar panels, 
and therefore it might be thought that, due to the semi 
conducting nature of the solar cells, surface current losses 
would lower the efficiency of the 'satellite body and 
monopoles' radiating system. In fact this does not happen 
if the solar cells are situated above a metal surface (see 
Nichols, 2 page 8).

Measurements to verify this were carried out by the 
author on the ESTEC antenna test range using a full-size 
cylindrical metal satellite model with a monopole antenna, 
and in which one body panel could be removed and 
replaced with a solar panel (see Fig. 30). Measurements 
were made by monitoring the radiation patterns of the 
satellite at various 0 angles; that is, 'conical cut' radiation 
patterns were recorded. These were made with and without 
the solar panel present. If the panel had been lossy, it 
would have caused a level reduction in the corresponding 
part of the radiation patterns, but in fact, no effects were 
seen, and it was concluded that at v.h.f., the solar panel 
acted identically to a metal one. The particular solar panel 
used for this investigation was a spare from the ESA GEOS 
satellite programme.

5.6 Rocket-engine exhaust plume measurements

How does a rocket-engine exhaust plume affect electro

reflecter surface 
clean

reflecter 
surface painted

10 11 
frequency. GHz

Fig. 29 . Gain difference recording made during a conductive 
thermal-control paint investigation
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magnetic waves? Is it transparent, partially transparent or 
completely opaque? This question is important for situ 
ations such as apogee boost motor firing where a large 
plume could cause the loss of communication links, and has 
been investigated by Golden, Taylor and Vicente. 60

On the basis of data obtained during TITAN IIIC flights 
and 40:1 scale model measurements in an anechoic chamber, 
these researchers have established that an exhaust gas plume 
can be represented or modelled, at least to a fair degree of 
accuracy, by a single metallic disc located transversely 
across the volume that would be occupied by a plume and 
with the same external dimension. The application of 
diffraction theory can then be used to predict the effects 
on incident waves and the subsequent impact on the 
communication link.

5.7 Crosspolarisation measurements

The use of polarisation diversity antennas with communi 
cations satellites has produced a greater interest in antenna 
Crosspolarisation performance and in crosspolarisation 
measurement. With the type of antennas used for this appli 
cation, Ludwig's third definition of crosspolarisation is 
appropriate. 61 Measurements are often required down to 
levels of — 60 dB below the copolar level. Such measure 
ments can be very difficult, especially with regard to 
mechanical alignment, although the measurement problems 
for linear crosspolarisation are different from those 
encountered with circular crosspolarisation. Some 
comments on the practical aspects of crosspolarisation 
measurement are given below.

Alignment is the main problem with linear crosspolar 
isation measurements. Fig. 31 illustrates a linear cross- 
polarisation measurement system where the remote antenna 
is rotated about its longitudinal axis to be orthogonally 
polarised to the test antenna. £\ and E-j, represent the 
aperture electric-field unit vectors of the two antennas. The 
accuracy to which this rotational positioning must be 
accomplished is illustrated in Fig. 32 and it can be seen that

v.h.f. monopole 
antenna

solar panel, 
interchangeable 
with a metal one

Fig. 30 Experimental arrangement used to determine radiationMg. JU experimental arrangement usea to determine 
losses at v.h.f. associated with body-mounted solar panels
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an alignment accuracy of the order of ± 0-05° is necessary 
for crosspolar measurements down to -60dB. In practice, 
this accuracy may be obtained by rotating the remote 
antenna through a step-down gearbox so that very small 
movements can be made. Also, alignment is generally 
carried out on a crosspolar null, such as often exists on the 
boresight of an antenna system.

Linear crosspolarisatiori can only be measured as shown 
in Fig. 31 if the remote antenna itself has good cross- 
polarisation properties, i.e. if the boresight crosspolarisation 
level is negligibly low. Precisely made (e.g. electroformed) 
low-flare-angle fundamental mode pyramidal horns are 
often used for this purpose. If, however, the horn is poorly 
made, unwanted copolar to crosspolar mode generation 
may occur within the horn. In such a case, a wire grid across 
the aperture of the horn can be used to filter out some of 
the unwanted crosspolar component, although in practice 
an improvement of only about 6dB would seem to be 
achievable without also reducing the copolar level.

Accurate direct circular crosspolarisation measurement 
is difficult because of the need for accurate polarisers. 
These should, of course, be capable of producing circular 
polarisation purity considerably better than the crosspolar 
level to which measurements are to be made. Typically, 
then, polarisers with crosspolarisation levels of perhaps 
-70dB are required. Unfortunately, it is very difficult, if 
not impossible, to achieve this sort of performance over a 
reasonable bandwidth, and in practice, polariser compen 
sation of some sort may be used such as with the arrange 
ment shown in Fig. 33. Here, unwanted crosspolarisation 
from the polariser is compensated for in the following

measurement 
rotation

Fig. 31 Crosspolarisation measurements with linear polarisation

,-30-

5-40-

£
a-50-

-60 88° 89° 90°
r

92°

Fig. 32 Linear crosspolarisation measurements orthogonality 
graph for two coaxially aligned antennas, each with zero crosspolar 
isation components on boresight
r is the angle between £, and E,, as shown in Fig. 31 
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way. The slightly elliptically polarised transmitted wave is 
reduced to two linearly polarised components with their 
nearly quadrature phase difference, using an orthogonal 
model transducer (o.m.t.). These components are then 
modified slightly in amplitude and phase so that when they 
are recombined, the unwanted circular crosspolarisation 
component is compensated for. This again is a system that 
requires the knowledge of a polarisation null for setting 
up, and when the antennas are mechanically aligned to that 
null (in practice, usually on boresight) the attenuators and 
the phase shifter are adjusted to give a zero output on one 
port of the magic T (the crosspolar port); the other port is 
then the copolar port. Of course, when the crosspolar port 
is being monitored, the other must be terminated in a 
matched load rather than being left open.

Finally, Fig. 34 gives an impression of the difficulty in

attenuator
orthogonal mode 
transducer

\

polariser

attenuator

Fig. 33 One arrangement for accurate circular crosspolarisation 
measurements using a nonperfect polariser

Fig. 34 Illustration of the available (and necessary) movements 
required for component alignment on an experimental model of a 
t.v. broadcast satellite double-offset antenna system
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setting up and in making crosspolarisation (and even 
copolarisation) measurements on an antenna system with 
several components, all of which must be correctly and 
accurately aligned with respect to each other. This diagram 
shows the available movements on an experimental double 
offset t.v. satellite antenna that was recently investigated. 62 
With the arrangement shown, the inner framework rotated 
within the out framework, so that different radiation 
pattern 'cuts' could be made. There were no less than 19 
separate movements associated with this rig.

6 Concluding remarks

It is hoped that this review paper has covered all of the 
measurement techniques and types of test range that have 
been developed for, or are applicable to, satellite antennas. 
Some of these techniques, in particular the spherical 
scanning and cylindrical scanning near-field methods, are 
still under development and the ultimate accuracy obtain 
able with n.f.f.f. methods has still to be determined. It is 
clear, however, that near-field and intermediate-distance 
techniques will become more widely applied in the future; 
this must occur if, as seems likely, operating frequencies 
are raised and antenna diameters become larger. At the 
same time, it should be remembered that the majority of 
satellite-antenna measurements are direct measurements 
made in the conventional way using either elevated mode 
or ground reflection mode test ranges. In the forseeable 
future, it is doubtful that indirect methods will take over 
the role of direct measurements in situations where direct 
measurements can be conveniently used. Conventional 
far-field measurements are usually simpler, quicker and give 
immediate results. It is probably fair to say that they are 
also more versatile for development work and for final 
adjustments, for example the fine positioning of a feed for 
a reflector-antenna system. For this reason, the modern 
developments of conventional ranges are of considerable 
interest. Without much doubt, as a general purpose test 
range par excellence for nearly all antenna types, the 
elevated semi-open anechoic chamber is a particularly fine 
example as it combines the simplicity and versatility of 
elevated mode working with the environmental protection 
of the anechoic chamber.

As this review has been from a European viewpoint, a 
final appropriate comment concerns the calibration of gain 
horns. Accurate gain standards are essential for satellite- 
antenna measurements, but unfortunately, at the time of 
writing, there is no gain horn calibration service in Europe. 
At present, horns have to be sent to the National Bureau of 
Standards in the USA where calibrations are carried out 
using the 'three antennas' method.63 The availability of this 
type of service in Europe is well overdue.

7 Acknowledgments

Although any opinions expressed in this paper are the 
author's alone, a number of people have helped in the 
preparation of this review, mainly by supplying diagrams 
and photographs, but also by giving information and 
reading and commenting on the draft manuscript. In 
particular, the author would like to thank M. Sweeting and 
Q.V. Davis of the University of Surrey, J. Aasted and 
N.W.T. Neale of the European Space Agency, Noordwijk, 
Holland, F. Voyner of the British Aerospace Dynamics 
Group, Stevenage, England, R.W. Hogg of the Royal 
Aircraft Establishment, Farnborough, England, C.

Ancona of STAREC, Massy, France, K. Koob and B. 
Liesenkotter of Messerschmitt-Bolkow-Blohm GmbH, 
Ottobrunn, W. Germany, and the author's ex-colleagues at 
ERA Technology Ltd., Leatherhead, England.

The author would also like to acknowledge assistance 
from the University of Surrey AVA Unit.

8 References

1 JACKSON, R.B.: 'The canted turnstile as an omnidirectional 
spacecraft antenna system'. NASA Report X-712-67^41, 1967

2 NICHOLS, S.: 'Satellite turnstile antennas', Naval Research 
Laboratories (Washington) Report 6907, 1969

3 GREGORW1CH, W.S.: 'A tangential turnstile antenna for 
spacecraft". Proceedings of the IEEE APS Symposium, 1974, 
pp. 207-209

4 KEEN, K.M.: 'V.H.F. turnstile antenna performance as a function 
of antenna geometry on large cylindrical satellites', Electron. 
Lett., 1977, 13, pp. 654-656

5 ANCONA, C., and DO-BOI, H.: The Symphonic satellite VHP 
circularly polarised antenna with toroidal pattern' in 'Antennas 
for aircraft and spacecraft'. IEE Conf. Publ. 128, 1975, 
pp. 148-153

6 K1LGUS, C.C.: 'Shaped conical radiation pattern performance 
of the backfire quadrifilar helix' in 'Antennas for aircraft and 
spacecraft', ibid.. 1975, pp. 154-159

7 BRAIN, D.: 'S-band telemetry antenna systems for scientific 
satellites' in 'Antennas for aircraft and spacecraft', ibid., 1975, 
pp. 64-67

8 ANCONA, C.: 'A hemispherical coverage conical spiral antenna 
and its aerospace applications' in 'Aerospace antennas', IEE 
Conf. Publ. 77,1971, pp. 43-48

9 RUMSEY, V.H.: 'Frequency independent antennas' (Academic 
Press, 1966), chap. 4

10 ALBERTSEN, N.C., BALLING, P., and LAURSEN, F.: 'New 
low gain S-band satellite antenna with suppressed back radi 
ation'. Presented at the European Microwave Conference, 1976, 
pp. 359-363

11 KREUTEL, R.W., DIFONZO, D.F., ENGLISH, W.J., and 
GRUNER, R.W.: 'Antenna technology for frequency re-use 
satellite communications' Proc. IEE, 1977, 65, (3), pp. 370-378

12 RUDGE, A.W.: 'Offset parabolic reflector antennas'. Course 
notes for 'Reflector antenna theory and computation', Uni 
versity of Southern California, 1976

13 RUDGE, A.W.: 'Study, design, construction and evaluation of a 
multiple beam antenna'. ERA RF Technology Centre Report, 
1975, under ESTEC contract 2277/74HP

14 RUDGE, A.W., PHILIPPOU, G.Y., and WILLIAMS, N.: 'Low 
cross polar waveguide horns for multiple-feed reflector antennas' 
in 'Antennas and Propagation', IEE Conf. Publ. 169, 1978, 
pp. 360-363

15 DORO, G., and SAITTO, A.: 'Dual polarisation antennas for 
OTS' in 'Antennas and spacecraft'. IEE Conf. Publ. 128, 1975, 
pp. 76-82b

16 AJIOKA, J.S., and HARRY, H.E.: 'Shaped beam antenna for 
Earth coverage from a stabilised satellite', IEEE Trans., 1970, 
AP-3, pp. 323-327

17 WOOD, P.J.: 'Shaped beam reflector design for Earth coverage 
applications' in 'Antennas for aircraft and spacecraft'. IEE 
Conf. Publ. 128, 1975, pp. 47-52

18 HORWATH, L., LIESENKOTTER, B., and TYMANN, G.: The 
antenna system of the HELIOS solar probe'. Proceedings of the 
international telemetering conference, Los Angeles, Vol. 10, 
1974, pp. 40-50

19 HOGG, R.W.: 'Measurement techniques for satellite VHP 
telemetry antennas'. ESTEC workshop on antenna testing 
techniques, ESA SP127, 1977, pp. 77-83

20 HOLLIS, J.S., LYON, T.J., and CLAYTON, L., (ed.): 'Micro 
wave antenna measurements' (Scientific Atlanta Inc., 1970)

21 FORD, E.T.: The ground reflection mode used on an antenna 
test site for VHP and UHF measurements' in 'Aerospace 
antennas'. IEE Conf. Publ. 77, 1971, pp. 89-97

22 KOOB., K., and LIESENKOTTER, B.H.C.: 'The semi-open 
anechoic chamber of the MBB antenna test facility'. ESA 
workshop on antenna testing techniques, ESASP127, 1977, 
pp. 9-13

23 VOYNER, Z.F., and DRAPER, D.: 'Design and evaluation of the 
rf anechoic chamber at H.S.D.'. ibid., pp. 15-20

IEE PROC, Vol. 127, Pt. A, No. 7, SEPTEMBER 1980 433



24 SROKA, P.J.: 'Monograph saves time on converting antenna 
gain', Micro waves, 1974, 13, pp. 54-55

25 KEEN., K.M.: 'Computer program system for evaluating partial 
and total antenna directivities from measured data' Proc 1EE 
1977, 124, (12), pp. 1117-1120

26 IEEE Standard Definitions of Terms for Antennas', IEEE Trans., 
1969, AP-7, pp. 262-269

27 SILVER, S.: 'Microwave antenna theory and design' (McGraw- 
Hill, 1949), chap. 15

28 MOELLER, A.W.: The effect of ground reflections on antenna 
test range measurements', Microwave J., 1966, 9, pp. 47-54

29 RUDGE, A.W.: 'Antenna radiation measurements at ERA's 
RF Technology Centre'. ESTEC Workshop on antenna testing 
techniques, ESA SP127, 1977, pp. 53-56

30 JANSSEN, M.A., BEDNARCZYK, S.M., GULKIS, S., MARLIN, 
H.A., and SMOOT, G.F.: 'Pattern measurements of a low side- 
lobe horn antenna', IE£E Trans., 1979, AP-27, pp. 551-555

31 APPEL-HANSEN, J.: 'The radio anechoic chamber of the 
Technical University of Denmark and its evaluation'. ESTEC 
Workshop on antenna testing techniques, ESA SP127, 1977, 
pp. 37-43

32 APPEL-HANSEN, J.: 'Reflectivity level of radio anechoic 
chambers', IEEE Trans., 1973, AP-21, pp. 490-498

33 RICARDI, L.J.: 'Communication satellite antennas', Proc. IEE, 
1977,65, (3), pp. 356-369

34 AASTED, J.: 'Antenna and propagation work in ESA' in 
'Antennas and propagation'. IEE Conf. Publ. 169, 1978, 
pp. 230-231

35 COWAN, J.H.: 'A shaped beam antenna for a maritime com 
munications satellite' in 'Antennas for aircraft and spacecraft'. 
IEE Conf. Publ. 128, 1975, pp. 101-106

36 WOOD, P.J., and LOCKETT, N.J.: 'A new type of test range for 
satellite antenna polar diagram measurements' in 'Antennas for 
aircraft and spacecraft'. 1EE Conf. Publ. 128,1975, pp. 186-191

37 JOHNSON, R.C., ECKER, H.A., and MOORE, R.A.: 'Compact 
range techniques and measurements', IEEE Trans., 1969, AP-17, 
pp. 568-576

3.8 WOONTON, G.A., BORTS, R.B., and CARRUTHERS, J.A.: 
'Indoor measurements of microwave antenna radiation patterns 
by means of a metal lens',/. Appl. Phys. 1950, 21, pp. 428-430

39 OLVER, A.D., and TONG, G.: 'Compact antenna range at 
IS GHz', Electron. Lett., 1977, 13, pp. 223-224

40 KEEN, K.M.: 'A measurement technique for modelling the 
effects of feed support struts on large reflector antennas', IEEE 
Trans., 1980, AP-28, (to be published in July)

41 JOHNSON, R.C., ECKER, H.A., and HOLLIS, J.S.: 'Deter 
mination of far-field antenna patterns from near field measure 
ments', Proc. IEEE, 1973, 61, pp. 1668-1694

42 HANSEN, J.E.: 'Near field/far field antenna test techniques - 
general presentation of concepts'. ESTEC workshop on antenna 
testing techniques, ESA SP127, 1977, pp. 109-114

43 WACKER, P.P., and NEWELL, A.C.: 'Advantages and disadvan 
tages of planar, circular cylindrical, and spherical scanning and 
description of the NBS antenna scanning facilities', ibid., 
pp. 115-121

44 JENSEN, F.: The spherical near-field far-field technique and its 
application to satellite antennas', ibid., pp. 150—158

45 VOYNER, Z.F.: 'Development of cylindrical near field trans

formation (CNFT) antenna measurement facility - phase I 
final report'. British Aerospace Dynamics Group TP7774, 1979

46 LARSEN, F.H.: 'Probe correction of spherical near field 
measurements of a satellite model'. ESTEC workshop on antenna 
testing techniques, ESA SP127, 1977, pp. 122-128

47 KEEN, K.M., BENNETT, J.C., and WOOD, P.J.: 'Intermediate 
distance antenna measurement techniques' in 'Antennas and 
propagation'. IEE Conf. Publ. 169, 1978, pp. 106-110

48 BENNETT, J.C., ANDERSON, A.P., McINNES, P.A., and 
WHITAKER, A.J.T.: 'Microwave holographic metrology of large 
reflector antennas', IEEE Trans., 1976, AP-24, pp. 295-303

49 WOOD, P.J.: The MAROTS antenna measurement facility'. 
ESTEC workshop on antenna testing techniques, ESASP127, 
1977, pp. 69-76

50 KEEN, K.M.: 'An interference pattern intermediate distance 
antenna measurement technique', IEE J. Microwave Opt. & 
Acoust. 1978, 2, (4), pp. 113-116

51 ANDERSON, A.P., BENNETT, J.C., WHITAKER, A.J.T., and 
GODWIN, M.P.: 'Measurement and optimisation of a large 
reflector antenna by microwave holography' in 'Antennas and 
propagation'. IEE Conf. Publ. 169, 1978, pp. 128-131

52 WOOD, P.J.: The prediction of antenna characteristics from 
spherical near field measurements - part II, experimental 
validation', Marconi Rev. 1977, pp. 117-155

53 JENSEN, F.: 'SNIFT - computer program for spherical near- 
field far-field technique'. Appendix E to Ticra Final Report 
S45-01 under ESTEC contract 2478/75 AK

54 BRAIN, D.J.: 'In-orbit pattern measurements of the European 
orbital test satellite' in 'Antennas and propagation'. IEE Conf. 
Publ. 169,1978, pp. 273-277

55 KEEN, K.M., and MAREIS, H.: The radiation characteristics 
of a metallic launch vehicle fairing with rf windows' in 
'Antennas for aircraft and spacecraft'. IEE Conf. Publ. 128, 
1975, pp. 70-75

56 KEEN, K.M.: 'Gain loss measurements on a carbon fibre com 
posite reflector antenna', Electron. Lett., 1975,11, pp. 234-235

57 KEEN, K.M.: 'Surface efficiency measurements on a high 
modulus caibon fibre composite reflector antenna at L- and 
S-band frequencies', ibid., 1976, 12, pp. 160-161

58 KEEN, K.M., MOLETTE, P., PIEPER, B., HERKERT, C.M., and 
SCHAEFER, W.: 'Development and testing of a new CFRP 
reflector design'. Raumfahrtforschung, Band 20, Heft 4, July/ 
August 1976, pp. 173-181

59 KEEN, K.M.: The effect of thermal control paint on spacecraft 
antenna performance', Electron. Lett., 1975, 11, pp. 412-413

60 GOLDEN, K.E., TAYLOR, E.G., and VICENTE, F.A.: 'Dif 
fraction by rocket exhausts', IEEE Trans., 1968, AP-16, 
pp. 614-616

61 LUDWIG, A.C.: The definition of cross polarisation', ibid., 
1973, AP-21, pp. 116-119

62 ADATIA, N., KEEN, K.M., WATSON, B.K., CRONE, G., and 
DANG, N.: 'Study of an antenna system for an experimental 
TV satellite'. ERA RF Technology Centre Report RFTC 420877, 
1979, under ESA contract No. 3285/77/NL/AL(SC)

63 NBS STAFF.: 'More accurate antenna calibration developed', 
Telecommun. J., 1974, 41, pp. 422-423

;K.M. Keen After gaining a London 
University B.Sc. with first class honours 
in 1969, Mr. Keen spent a year at the 
Nuffield Radio Astronomy Labora 
tories, Jodrell Bank, from which he 
subsequently obtained a University of 
Manchester M.Sc. degree. It was during
th^ time that he f""st became actively 
involved with antennas, and this 
involvement has continued until the 
present. From 1970, he spent three 

years in the Antenna Department of the GEC-Marconi 
Research Laboratories where he was concerned with

virtually all aspects of antenna-system research and devel 
opment. In 1973, he joined the Antennas and Propagation 
Section of the European Space Research and Technology 
Centre (ESTEC) in Noordwijk, Holland. At this establish 
ment he had responsibility for the antenna-measurements 
facility and was involved with spacecraft-antenna devel 
opment within European industry. He returned to England 
in 1977 and was a consultant antenna engineer to ERA 
Technology Ltd. in Leatherhead. In 1979, he joined the 
University of Surrey in Guildford, as a lecturer in the 
Department of Electronic & Electrical Engineering. He 
continues to maintain an interest in antennas via the 
UOSAT satellite project and various research studies.

434 IEE PROC, Vol. 127, Ft. A, No. 7, SEPTEMBER 1980



Publication P27. K.M. KEEN and A.K. BROWN,
Techniques for the measurement of the 
cross-polarization radiation patterns of 
linearly polarized, polarization diversity, 
satellite ground station antennas. 
Proceedings IEE, Vol. 129, Part H, No. 3, 
June 1982, pp 103-108.



Techniques for the measurement of the
cross-polarisation radiation patterns of linearly

polarised, polarisation-diversity satellite
ground-station antennas

K.M. Keen, B.Sc. (Hons.), M.Sc., C.Eng., M.I.E.E., and A.K. Brown, B.Sc. (Hons.)
Indexing terms: Antennas, Measurement and measuring

Abstract: Techniques are presented for the measurement of the cross-polarisation patterns of linearly 
polarised, frequency re-use ground-station antennas, using a communications satellite as the remote end of 
the measurement link. Both receive- and transmit-mode cross-polarisation pattern measurements are con 
sidered. In both cases, it is shown that an additional antenna with good boresight cross-polarisation character 
istics is required for calibration. Correction factors which allow the true cross-polarisation patterns to be 
computed are derived.

1 Introduction

With the advent of the large communications satellites which 
employ frequency re-use (polarisation diversity) to increase 
the available channel capacity, there has become a need for 
an accurate means of determining the cross-polarisation 
performance of polarisation-diversity ground-station antennas. 
The levels of isolation between orthogonal channels of both 
the ground antenna and the satellite antenna are critical 
parameters for frequency re-use systems, and antennas in 
both the space and ground segments are designed to have 
low cross-polarisation characteristics. As regards antenna- 
performance testing, however, although there are a number of 
techniques for measuring the co- and cross-polar patterns of 
satellite antennas [1], the accurate recording of similar pat 
terns for ground-station antennas is made difficult by the 
size involved — typically 15 m for an uplink/downlink terminal 
antenna working at the 11 and 14 GHz frequencies. Conven 
tional direct pattern measurements are precluded by the 
very long range lengths needed for far-field approximation; 
even if very long ranges were available, the multipath reflec 
tion levels would cause unacceptable measurement errors. 
The only applicable wholly terrestrial measurement methods 
would seem to be the intermediate distance techniques [2]. 
These have been used for co-polar pattern measurements 
on ground-station antennas, and cross-polar pattern measure 
ments would appear to be feasible also, although more diffi 
cult.

Nonterrestrial methods of pattern evaluation have an 
advantage over terrestrial methods in that far-field distance 
conditions are met and the ground-station antenna concerned 
would be evaluated at, or near to, the normal working elev 
ation and therefore under the normal conditions of antenna 
structure deformation. Non-terrestrial methods consist of 
either satellite-linked measurements in which a satellite is 
used as a beacon or as a receiver for conventional direct 
pattern measurements, or astronomical methods using cosmic 
sources [3]. As regards the latter, however, the polarisation 
content of the flux from cosmic radio sources is insufficiently 
pure for cross-polarisation measurements.

It would seem, then, that direct measurements using a 
satellite offer the best method of determining ground-station 
antenna cross-polarisation patterns. There are, however, prob 
lems inherent with such measurements, mainly caused by 
depolarisation and phase dispersion along the satellite/ground
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station propagation path. These problems are considered 
here for the case of dual linear-polarisation frequency re-use 
systems (as will be used for many European satellites) and 
techniques for cross-polarisation measurements are proposed. 
A technique for circular-polarisation frequency re-use systems, 
as are used on US satellites, has been described by DiFonzo 
[4]. His method utilises a reference antenna which character 
ises the received wave at the ground. It will be shown that 
the same approach must be adopted for the linear-polarisation 
case also. Another published account of circular-polarisation 
ground-station cross-polarisation measurements using a satel 
lite is due to Kreutel et al. [5]. These measurements were, 
however, made under fortuitous conditions in which the 
circularly polarised wave transmitted from the satellite was 
found to have a low cross-polarisation content when received 
at the ground. Direct measurements were therefore made 
without the application of any correction factors.

2 Dual-channnel cross-polarisation

Before considering measurement techniques it is necessary 
to consider what 'cross-polarisation' means in the context 
of an antenna with two separate and orthogonally polarised 
feed ports. This has been described in detail elsewhere [11] 
and will only be briefly reviewed here.

As far as the vector field directions are concerned (as a 
function of 'look' angle from boresight) it is clear that the 
well known 'third definition of Ludwig' [6] is applicable 
and defines the cross-polar field associated with any co-polar 
field. This definition has been shown to correspond to the 
quantities that are measured on a normal antenna test range. 
Wood [7] has shown that, using the above definition, if two 
orthogonally polarised sources with coincident boresights 
each launch a co-polarised field, then the two radiated field 
vectors will be orthogonal at all points in space. This property 
is, of course, fundamental to the concept of frequency re-use.

co-polor/cross-pdar
orientation / 

remote ^ 
antenna

(~\~) test antenna ^~~^ rotation

Fig. 1 Cross-polarisation measurements with linear polarisation and 
a single-channel test antenna
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Fig. 1 illustrates the measurement geometry normally 
used for cross-polarisation measurements ort a one-port 
linearly polarised antenna such as a pyramidal horn with a 
rectangular waveguide feed. The co-polar and cross-polar 
patterns are for the same plane and the same (and only) 
channel, and are determined by rotating the remotely linearly 
polarised antenna about its axis. As only one channel exists 
in the test antenna, we may call measurements of this sort 
'single-channel cross-polarisation measurements'.

Although single-channel cross-polarisation measurements 
may be applied to each channel of an orthogonal two-channel 
antenna, Ghobrial [8] has shown that, in the ground-station 
receive mode, this is not appropriate. He maintains that 
a definition should be adopted for cross-polarisation which 
predicts the worst possible interference that can occur in 
a frequency re-use link due to the antenna system. Using 
Fig. 2, the definition is as follows. With the transmitting 
satellite antenna polarised along some reference axis, say the 
x axis, the receiving antenna is adjusted to 'look' at the trans 
mitter, and the feed antenna is oriented to be polarised along 
the x axis. Co-polar E and H plane radiation patterns can then 
be taken by rotating the ground antenna in the x-z and y-z 
planes. The corresponding cross-polar patterns are the same 
except that the feed antenna on the ground station is 
re-oriented along they axis.

satellite with 
antenna polarised 
in x- direction

Fig. 2 On the definition of cross-polarisation with frequency re-use 
antennas

Based on the above, 'dual-channel cross-polarisation' can 
be described in the following way for a ground-station antenna 
with a coaxially rotatable feed system composed of a dual 
mode horn and an ortho-mode transducer (OMT). If a purely 
linearly polarised wave is incident on a dual-polarised ground- 
station antenna and the antenna feed is aligned with channel 
1, co-polar to the wave, then its channel 2 is orthogonal to 
the wave. If the antenna, OMT etc. are imperfect, as is the 
case in reality, a cross-polarised component would be received 
in channnel 2. Thus, in principle, dual-channel cross-polaris 
ation is measured by rotating the antenna for a desired pattern

'eut', with the feed aligned so that one feed port produced 
a • co-polar pattern and-the other port gives the corresponding 
cross-polar pattern.

In the transmit-mode case, the quantity of interest is 
again the cross-channel interference, and cross-polarisation 
can be defined as the ratio of the signal levels in the two 
polarisations when a single ground-station input port is 
energised. Thus, with a perfect receiving antenna on the 
satellite and assuming no atmospheric depolarisation etc., 
a direct measurement of cross-polarisation could be carried 
out, in theory at least, by recording the signal at one satellite 
antenna channel, with the other channel being arranged to 
be in alignment with the co-polar ground-station signal.

3 Receive-mode cross-polarisation measurements

In the ground-station receive mode, it would seem that co- 
and cross-polarised radiation patterns could be recorded by 
aligning the antenna feed assembly to a wave from a satellite 
beacon, and monitoring the two feed ports. In practice, 
however, the linearly polarised wave from the satellite would 
not be pure and this would lead to erroneous cross-polar 
patterns. It is the purpose of this Section to consider the 
errors and to derive a correction factor which, with some 
extra ancillary measurements, could be employed to yield 
the true cross-polar patterns of the ground station.

Suppose that the continuous line plots of Fig. 3 represent 
a set of real co- and cross-polarised radiation patterns of 
the ground station. If the satellite beacon wave which is 
used for the measurements is not perfectly linearly polarised 
and contains a small cross-polarisation component, then, 
although this small component would not be significant as 
regards co-polar pattern measurements and would cause 
negligible error, the error introduced to the cross-polar pattern 
measurement would be significant. The effect of the cross- 
polarised component of the wave would be to give an 'offset' 
or false relative level to the recorded cross-polar pattern 
level, of some value as illustrated by the dashed plot of Fig. 3. 
To derive a correction factor for X in terms of measurable 
quantities, it is first necessary to consider the nature of the 
received wave.

actual co-polar 
pattern

v /"^measured
\ ' cross-polar pattern

actual
cross-polar pattern

-40-

angle from boresight, degrees

Fig. 3 Cross-polarisation pattern measurement error caused by 
imperfectly polarised receive wave

Assuming that the satellite transmits a single-frequency 
beacon signal from one channel alone, then the co-polarised 
component of this beacon signal at the ground would have 
some orientation about its propagation vector which would
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depend on the orientation of the satellite and on the extent 
of Faraday rotation which occurred along the propagation 
path. The wave arriving at the ground would consist of co- 
and cross-polarised components which contained the resolved 
components generated by the various hardware and propa 
gation-path imperfections. These two components could have 
any value of relative phase.

As in Fig. 4a, we may assign orthogonal x and 7 axes to 
the cross-polarised and co-polarised wave components at the 
ground. However, because there is some phase difference 
between the field components on these axes, the components 
would combine to form a polarisation ellipse which would 
have some value of tilt angle r relative to the axes. The value 
of T would depend on the magnitudes and relative phase of 
the field components. Thus, at first sight, it would seem that 
by making a conventional polarisation diagram measurement 
[9] of the wave with a rotating antenna, it would be possible 
to establish T and the ratio \Emm \l\Emln \, giving also then 
the phase difference 6. These values could then be used for 
a simple direct correction of measured cross-polarisation 
patterns.

Unfortunately, in practice it would not be possible to 
find the tilt angle (and therefore the phase angle 6) as the 
x and y axes cannot be determined. All that can be done at 
the ground, as far as orientation is concerned, is to find 
the major and minor axes of the polarisation ellipse. In fact, 
this is all that is necessary, as, for measurement purposes, one 
would not strictly seek the y and x axes, but would use the 
'perceived' co- and cross-polar wave components, i.e. the 
maximum and minimum received components as a function

Ey= Ey COS (

X = |E,| cos(out-(3z-6)

of feed orientation. In other words, if the major and minor 
axes components of the wave are represented as

F = \E \ el&m **'••max l c moxl e

and
_ IE- \J&mtn — \ t-'mln\ e

then these perceived co- and cross-polar components are the 
ones, with which measurements would be carried out in prac 
tice.

An interesting and useful property of these components 
is that they differ in phase by 90° [10] ; in other words

16, .-6,

This implies that it would not be necessary to carry out a 
separate phase measurement to characterise the wave; a 
conventional rotating antenna measurement which gave a 
polarisation plot as in Fig. 4b would be sufficient.

Having considered the nature of the imperfect signal with 
which measurements would be carried out, it is now possible 
to derive a correction factor for the measured cross-polar 
pattern.

A ground-station antenna of the type being considered 
would have two orthogonal receive channels which may be 
called channels 1 and 2. Co- and cross-polar pattern measure 
ments would be carried out by aligning, say, channel 1 with 
Emax to give tne maximum received signal; the Emin 
component would then also be aligned with channel 2. As 
shown in Fig. 5, antenna-system gain functions may be 
assigned for each channel and for each polarisation 
component. Hence j?f° is the system gain function (a complex 
transfer function) in channel 1 and associated with Emax 
which is aligned with it, and £fro™ is the system gain function 
in the same channel and associated with£"min which is orthog 
onal to it, and so on. The reason for assigning pairs of gains 
in this way is, of course, because the antenna response in 
either channel is not perfectly linearly polarised. It is assumed 
here that, for radiation-pattern measurements, field strengths 
or intensity levels would be monitored somewhere in the 
ground-station RF system, probably at the ends of the wave 
guide runs from the feed OMT. The gain values shown in 
Fig. 5, therefore, are attributable to the antenna system 
down to the monitoring points; the gains are, of course, 
complex quantities since they must also contain insertion 
phase terms. This is important as the phase path lengths of 
channel 1 and channel 2 may be different.

.Em m -92"
co- and cross-polarised antenna boresight antenna boresight 
received field strengths response to co-polar response to cross-polar

polarisation ellipse

vollagetfield strength) system gain functions

Fig. 5 Antenna gain functions for the two channels, which can be 
assigned to the incident co- and cross-polarised components

In channel 1, the co-polar aligned channel, the total bore- 
sight monitored field strength can be written as

Fig. 4 Perceived polarisation content of the imperfect beacon wave but as \Emin \ would be at least 25 dB below \Emax \ and
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because £fro* would also be about 25 dB below yf

In channel 2, the cross-polar channel, no such approximation, 
can be made for the boresight response as it has two 
components in it of about the same magnitude. If £2 is 
the total monitored field strength, then this can be written:

Using the complex exponential notation for convenience, 
the amplitude and phase values of all terms in the analysis 
will now be considered.

Let 6 represent the relative phase between the received 
fields EI and £, ; then, using £", as the phase reference, we 
can write

*, = |*,|<r* = |E, |
*, = |*,|e*

assuming a phase path-length difference of A between channel 
2 and channel 1, then, using channel 1 as a reference, we can 
write

ft" =

Also, if we assume that the OMT channels have similar losses 
and that the lengths of the waveguide runs from the OMT 
are not too dissimilar, then

Iff"! - I*"I

to a good approximation.
Finally, we know that the incident fields are in phase 

quadrature, so we may write

^ max — l^moxl^ — I^moxl

Leaving out most of the mathematical derivation which has 
been given elsewhere [11], it can be shown that, using the 
above, an expression involving |*2 | can be derived as follows:

1*2 I 2 = l*«»,i |2|~C 
l 162

CO2

This can be divided by an expression for 
an earlier equation to give

derived from

1*1

J*, 
!*„

mini 1*2°
\g?

There are two things to notice in this equation. First, the 
term on the left-hand side represents the actual (erroneous) 
recorded cross-polar level. Secondly, the second term on the 
right-hand side represents the wanted (true) cross-polarisation 
level, as can be seen from Fig. 5. If, as in Fig. 3, we call this 
X, we get the simple result that

X —

equation, the receive-mode measurement method may now 
be described. Co- and cross-polar radiation patterns would 
first be recorded with the ground-station antenna (Fig. 6a) 
by aligning the horn and monitoring the intensity levels at 
the co- and cross-polar OMT ports as a function of antenna 
rotation. The recorded cross-polar patterns would be, of 
course, at an erroneous level at this stage. Wave sampling 
would then be carried out as in Fig. 6b using the high-polaris 
ation-purity linearly polarised ancillary antenna, by axiaUy 
rotating this antenna and noting the value of |£'mjn |2 /|£'maj[ | 2 
of the polarisation ellipse.

ground-station 
antenna

/ satellite 
wave

satellite 
wave /

ancillary 
antenna

antenna 
rotation /

' In

Fig. 6 Cross-polarisation pattern measurement method in the receive 
mode
a ground station antenna measurements
6 wave-sampling measurements with an ancillary antenna

4 Transmit-mode cross-polarisation measurements

In this Section, one possible method by which transmit-mode 
measurements may be made is proposed. Such measurements 
would be more complicated and difficult to carry out than 
receive-mode measurements, as an uplink and a downlink 
plus a second ground station would be involved, as shown in 
Fig. 7. One point, that is immediately obvious from this 
diagram, is that only one channel should be used on the 
downlink during measurements. If, say, channel 1 of the 
downlink carried the monitored co-polar pattern information, 
channel 2 the cross-polar information, and both were received 
in the normal way in orthogonal ground-station channels, 
there would be many additional errors on the cross-polar 
information due to the satellite, ground station and downlink 
path (e.g. channel-insertion gain differences in the satellite, 
propagation-path depolarisation and the non-ideal ground- 
station 2 cross-polarisation performance). These errors would 
be very difficult to correct for. Because of this, a mainly 
single-channel downlink measurement scheme is proposed 
here in which only the cross-polar patterns of the ground 
station under test are determined; the co-polar patterns are 
not measured, although the boresight co-polar level is found 
in order to give a reference to the cross-polar levels. It is

sole

receive Tx\

/
uplink

V. /

lite

jgj re-transmit

\
downlink

\~^sf
ground-station\ \> \ 
antenna under >. \A
test <^<^or, in the decibel notation,

, ft | fta fl^l* ' gm*.l'XdB = iQiogio h^nr"]^—;
By reference to Fig. 6 and the above correction-factor Co-polar on channel 1, cross-polar on channel 2, both links

ground-station
2-downlink
monitor

Fig. 7 Scheme for transit-mode measurements using a second ground 
station as a downlink receiver
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also necessary to use an ancillary high-polarisation-purity 
antenna to transmit to the satellite, to determine the extent 
of propagation-path depolarisation and satellite-antenna 
cross-polar degradation, as will be explained below.

Setting aside any polarisation ellipse considerations for 
the moment, suppose that the ground station under test is 
transmitting on its channel 1 alone, with the channel 2 input 
correctly terminated, and with the transmit horn aligned 
to give a maximum signal on the receive-antenna channel 
1 at the satellite. We can then say that, at the satellite, channel 
1 monitors the ground-station co-polar pattern, and the 
orthogonal channel 2 monitors the cross-polar pattern. Con 
sider now the content of the signal received by the satellite 
from channel 2 of its antenna. This consists not only of 
ground-station antenna cross-polarisation but also a propa 
gation-path depolarised content (depolarised from the co-polar 
wave) and a cross-polarisation contribution from the imperfect 
satellite receive antenna. We may designate the corresponding 
field quantities as follows:

ECro* = \Ecma \cosut
= ground-station cross-polar component

= atmospheric depolarisation (from channel 1 
component)

Eant = \Eant\ COS (orf + 0)

= component from satellite antenna/OMT
where 6 and 8 are phase angles referred to the £,.„„ wave. 
Hence the total received field is

= \Ecroa \ COS CJf

+ {\Eatm | cos (ut + 5) + \Emt | cos + 0)}

The term in curly brackets represents unwanted error terms, 
and in fact we can combine them as one contribution as 
follows:

EI = \Ecmu \ cos wf + \Eerr \ cos (wf + 0)
»re <ft is the annrnnriate nhase tftrmwhere <t> is the appropriate phase term.
From the above equation it can be seen that some way 

of finding the second term on the right-hand side of the 
equation is needed, so that this factor can be extracted. 
This can be accomplished as follows.

The ancillary antenna is used to transmit (to a good 
approximation) a purely linearly polarised wave to the satellite 
at the appropriate frequency. The ancillary antenna is rotated 
about its axis, as indicated in Fig. 8, and its received wave 
at the satellite is monitored via the downlink in channel 2 
alone. Now if the propagation path and the satellite receive

receive ~. 
(channel 2) £

/
uplink

V „ j
satellite

•/ > & &

f

*-, transmit 
3 (channel 2)

A
downlink

\
V^ <? ancillary 
\\v \ antenna 

rotate ^C>^\

/

ground station 2 
downlink monitor

antenna were both perfect, the polarisation pattern received 
from the rotated antenna would be a straight line; i.e. the 
minimum of the pattern would be a zero. In practice, of 
course, the effects of the atmosphere plus the imperfect 
antenna give rise to a real minimum, which is in fact a measure 
of the \Etrr \ term of the last equation.

Looking again at the last equation, this is more usefully 
expressed in normalised form, referenced to the magnitude 
of the ground-station boresight co-polar level. If we assume 
that depolarisation losses are negligible to this component 
and if we use here dashes to represent normalised field values, 
then, if |£"£,| is the magnitude of the transmitted boresight 
co-polar field level, the equation can be rewritten:

= \Ecr»a \ cos ut + |O cos (wf + 0)
where

and

IO = \Eerr \

Fig. 8 Error-term determination using the ancillary linearly polarised 
antenna

It is the normalised value, \E'err \, which would actually be 
found by the measurement illustrated in Fig. 8.

In addition, the phase term 0 could be measured either 
by making a direct comparison via a reference channel 
between the ancillary antenna and ground station 2, if these 
were in close proximity, or by one of the other methods 
described in Reference 11. The procedure for measuring 
<t> would be to determine the difference in phase that 
corresponded to changing from the maximum received wave 
in the satellite channel 2, to the minimum signal in the same 
channel, as the transmitting ancillary antenna was rotated. 
It can be seen that this measured value would be the wanted 
value of 0, as the maximum received signal (where the transmit 
antenna is aligned to give maximum response in channel 2 
of the satellite) corresponds to the wave reference phase, and 
the minimum received signal (which arises from atmospheric 
depolarisation and the cross-polar response of the satellite 
antenna + OMT) then gives the error-wave phase as a relative 
value.

Having established that the amplitude and phase of the 
error wave are both measurable quantities, the procedure for 
determining the \E'crou \ component, i.e. the wanted ground- 
station transmitted cross-polar response, can now be described. 
This procedure would be carried out in four steps as follows:
Step 1
With the ground station under test transmitting on its channel 
1 (see Fig. 7), the transmitting ground-station feed is rotated 
to give the maximum received channel 1 response at ground 
station 2. When this occurs it can be assumed that the co-polar 
response of the ground station is correctly aligned to channel
1 at the satellite, and that its orthogonal cross-polar response 
is therefore aligned with channel 2 at the satellite. After this 
step is carried out, all further measurements at ground station
2 are carried out on channel 2 alone.
Step 2
Cross-polar radiation patterns of the ground station under
test are now measured by rotating this ground-station antenna
and monitoring patterns on channel 2 at ground station 2.
These mentioned patterns contain, of course, the error-wave
content.
Step 3
With the ground-station antenna under test boresighted on
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the satellite, the feed is rotated until a maximum value is 
obtained in channel 2 of the uplink/downlink system. To 
a good approximation, it can be said that the co-polar bore- 
sight ground-station antenna gain with this feed alignment is 
the same as with the previous alignment, and that the level 
recorded at ground station 2 in channel 2 can therefore be 
used as a co-polar level reference.

The feed-rotation co-polar level measurement described 
above is necessary, as all measurement values must be obtained 
in the same channel, channel 2, to avoid downlink channel 
path and system differences.
Step 4
The ancillary antenna measurements are then carried out as 
described earlier and illustrated in Fig. 8, to determine the 
amplitude and phase of the error term in the expression for 
E'I . The recorded cross-polar patterns (with errors), which 
would be obtained during step 2 of the above procedure, 
would actually be recorded in amplitude only, as either 
field magnitude or intensity levels. The recorded radiation 
patterns would therefore be in accordance with the following 
expression, which is a field-intensity expression derived 
from a previous equation involving £3 :

+ IO2 + 2\E'cmu\\E'err\ cos0

This is in normalised form. As \E%0 \ is the magnitude of the 
transmitted boresight co-polar field as measured in step 
3 of the procedure described above, the above equation 
can be rewritten as

\Eif \Emn \* I£errl2 2\Emu \\Eerr \ COS 0

lO2 lO2 IO2 i£~l2
and this equation defines the relationship between the 
recorded (erroneous) levels — the term on the left-hand side — 
and the 'true' cross-polarisation pattern levels given by the first 
term on the right-hand side. The reason for the word 'true' 
being in quotes will be explained later.

As the equation is a quadratic, the 'true* cross-polarisation 
pattern terms would have to be determined by numerical 
root evaluation, probably by using the well known Newton- 
Raphson method [12]. After finding the 'true' cross-polaris 
ation level numerically, it would then, of course, be expressed 
in decibel units in the usual way. So the required cross-polar 
pattern expression would be

**B = 10 log,,
I-ECO!

The reason for the word 'true' being in quotes is because 
the cross-polarisation found as above would not be precisely 
correct, as one further source of error has been neglected. This 
arises from the fact that the channel alignments are made 
by rotating the feed of the ground station under test until 
maximum signals are received in ground station 2 via the 
uplink/satellite/downlink path. In other words, channel 2 
at the satellite does not receive exactly the Ewr terms, but 
actually receives the minimum of the polarisation ellipse 
at the satellite antenna. This is nearly, but not exactly, equal 
to the ground-station cross-polar and atmospheric depolaris- 
ation terms. Thus there is an error associated with this tech 
nique which cannot be compensated for, but which is likely 
to be small enough to be neglected.

5 Conclusions
For receive-mode cross-polarisation measurements the tech 
nique is reasonably straightforward and involves the character 
isation of the imperfect satellite beacon wave at the ground, 
using an ancillary linearly polarised antenna having good 
polarisation purity. In practice, this would mean a boresight 
cross-polar level of — 50 dB or better. Having characterised 
the wave, the true receive-mode cross-polarisation patterns 
can then be determined by applying a correction-factor 
expression to the erroneous directly measured cross-polaris 
ation pattern.

The high polarisation-purity ancillary antenna would also 
be necessary for transmit-mode measurements. As has been 
shown, transmit-mode measurements are quite feasible (sub 
ject to limits on dynamic range due to available transmitter 
powers, receiver sensitivities, noise levels etc) but they are 
somewhat involved and require the use of satellite up and 
down links and a second ground station. Also, whereas most 
of the errors incurred during the measurement can be com 
pensated for, there is one source of error which cannot be 
corrected, although this is likely to have a small effect on 
overall accuracy.

Finally, an important point which emerges from consider 
ing both receive-mode and transmit-mode cross-polarisation 
patterns in linear polarisation is that, unlike the circular- 
polarisation case, the plane in which pattern measurements 
are made (i.e. the 'cuts') are dependent on the satellite orien 
tation with respect to the lineof-sight between the ground 
station and the satellite. This means that measurements can 
only be made for chosen planes of the ground-station antenna 
if the satellite can be rotated around the line-of-sight by 
telecommand.
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TM gain spectra with increasing current. The maximum gain 
difference at A TM is 2-2 ± 0-3 dB.

The gain difference between resonant and antiresonant con 
ditions has been evaluated to 1-7 dB and 3 dB for TE and TM 
polarisations, respectively.

Gain against input power: Fig. 3 shows the gain variation as a 
function of incident power at amplified input for different 
values of the injection current. The saturation power is esti 
mated to be 5 to 7 dBm at the operating wavelength. At a 20 
dB gain for TE polarisation, the gain will not change by more 
than 1 5 dB for a current variation of 20 mA (Fig. 2).

3 20
UJ

.E

10-

* 160 8mA 
. 1200mA 
. 100 OmA

-10 0-40 -30 -20
input power. dBm

Fig. 3 TW semiconductor laser amplifiers gain against input power 
characteristics

Saturation output level is about 5 dBm

Conclusion: The polarisation sensitivity of a TW-type semi 
conductor laser amplifier has been reported. The ratio of TM 
to TE gain coefficients was estimated to be 0-85. A gain differ 
ence of about 2 dB has been measured for a TE of 19 dB. For 
gain values higher than 15 dB, the amplifier was slightly res 
onant. By using waveguide structures with a better confine 
ment factor and a combination of misaligned stripes and very 
low reflectivity coatings, a lower gain difference between TE 
and TM polarisations could be achieved.
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IMPROVEMENTS TO A SURFACE-WAVE 
ANTENNA MEASUREMENT RANGE 
WITH TROUBLESOME SITE EFFECTS

Indexing terms: Antennas, Modelling

A surface-wave antenna measurement range used for ship 
antenna modelling work has been improved by the devel 
opment of a novel source antenna. The antenna, a large 
'half-truncated' corner reflector, has reduced unwanted range 
reflections to allow phase measurements to be made to an 
accuracy of approximately ± 2°. Also, the screening effect of 
the reflector allows an adjacent range on the same reflecting 
ground plane to be operated simultaneously without notice 
able effect on the surface-wave range performance.

A recent communication' has described a proposed tech 
nique for the improvement of outdoor antenna measurement 
ranges which are limited in accuracy by spurious multipath 
reflections. Although generally applicable, the technique had 
been devised for one particular ground reflection range used 
for sensitive phase and amplitude measurements on RF ship 
models rigged with scaled HF antennas. This range, which is 
one of the reflection ranges at the Admiralty Surface Weapons 
Establishment at Funtington, Sussex, is not a ground reflec 
tion range in the usual form, 2 i.e. where the test and remote 
antenna are raised some distance above a reflecting ground 
plane such that the direct and reflected rays from the remote 
antenna form a pattern lobe boresighted on the test antenna; 
these range configurations are quite common and are used, for 
example, for VHF satellite antenna evaluation. 3 The ground 
reflection ranges used for ship antenna modelling work are 
quite different in that the large reflecting plane (usually made 
from aluminium sheet) represents the sea and has the appro 
priate conductivity at the scaled frequencies used. Ship model 
antenna measurement ranges 4 ' 5 can be divided into two types.

source
antenna

CpRFshp 
model

metal ground plane

Fig. 1 Surface-wave range for ship model antenna measurements

With both of these, the ship model is positioned on an azi- 
muthally rotatable turntable which has its upper surface flush 
with the reflecting plane. With one type of range, the remote 
antenna is moveable above and across the model, usually on a 
GRP boom, so that 'conical cut' radiation patterns can be 
measured at required elevation angles. With the second type 
of range, the remote antenna is placed on the reflecting plane 
as in Fig. 1, and zero elevation angle antenna responses (i.e. 
surface-wave responses) are measured. It is this type of range 
for which the improvement technique of Reference 1 was pro 
posed. Fig. 2 illustrates the multipath reflection problem for 
the particular ASWE range which was designed to operate 
over a 15 octave frequency bandwidth from VHF to L-band 
frequencies. This range is particularly sensitive as regards 
phase measurement where a phase stability of approximately 
+ 2° is required; at the higher operating frequencies, before 
the improvements described below were implemented, it was 
found that even the movement of vegetation by wind caused

elevation pattern range___surface-wave range_____

source test antenna , 
antenna_ direct ray_ /V\ [

reflected ray
metal ground plane

reflecting object 

Fig. 2 Plan of re/lection range configuration (not to scale}
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phase measurement errors of greater than + 2°. The proposed 
improvement technique involves surrounding the range with a 
compound elliptical reflecting screen which would direct un 
wanted multipath rays into absorbers situated at the foci of 
the compound ellipse.' In practice, however, this technique 
had some potential disadvantages associated with it such as 
the time and effort needed to construct a complete screen. 
Also, it was likely that some diffracted rays from the upper 
edge of the screen would have impinged on the test antenna, 
and therefore any movements of the screen by wind would 
have caused a phase jitter to be recorded. For these reasons a 
different approach was adopted to improve the performance 
of the range. The technique used and the performance ob 
tained are described below.

The main problem with the type of range shown in Figs. 1 
and 2 and the reason for the high levels of multipath reflection 
lie with the source antenna. To operate in the required way in 
a surface-wave range environment, the source antenna must 
be some form of monopole fed against the reflective surface. 
At the ASWE range, a log-periodic monopole array6 was 
used, as this is a wideband device and has some directionality. 
This is limited, however, and in the azimuth plane the radi 
ation pattern of the antenna is approximately cardioid shaped, 
thereby causing strong illumination to reflecting objects to the 
side and even the rear of the measurement range. To over-

Fig. 3 Wideband 'half-truncated' corner reflector antenna with move- 
able monopole feed

Screen halves are covered with wire mesh

come this, a novel surface-wave directional source antenna 
was developed. This is a half-truncated corner reflector, based 
on a conventional dipole fed corner reflector antenna, 7 but cut 
in half and fed with a monopole above the reflecting ground 
plane as shown in Fig. 3. The corner reflector consists of two 
screens each measuring 3-7 m by 1'9 m. Most of the area of 
each screen is covered with wire mesh of 4 mm spacing, but 
the central region of the corner reflector, the most sensitive for 
the higher frequencies used, consists of two plane aluminium 
sheets each measuring 1 m by 1 m. A monopole base unit is 
moveable along the axis of the corner reflector to be 0-5 wave 
lengths from the reflector apex at the frequency of operation,

BGI3 - / - . , -• -

Fig. 4 Surface-wave range with turntable and ship model in foreground 
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and a range of monopole rods of different lengths is available 
to cover the frequency band. The corner reflector antenna can 
also be seen in Fig. 4, a photograph of the complete range, 
taken during a measurement with a ship model which can be 
seen in the foreground on the 6 m-diameter turntable.

amplitude

-•-"""•"•.•-... phase
30°? 
-30° ,%

-150
-210
-270

-3 -2 -1012 
distance across turntable, m

Fig. 5 Worst-case (highest-frequency) amplitude and phase distribution 
recorded with a monopole probe moved across turntable

Fig. 5 shows the measured amplitude and phase distribution 
across the turntable at the highest operating frequency; this is 
the worst case and shows the largest wavefront deviations 
over the 15 octave bandwidth. The distribution was obtained 
by a relatively crude probing technique whereby a monopole 
antenna was manually moved across the test aperture between 
samplings. The data was recorded digitally for computer sto 
rage. The phase curvature across the test aperture due to the 
finite length of the range (37 m) is not of consequence as it can 
be removed from measured data by computer processing. Op 
erationally, the most important aspect of the range per 
formance is the phase stability. This can be classed into two 
types, i.e. long-term phase stability or phase drift, and short- 
term phase stability. The observed long-term component was 
caused by thermal effects, e.g. solar heating of cables. This was 
improved from, typically, 360° of phase change in 1 h, to an 
acceptable value of approximately 5 = in 2 h, by shortening all 
deployed cables as much as possible, and taking care over 
their physical layout. The short-term phase component, or 
phase jitter, was caused by multipath reflections from moving 
objects, e.g. people, and was reduced to better than + 2" by 
the measures described above.

As a bonus, the large screens of the corner reflector have 
been found to give virtually total isolation between the two 
ranges on the shared ground plane (Fig. 2), and no phase 
variations are experienced with surface-wave range measure 
ments when the elevation range is operated simultaneously.
Acknowledgment: The authors would like to thank the Direc 
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design feature

D ESIGNERS 
often use te 

dious and time-consuming methods to 
determine the radiation pattern of an 
antenna. Very wide beam-width an 
tennas, such as dipoles positioned in 
front of reflecting plates or some log- 
periodic and spiral antennas, can of 
ten be calculated by a (1 + cos 8) ap 
proximation. Slightly more directive 
patterns, like those associated with 
log-periodic dipole arrays, can be han 
dled by "fudging" an expression based 
on the same (1 + cos 6) factor plus 
some higher-order cosine terms.

But even these approximate results 
become impossible to obtain for more 
directive antennas. Irregularly 
shaped patterns, such as those pro

duced by the excitation of higher- 
order modes, also confound these 
methods.
Computations minimized

Fourier series offer a better way of 
describing an antenna's main beam 
regions. The coefficients of the series 
can be found from field-strength sam 
ples taken from the antenna. Al 
though this method requires the solu 
tion of several simultaneous equa 
tions, a computer program can handle 
this chore. The program accom 
panying this article, for example, can 
be used for series with as many as 20 
terms.

If the pattern is symmetrical about 
its boresight axis, it can be expressed

by the truncated Fourier cosine series 
shown in Eq. 1 (see "Equations for 
antenna modeling," p. g? , which also 
contains a brief explanation of the 
mathematical basis of the Fourier 
method). In Eq. 1, E = the field 
strength and 0 = the measurement 
angle at which this value occurs. The 
number of required terms depends on 
the beam width and complexity of the 
radiation pattern, and the acceptable 
degree of approximation.

The Fourier series technique can be 
used effectively to represent the main 
beam region of almost any type of 
radiation pattern shape. Figure 1 
shows the E-plane pattern of a micro- 
strip patch antenna. This 100-degree 
beam-width pattern has been modeled 

(continued on next page)

Simple Expressions Model 
Antenna Radiation Patterns

Antenna engineers can benefit from these convenient
mathematical expressions that describe

the main beam regions of radiation patterns.

Keith M. Keen, Consultant Microwave Antenna Engineer, "Blackwater," The Drive, 
Ifold, Mr. Billingshurst, West Sussex, England RH14 OTA.
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1. A microstrip patch antenna E-plane pattern is modeled 
by a six-term series. The dashed line represents measured 
data, while the solid line indicates the results of the computer 
calculation presented in this article. The six Fourier coeffi 
cients are also shown.

2. The H-plane pattern for an X-bandgain horn is modeled 
in the same manner as the microstrip antenna shown in Fig. 1. 
The narrow beam width necessitates an eight-term Fourier 
series.
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SIMPLIFIED ANTENNA MODELING (continued from p.
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3. Eig/if terms are a/so required to model this two-hybrid- 
mode feed horn in the E-plane. In each of the three cases 
shown (Figs. 1, 2, and 3) more of the pattern could have been 
modeled by using more coefficients.

first sample 
0 dB at e - 0

N - 3

o ii, e, o, 
Measurement angle (0)—degrees

4. A tour-term series can be solved by sampling the pat 
tern at three angles in addition to the boresight axis. Only 
one side of the symmetrical pattern need be measured.

by a six-term series. Figure 2 shows a more narrow Pi- 
plane pattern produced by an X-band gain horn with a 
beam width of about 30 degrees. This pattern has been 
modeled by an eight-term series. Finally, Fig. 3 shows an 
interesting double-hybrid mode (HEU + HE 12 ) feed-horn 
pattern, with a dip on the boresight axis. Its E-plane pat 
tern has also been modeled by an eight-term series.

The dashed line in each diagram represents the mea 
sured pattern, and the solid line indicates the calculated 
Fourier series approximation over the main beam region. 
The Fourier coefficients are also shown in each case.

Although the three examples only model the major por 
tions of the main beams, the entire pattern for each could 
have been represented by using more coefficients. The por 
tions shown, however, are typically all that are needed.

Although no pencil-beam patterns are illustrated in the 
figures, if the series includes enough terms, narrow beam 
patterns of only a few degrees beam width can also be 
represented through this technique. Unfortunately, the se 
ries field representation does not account for phase. Most 
antennas exhibit flat phase response over the major por 
tion of their main beams. A few do not. Patterns in this 
latter, generally undesirable group cannot be satisfactorily 
represented by the series of Eq. 1.

The determination of the Fourier coefficients begins 
with the sampling of the pattern (Fig. 4). Field strength 
values are found for a number of angular positions on only 
one side of the symmetrical pattern.

Since most radiation patterns are expressed in relative 
power levels (dB), the true field strength values must be 
found through the conversion shown in Eq. 2. In this equa 
tion, P,m(fl) is the power level at the angle 6 relative to the 
boresight power level. (For convenience, the power along 
the boresight is always taken as 0 dB.)

Sampling starts on boresight

The first actual sample, therefore, can be made at 6 = 
0 degrees and corresponds to a field-strength value of 1. 
Since the required samples relate to the terms in the Four 
ier series, their number also depends on the type of pat 
tern, its beam width, and the acceptable approximation. 
The actual number of samples needed to precisely repre 
sent the pattern can be calculated by Shannon's sampling 
theorem,11 but such an exact representation is seldom re 
quired. It is much simpler to use a rule of thumb. For 
example, four or five samples (in addition to the 0-degree

(concluded on p. X71
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Program listing

8 : d s P " F o u r i e r
c-oeffi Pro-?" 

i: din EC20];
din T [ 2 91 

2; din B [2 1I.211 
3: d i fi H [ 3 0 ] i

d i n D [ 3 8 ] 
4: i-HI' 
5: em H 
6 s " one" •' ent

E [ M ] j e n t T C H ] 
7: 1+H + M 
8: if- t'KH+15 -?to

" o n e "
9: -=i£b "subl" 
10: J n P 1 6 
11: "subi" : i+P;

2~Q 
12: "f ive" : i+B [p

, 1]
13:. 1+p + F 
14: if P<H'+2!

•g t o " f i y e " 
15: "six":i*B[l ,

Q]
16: 1+ CH Q ' 
17: if GKH + 2;

•3 1, o "six" 
13: 2+F
19: "eisht":2 + Q 
2 M • " •=• s v e- n ": c o •* i
(0-n*T[P-l] )*B
[pjQ]

21: Q + 1 •* Q 
22: if GKN + 2!

•? t o " •'=. e '-.' e n " 
23; F+l-F 
24: if p < H + 2 j

•3t o " e i -?ht. " 
25: r e t-
2 6 : •? s b " z u b 2 " 
27: .IMP 13 

'23: "sub2":f or
M=2 to H+l

29: for J=M to
H+l 

30: for I=M to
H+l 

31: ET.I» J]-B[M-
1, J1/BU1-1 >M-

33: next- J 
34: n e x t H 
35: 1*8 
36:' for 1 = 1 to

H+l
37: S*Br,I ? I] *S 
38-: next I
3 9 : r e t
40: S + fjEll
41: for G = 1 t o

H+l 
42: -9 s b " s u b 1 "
4 3 : f o r H = 1 t o

H+l 
44: E[H]*BCH+1>

G] 
45: next H
46 : -3sb " sub2 "
47 : S*D C9 + G] 
43: n e x t G 
49: 1 * N
5 0 : '-' f o M r " : D [ M + 

9 ] / D [ 1 ] * R C H + 9 ] 
51: M+i+H 
52: if fKH + 2-

•? t o " f o u r " 
53: 1 0 * Z 
54: " n i n e " ' P r t

flCZ]
55: Z+l+Z 
56: if Z < H + 1 1 j

•3 1 o " n i n e " 
57= e n d
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SIMPLIFIED ANTENNA MODELING
Icontinued from p. tin)

value) can be taken for beam widths 
between 60 and 90 degrees, five or six 
for those between 30 and 60 degrees, 
seven or eight for those not exceeding 
30 degrees, and so on.

After the coefficients have been cal 
culated, the field-strength series of 
Eq. 1 can, of course, be converted back 
to decibel values by using Eq. 3.

As mentioned earlier, a simple com 
puter program can take the mathe 
matical labor out of this procedure. 
The program (see p. 66) can be run on 
virtually any machine, from a small 
capacity desk-top upwards. Although 
the program has been written in HPL, 
the well-known Hewlett-Packard lan 
guage, it can be converted to BASIC or 
FORTRAN.

When the program is loaded and set 
to run, it begins by asking for N, the 
number of samples made, excluding 
the S = 0 degrees sample (the value of 
which is inherent in the program). 
These N samples correspond to a 
Fourier series of (N + 1) terms and, 
consequently, (N + 1) coefficients.

The program then requests that 
sets of field strength and position 
data pairs be entered. It calculates the 
corresponding coefficient for each of 
the N data pairs by solving the appro 
priate determinants by a Gaussian 
elimination technique. 1*' 4 ••
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Equations for antenna modeling
The field pattern Of the antenna 

can be expressed as a Fourier series: 
E(0)<=*a0 +a, COS0+ ; 
a2 cos 20.-.: etc., ' : (1) 

In Eq. 1, E = the field strength'and 0 
= the angle at which this field 
strength occurs.

,: To illustrate the mathematical ba- 
'sis of this method, assume that just 
four coefficients will give an accept 
able approximation of a pattern of 
interest. In this'case^ the field pattern 
can be represented as:

E(fl) = a0+a;1 cos0+ 
a 2 cos 20+a3'cos30 ; 

To determine the four unknown co 
efficients,; four field-strength values 
(E t through E4 ) must be obtained at 
their four corresponding angular pos-. 
itions ; (0i through 04). These values 
give a system of four simultaneous 
equations: • • 

E-1=80 + 3-, cos 0,+a2 cos 20-,+
a3 cos 30-r 

E2 = a0 + a-i cos 02 + a 2 cos 202 +
a3 cos 302 

E3 =a0 + ai cos 0s+a2 cos 20 3 +
a3 cos 303 

£4=80 + 3, cos 0 4 + a 2 cos 204 +
a3 cos 304

From these equations, the values of 
the coefficients can be found using 
determinants and Cramer's rule: 1

o ^ , 1 ,^ i 2 , A ' 3 A

The A terms in the above expres 
sions are the determinants of the four 
simultaneous equations:

1 cos 0-i cos 201 cos 30!
_ 1 COS 02 COS 202 COS 302 

1 COS 03 COS 203 COS 303

1 cos 04 cos 204 cos 304

E-i cos 0, cos 20! cos 30, 
E2 cos 02 cos 202 cos 302

AQ" £3 COS 03 COS 203 COS 303

E4 cos 04 cos 204 cos 304 
and so on.

The details of the evaluation of the 
determinants, since they are exe 
cuted by the accompanying comput-; 
er program, will not be given here. .
Relating field strength and dB's f

The field-strength values for an an 
tenna pattern can be found from the. 
relationship: ?.,$

E(0)=10 20 (2)

in which PdB (0) is the relative poweff 
level, in dB, at the angle 0. Con 
versely, field strength can be con 
verted back to decibel values by; .. 

PdB (0) = 20 log 10 E(0) (3)i
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Eu reform

"Plug-Ins" Make Geostationary Satellite 
Antenna Versatile

An antenna system using plug-in modules sharing a common main reflector 
would make multi-pay load geostationary applications satellite capabilities easy to 
upgrade or scale down.

By Keith M Keen, Keith M. Keen & Associates

HYDRAZINE TANKS

MAIN
EARTH RF REFLECTOR 
SENSOR UNIT

SOLAR 
ARRAY

X
ATTACHMENT BAR

PAYLOAD NO. 1

1. The makeup of the proposed geostationary applications satellite would consist of a large, shared main reflector 
and its support structure, plus a pointing mechanism using an RF sensor and hydrazine gas thrusters, and large 
deployed solar arrays. Applications packages could be attached or removed from the main structure by space 
shuttle missions.

Applications satellites such as communications satellites, 
TV broadcast satellites, and maritime satellites, are made as 
complete units and launched individually into geostationary 
orbit by non-recoverable launch vehicles. This is, of course, 
an expensive process. With the advent of space-shuttle tech 
nology, however, it is possible to conceive of a future lower 
cost alternative in which one large basic structure is placed 
in geostationary orbit by a space shuttle, and to which ap 
plications payload packages can be "plugged-in" or re 
moved as required. 1 Figure I shows a system which is 
proposed here. It consists of a large, shared main reflector 
and its support structure, plus a pointing mechanism using, 
for example an RK sensor—or sensors—and hydrazine gas

thrusters, and large deployed solar arrays. Applications 
payload packages, each having its own transponders plus 
antenna subreflector(s) and feed(s) would be attached to, or 
removed from, the main structure by space shuttle missions. 
Typical payload packages would be for TV broadcast to 
several countries at 12 to 18 GHz. for land mobile communi 
cations at L-Band frequencies, for frequency re-use 
communications at II and 14 GHz, and for high capacity 
videoconference links at 20 and 30 GH?. Clearly, one of the

keiih M. Keen i.\ \\iili keiilt \l. keen & A.\.\(i<-iaie.\. link/. Billntf>lnif,i. 
U'e.\i i'l/.vvp.v RHI4 OTA. tji/f/an</: (04(13) 7?(l(ll. 77v: K5Kfi23.
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'An All New Revised List!!
Defense Electronics offers you a valuable 
collection of reprinted articles on all the

latest developments in the industry! 
REPRINTS-$3 each
I—I Preamp/Block Downconverter Integration Lowers 

TVRO Cost. From various contending receiver formats 
for consumer TVRO installations, downconversion ap 
pears to feature the optimum blend of performance, cost 
and convenience. Certain cautions, however, must be ex 
ercised in design. (MSN)

I—I Monochannel Direction Finding Improves Monopulse
Technique. A simple and effective method for processing 
multiple channels of RF information has been successfully 
developed. The method utilizes multiplexing of signals 
through a single RF tuner, then subsequently reconstitutes 
the individual signal components at IF. (DE)

LJ Compact Programmable Spectrum Analyzer Aids EMI 
Measurements. Once a spectrum analyzer with optimum 
selectivity, sensitivity, and range is produced, the next 
quantum jump in improvement comes from endowing it 
with "smarts" via microprocessor control. (MSN)

CJ Filtering Connectors Meet the Challenges of EMI. Con 
nectors with built-in filters protect sensitive equipment 
from modern battlefield interference. (DE)

LJ Stable Frequency Sources Serve as ATE Building Blocks. 
Whether manually programmable or under microproces 
sor control, the performance of the frequency source is a 
key parameter in electronic warfare ATE systems. Three 
basic types are identifiable for such instrumentation. (MSN)

I_I Processor Extensions Improve Missile Computer De 
sign. Tomorrow's tactical missiles will be getting smarter 
and smaller by using VLSI distributed processors on a 
single bus. Specialized processors provide design flexibil 
ity and improve processing speeds. (DE)

I_| Advanced HF DF System Provides Ranging by Vertical 
Triangulation. Automatic Features of this system permit 
remotely controlled operations or use by relatively un 
skilled operators. (DE)

I_| In-House FETs Key to Amplifiers. Manufacturers invest 
in GaAs fabrication facilities in order to control the devices 
critical to designing components. This comany's broad 
range of amplifiers includes a Ku-band unit with 10-dB 
NF and 28 dB gain. (MSN)

I_I Extending Ada Into Silicon. Structuring silicon to reflect 
major software advantages achieved over the last decade, 
Intel's iAPX 432 may well set the standard for the next 
generation of military computers.'(DE)

I_I Serial Bus Analyzer Simplifies Systems Testing. New 
architecture system is designed for real-time analysis of 
activity on MIL-STD-1553A/B buses. (DE)

I I Navy Combat Effectiveness Multiplies With Systems 
Integration. New technologies and Systems management 
techniques increase fleet fighting power while decreasing 
acquisition times and costs. (DE)

NAME___ 
COMPANY. 
ADDRESS- 
CITY____ 
STATE___ .ZIP.

send to: Reprints 
EW Communications, Inc. • 
1170 East Meadow Drive • 

Palo Alto, CA 94303
Please enclose payment with your order. (California residents 

add 6% sales tax.)____________________________
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2. The geometry ol the proposed offset parabolic cylinder main 
reflector differs in that it does not require that the focal length of 

the main and subreflectors be the same in each case.

great advantages for this sort of "plug-in" system would be 
that if, for example, extra channels were needed for an 
existing TV broadcast network that was being provided by 
one or more payloads, it would simply be a matter of add 
ing an extra payload, similar to the ones already deployed, 
to increase the overall system capacity.

For a satellite system as outlined above to be feasible, the 
large shared main antenna reflector must in some way be 
capable of accepting as many "feeds" as necessary, without 
beam defocusing or significant aperture blockage. The type 
of large front-fed axisymmetrical paraboloid reflector used 
for ATS-6 2 for example, would not be applicable since a 
paraboloid has a point focus, and there is a practical limit 
to the number of feeds which can be placed at, or near to, 
the focal point. Also, this type of system has only one feed 
box and would not really be suitable for the "plug-in" con 
cept. It is clear that the basic requirement for the main re 
flector is for it to have a line focus or some other extended 
focus, rather than the point focus of a contentional 
paraboloid.

The antenna system proposed is an offset parabolic cyl 
inder main reflector with orthogonal offset parabolic cylin 
der sub-reflectors and suitable feeds for each payload. 
With this geometry, the main reflector has a line focus of 
the same length as itself. Also, it is known that two 
orthogonal parabolic cylinders and a point source feed can 
be equivalent to a single paraboloid and point source feed, 
to produce plane wavefronts. 1 This was first demonstrated 
by Spencer et al. 4 in 1955, who built an antenna consisting 
of a symmetrical parabolic cylinder, an orthogonal offset 
parabolic cylinder and a horn feed. More recently, 
Dragone 5 has demonstrated a derivative of this as a 
compact satellite antenna. A recent study for the European 
Space Agency has shown that the double offset parabolic 
cylinder/corrugated feed Dragone antenna has an improved 
performance as a frequency re-use Euro-beam and spot- 
beam antenna for applications such as with the ECS

Continued on page 64F 
Circle Reader Service No. 63 ^



Euroform
Continued from page 64B

satellite, compared with existing conventional paraboloid 
antennas for the same purpose. <l - 7

Figures 2 and 3 show the geometry of the proposed re 
flector antenna system. This differs from the Spencer et al, 
and Dragone antennas described in that, with both of these

Applications pay load packages, each 
having its own transponders plus 
antenna subreflectors and feeds 
would be attached to the main 
structure by space shuttle missions.

systems, the focal lengths of the main and sub-reflectors 
were the same in each case. This is not a fundamental re 
quirement, as can be seen from a geometrical optics ap 
praisal of the behavior of wavefronts in a focused system of 
two parabolic cylinder reflectors. A point source in the 
focal line of one parabolic cylinder (whether offset or not) 
will, after reflection, produce cylindrical wavefronts that 
appear to emanate from the directrix of the parabola in the 
plane containing the point source. If the cylindrical (again, 
whether offset or not) such that the focal line of this reflec 
tor coincides with the relevant directrix of the first, the 
cylindrical wavefronts will then be converted to plane 
wavefronts.

Figure 2 shows the geometry of the main reflector rela 
tive to a cartesian co-ordinate system xyz, where the z 
direction coincides with the nominal main beam boresight 
direction. The reflector is defined by its length, the focal

SUB-REFLECTOR

^ FOCAL LINE OF 
MAIN REFLECTOR

3. The geometry of the proposed offset-paKrtifftic cylinder subre- 
llector relative to a second cartesian axes system. The subrellector 
is defined by the local length of the parabola in the z'-y' plane 
and by the offset angles x 0 and x' which are also contained in this 
plane.

length of the parabola in the z.-y plane, and by angles 6 U 
and 8* in the same way as these angles normally define the 
boundaries of offset paraboloids, except that they are con 
fined to the z-y plane here. At the point F, the intersection 
of the focal line of the main reflector and the z axis, a 
second cartesian axes system x'y'z' is defined so that z' is in 
the 6' is in the 0 0 direction and y' is along the focal line as 
shown. Figure 3 shows the sub-reflector geometry relative 
to this co-ordinate system. The sub-reflector geometry rela 
tive to this co-ordinate system. The sub-reflector is defined 
by the focal length of the parabola in the z'-y' plane and by 
the offset angles x u and x* which are also contained in this 
plane. In this diagram, point O and the distance OF' are the 
origin-and the focal length of the parabola. With OF'-OF 
as shown, the directrix of the parabola coincides with the 
focal line of the main reflector, as required for collimation. 
In terms of the profiles for the main reflector and sub- 
reflectors, if fm and fs are the respective focal lengths, then 
the parabolic arcs are given by

(I)
within

and 

within

0,,-0* to0,,+

y'' = 4fs (z'-Q 

x,,— x* to x,,+ x*

(2)

To conclude, it should be emphasized that the proposed 
antenna system is only tentative at this stage. A fully viable 
system would have to be capable of spot beam, elliptic 
beam, and multiple spot beam operation, sometimes with 
polarization diversity. And, although previously published 
information on the performance of parabolic cylinder an 
tennas suggests that the requirements can be met, these 
points clearly require further investigation. •
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New technique for the evaluation of the 
scattering cross-sections of radar corner

reflectors
K.M. Keen, M.Sc., C.Eng., M.I.E.E.

Imltxing terms: Radar nml Railiunaviyalion, Scattering cross-sections

Abstract: A numerical technique has been developed for the evaluation of the monoslalic radar cross-sections 
of any regular shape of corner reflector consisting of three orthogonal plates During a data processing 
sequence, for any given angle of incidence, the reflector effective area is mapped out by a series of boundary 
lines which enclose the projections of the real and image apertures of the reflector on an oblique plane, this 
plane being orthogonal to the incident ray direction and passing through the reflector apex. The area, which 
can be related to the scattering cross-section, is then computed by an integration process which involves logical 
decisions regarding the choice of boundary lines. The technique has been applied to a particular reflector 
geometry consisting of two triangular plates and one square plate, developed for use with the European 
SAR-580 project.

1 Introduction

Trihedral corner reflectors consisting of three mutually 
orthogonal metal plates are well known as passive radar 
beacons and as standards for the experimental determi 
nation of radar cross-section values [I], Fig. I shows the

Fig. 1 Kny optics reflection mcihuni.vn in Irihetlral corner ri'fli'i'tor

mode of operation of such reflectors which, as long as the 
aperture dimensions are greater than 2 or 3 wavelengths, is 
almost entirely of a geometrical optics nature. Over a wide 
angular region about the axis of symmetry through the 
reflector apex, many of the rays in a plane wavefronl inci 
dent on the reflector will undergo three reflections and 
emerge in an exactly reversed direction. Moreover, the 
path lengths for all triple reflection ray paths are the same. 
Thus corner reflectors exhibit large radar cross-sections 
over wide angular regions, the actual value of the cross- 

Paper 2620II. first received 22nd July I982 and in revised form I8lh January 198.1 
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section and the extent of the angular coverage being 
dependent on the shape of the three metal plates.

Analytic expressions for the two best known corner 
reflector shapes, i.e. symmetrical triangular-sided and 
square-sided reflectors, have been derived by Spencer [2]. 
The analysis is somewhat involved, however, and leads in 
each case to a set of different expressions for the effective 
area, corresponding to various angular regions of incident 
wave direction. A more general method of establishing 
effective area has been described by Robertson [3] who 
showed that for regular plate shapes, equivalent corner- 
reflector flat-plate area can be established for any angle of 
incidence, by the projection of the real and image aper 
tures onto an imaginary plane through the apex of the 
reflector, this plane being orthogonal to the incident ray 
direction; the image aperture is the inversion of the real 
aperture with respect to the apex. The effective area is then 
the area of overlap between these two projected areas, and 
corresponds to the region over which triple reflections 
occur. Outside this common area, the regions relating to 
just one projected area correspond to zones where only 
double reflections occur; these rays do not return in the 
reverse incident ray direction. Using this approach, an 
effective area for any given incident-wave direction can be 
determined graphically, i.e. by drawing the projected real 
and image apertures and measuring the common area. 
Alternatively, trigonometrical expressions can be found for 
(he area, although this is tedious and must be done for a 
number of cases, as the shape of the common area under 
goes fundamental changes as the incident ray direction is 
varied.

Although still based on Robertson's projected aperture 
concept, a new general purpose technique for determining 
effective areas has been developed and is the subject of this 
paper. The basis of the technique is that the area mapping 
is carried out for any specified aperture shape by computer 
processing which, for every aspect angle under consider 
ation, continues by evaluating the projected effective area 
by an integration process. The theory for this is given in 
the following two Sections in the context of the reflector 
shape shown in Fig. 2. This shows one of the ground 
marker targets used in the European SAR-580 programme 
in which an airborne synthetic aperture radar is used for 
Earth sensing; the reflectors give precise information on 
position and reflection level. Several sizes of reflector are 
available, but in each case, the reflector consists of two 
triangular sides and a square base plate.

IKE PROCEEDINGS. Vol. 130, Pi. II. No. 5. AUGUST I9N3



Fig. 2 SAR-5HO corner reflector

2 Boundary line mapping of the projected area

Fig. 3 shows the reflector geometry contained within a 
cartesian co-ordinate system which has its origin at the 
reflector apex and its three axes along the orthogonal 
intersections of adjacent planes. The 'end-points' or aper 
ture limits of the reflector are therefore the points A, B, C 
and D, which have co-ordinates (T, 0, 0), (0, T, 0), (0, 0, T) 
and (T, T, 0) respectively, where T is the side dimension 
(along an intersection line) of the reflector. With this co 
ordinate system, the direction of an incident ray is speci 
fied by the direction cosines /, m and n. Fig. 4 illustrates the 
projection of the real aperture limits onto the oblique 
plane through the reflector apex, this plane being orthog 
onal to the /, m, n direction. The projections from A, B, C 
and D, each have the same /, m, n direction cosines, and 
these meet the plane at A', B', C' and D'. Lines between 
these points then define the boundaries of the projected 
real aperture. The projected image aperture is formed in 
the same way, except that image aperture limits, the 
images of A, B, C and D with respect to the reflector apex, 
are projected orthogonally onto the plane from the reverse 
side, to form points A", B", C" and D". Lines between these 
points define the boundaries of the projected image aper 
ture.

r.r.o)

Fig. 3 Corner reflector geometry and coordinate system 
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At this stage it is instructive to look at some of the 
shapes of the effective areas which occur for different /, HI, 
and n values. Fig. 5 shows four cases, the first being for 
/ = HI = n i.e. along an axis of symmetry through the apex. 
The second and third are both in the vertical plane of 
symmetry through the reflector, for cases 1 — m < n and 
/ = HI> n, i.e. above and below the axis of symmetry, 
respectively. The fourth is for / — n < m. These diagrams 
illustrate the way in which the shape of the effective area 
changes.

As a point of interest, the three dimensional 'optical 
model 1 described by Crispin and Siegel [1], and which can 
be easily constructed from cardboard, is an invaluable aid 
in establishing effective area shapes.

The first stage of the evaluation technique is the calcu 
lation of the two dimensional co-ordinates of the projected 
points on the oblique plane. This is accomplished by a 
co-ordinate system transformation between the cartesian 
co-ordinate system of Fig. 3 and a new cartesian co 
ordinate system OX'Y'Z' containing the oblique plane and 
the incident ray direction as in Fig. 4. The second co 
ordinate system has the same origin as the first, has its OZ' 
axis along the /, HI, n direction and its OX' and OY' axes in 
the oblique plane. The OX' axis is defined as the orthog 
onal projection of the OX axis; this then fully defines the 
second co-ordinate system in terms of the first. If (x, y, z) 
represents any points with respect to the OXYZ co 
ordinate system, and (x', y', z') represents the same point 
but expressed in the OX'Y'Z' system, the co-ordinates x' 
and y' are the wanted co-ordinates on the two dimensional 
OX'Y' system in the oblique plane. Thus the required co 
ordinates of the projected points can be established by a 
co-ordinate transformation process.

Fig. 6 shows the two co-ordinate systems which are 
related by pure compound rotation. The transformation 
from one co-ordinate to the other is given by the matrix 
equation:

[ .x'~| fsin a 
y'H ° 
z J |_cos a

— cot a cos /? —cot a cos y
coscc a cos y — cosec a cos /?

cos /I cos y I!
(D

where a, /?, and y are the angles between the incident ray 
and the OX, OY and OZ axes, respectively. In practice 
only the x' and y' co-ordinate values are needed.

Z'Cl,m,n direction)

plane orthogonal 
lo oz'

Fig. 4 Projection of real aperture limits onto the oblique plane
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Using the above equations, the oblique plane co- In each case, the appropriate slope and intercept values are 
ordmates are calculated for the projection of the points A, calculated from equations of the form 
B, C and D, and for their images. The slope and intercept 
of each of the area boundary lines passing through pairs of 
points is then calculated so that the equations of the 8 lines 
are known. These may be represented by the matrix equa 
tion below:

y'r
x'r -x'k (3)

m, 
m,

'"s /

x + (2)

<•„ = >'*
y,-

(4)

When this is carried out using a computer program, some 
care must be taken, of course, for cases where slopes 
become infinite i.e. when the lines are vertical.

A',

Fig. 5 Effective area of corner reflector 
a I = m = n 
b I = m < n 
c t = m > n 
il I ** n < m
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3 Integration over effective area

Fig. 7 illustrates the integration process. As the projected 
effective area is always symmetrical about the V axis, it is 
only necessary to determine the bounded area in the first 
and fourth quadrants, which is then doubled. The integra 
tion process which gives the effective area for any incident 
ray direction /, m, n can be described as below:

, n) = 2\ (y'v - y'L ) dx' 
(Jo

(5)

where y'v and y'L are upper and lower boundary values, x 
is the x' value where a boundary line cuts the X' axis, and 
A/1 is the area beyond x' which is nearly always triangular 
and can be easily determined.

In computational practice, the integration is actually 
carried out by summing elemental areas i.e.

/, m, n) = Avt (6)

Fig. 8 illustrates the elemental strips of area that are 
summed, and the area of a strip between two boundary 
lines is

- y'c) + (y'n -
(7)

Fig. 6 Transformation of cartesian coordinate systems by compound 
rotation about the shared origin

effective area 
projected onto 

oblique plane

V

6x'

integration strip

Fig. ^ Integration process
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This is an exact value. Sometimes, however, the strip 
covers the intersection of two boundary lines as in Fig. 8fc, 
and an error equal to the shaded triangular region occurs. 
This can only happen two or three times and by making 
&x small the error can be made negligible. A Romberg 
type of routine [5] is useful here.

Calculation of A/4 'excess area' value is reasonably 
straightforward using a computer program, as each of the 
boundary lines can be identified by its matrix number. 
Care must be taken, however, to ensure that all possible 
excess area shapes can be evaluated.

Once evaluated, the effective area for any incident-ray 
direction can be related to the equivalent scattering cross- 
section, n, using

a(l, in, IT) = -7-j-

where A is the wavelength.

(8)

6x'

X'axis X'axis

"A;
Fig. 8 Elf menial ureas summed during the integration process
a between two boundary lines 
h between three boundary lines
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Fig. 9 Comparison of measured and predicted results
The continuous line is a <t> - 45° plane pattern of a 90 cm side dimension reflector 
Dots are predicted values at 5" intervals
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Figs. 9 and 10 show some results obtained with this 
technique, applied to a reflector with t = 90 cm and for a 
frequency of 5.3 GHz. Fig. 9 shows a comparison between 
predicted and measured results for the $ = 45° plane. The 
measurements were made on a 52 m slant geometry range 
using a CW system with a 100 dB nulling capability. Good 
agreement can be seen. The maximum value of the scat 
tering cross-section for the SAR-580 reflectors occurs at 
0 = 61.4° and <£ = 45°. For the 90 cm side size, the

45* 

50' 

55*

60' 
9

65' 

70' 

75* 

80*

-3.0

25 30 35' 40* 45' 
g

50* 55' 60* 65'

Fig. 10 Predicted contour plot of reflection levels 
Contours are at 0.5, 1.0. 1.5, 2.0. 2.5 and 3.0dB below the peak level

maximum values of scattering cross-section and effective 
area were computed to be 1778.95 m 2 and 0.673 m 2 
respectively. Fig. 10 shows a predicted contour plate of the 
inner region of the reflection level distribution; the pattern 
ripples shown in this diagram have been observed during 
measurements.
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where C is a power conversion constant.
Ea L^>, at the mh antenna element is a consequence of m 

incident rays having relative phase shifts with respect to the 
first antenna element (n — 0, (j/ 0 = 0) such that

GROUND STATION ANTENNA 
CROSSPOLARISATION MEASUREMENTS 
WITH AN IMPERFECTLY POLARISED 
ANCILLARY ANTENNA

A k Z"k
Indexing terms: Antennas, Polarisation

and

where X k is the amplitude and <x k is the relative phase of the 
/cth incident ray.

The solution for Z, for fc = 0, 1, 2, .... m - 1 can be ob 
tained by assuming that there exists a polynomial S(z) with z 
in the form ei";

whose zeros are Z0 , Z,, .. . , Zm _ ,, such that 

S(Zk ) = 0 fc = 0, 1, 2, ...,m- 1

Following the solution of Moody, 1 the coefficients of S(z), i.e. 
Cm _,, ..., C0 , can be found from the following matrix equa 
tion:

EO 
Ec> ES

£'„_,

Hence the roots of S(z) can now be determined. Each unique 
root of S(z) represents one direction of the incident rays. With 
this solution, the amplitudes of the incident rays can also be 
determined by

1
z,

1
z.,.,

Application of this technique to resolve m incident rays on an 
antenna array would require less hardware than comparable 
systems. It could also be incorporated into a digitally con 
trolled, interference cancelling antenna where null forming al 
gorithms could be used to synthesise and optimise a suitable 
radiation pattern to achieve maximum signal/noise ratio. An 
added advantage of the deterministic interference cancelling 
antenna approach of this kind over well known analogue 
adaptive arrays is that the transient response time is no longer 
a function of the strength of the incident ray but depends on 
the speed of the digital control processor used and the ef 
ficiency of its control algorithm. Furthermore, the need to 
generate or provide a reference signal, as in some other adapt 
ive arrays, is avoided. Knowing the direction of the desirable 
signal in advance, algorithms to counter slow pulsating inter 
ference can also be devised without difficulty.

Y. C. CHEAH* 18th August 1982
F. j. PAOLONI
Department of Electrical & Computer Engineering
The University of Wollongong
PO Box 1144, Wollongong, NSW 2500, Australia
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A technique has been described for measuring the crosspol- 
ansalion radiation patterns of linearly polarised, frequency 
reuse satellite ground station antennas, using a satellite as 
the remote source. This involves sampling of the imperfect 
satellite wave with a high polarisation purity ancillary an 
tenna, and the application of a correction factor to the meas 
ured crosspolarisation levels. In practice, ihe ancillary 
antenna may have a small but finite crosspolarisation level. 
and error levels due lo this are of interest. Error level ex 
pressions are given here, and some typical results are con 
sidered.

In a recent publication, 1 ways have been considered by which 
the crosspolarisation radiation patterns of linearly polarised, 
polarisation diversity (i.e. dual-channel) ground station an 
tennas can be measured using a communications satellite as a 
far-field source. In the ground station antenna receive mode, 
the problem with using a satellite as a remote linearly pol 
arised beacon is that the wave arriving at the ground is not 
purely linearly polarised. Because of the imperfections of the 
satellite antenna and depolarisation by the propagation path, 
the incident wave is elliptically polarised with an axial ratio of 
the order of 30 dB. The effect is that if ground station antenna 
pattern measurements are made with one antenna channel 
aligned to the received wave ellipse major axis to give 'copol- 
ar' patterns, and the other orthogonal channel there aligned to 
the minor axis of the ellipse, then the 'crosspolar' patterns 
measured with this channel would be at an erroneous level, as 
shown in Fig. 1, due to the reception of the minor axis compo-

true copolar 
pattern

-40-

angle from boresight

Fig. 1 Crosspolarisation pattern measurement error caused by imper 
fectly polarised, received satellite wave

nent of the polarisation ellipse. However, by using an ancillary 
linearly polarised antenna to sample the incident wave, as 
shown in Fig. 2, a correction factor can be used which gives 
the true crosspolarisation level X for any antenna orientation, 
in terms of the perceived (erroneous) crosspolarisation level 
and the axial ratio of the satellite wave polarisation ellipse. In 
decibel units the correction factor expression is

= 101og 10 (i)

where \E^ is the magnitude of the received field level in the 
antenna copolar channel, and \E 2 \ is the equivalent quantity
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in the crosspolar channel, and therefore the quantity |£ 2 | 2 / 
|£ ,1 2 is the directly measured and erroneous crosspolarisation 
level. The quantities |£m,J and |£mo,| are the minimum and 
maximum field strength magnitudes of the polarisation ellipse.

ground station 
antenna

satellite wave

Fig. 2 Crosspolarisation pattern measurement method 
a Ground station antenna measurements
b Received wave sampling measurements using an ancillary an- 
lenna

Eqn. 1 was mathematically derived elsewhere,' but an 
understanding and justification of it follows from a consider 
ation of the contributions that enter the antenna channel 
being monitored for crosspolarisation (call it channel 2). These 
are all the ground station antenna crosspolarisation contri 
butions which, in some way, initially derive from the polarisa 
tion ellipse field strength maximum (to which the copolar 
channel—channel 1—is aligned) and the ellipse minimum con 
tribution which is in phase quadrature with the ellipse maxi 
mum field. The main crosspolarisation components retain the 
phase of the copolar components—for example: crasspolarisa- 
tion components due to imperfect orthogonality of 
orthogonal-mode transducer and horn components; horn/re 
flector crosspolarisation due to the horn not being a perfect 
Huygens source for an axisymmetric reflector;2 or the horn 
being not perfectly polarisation matched for an offset parabol 
oid reflector. 3 This phase similarity is not necessarily true of 
all contributions, but the net effect is a crosspolarisation phase 
equal, or at least near to, the copolar phase. Thus, in channel 
2, the total crosspolarisation field and the ellipse minimum 
field will be in or near to phase quadrature, and this is the 
basis of eqn. 1.

Eqn. 1 is appropriate if the ancillary antenna of Fig. 2 has 
negligible crosspolarisation on boresight, compared with the 
wave crosspolarisation levels it has to accurately sampled. For 
a satellite wave axial ratio of the order of 30 to 40 dB, the 
ancillary antenna crosspolarisation level should be no greater 
than perhaps -60 dB. Unfortunately it is difficult to make a

satellite wave polarisation 
ellipse with axial ratio

[92613]

^ancillary antenna polarisation 
~ ellipse with axial ratio r2

Fig. 3 Satellite wane polarisation ellipse sampling with a nonperfect 
ancillary antenna

r, is axial ratio of satellite wave ellipse; r2 is axial ratio of ancillary 
antenna ellipse

large, high-gain ancillary antenna with this level of per 
formance, and, in practice, crosspolarisation levels of only 
—40 dB to —50 dB could be expected. This finite crosspol 
arisation would produce errors in the wave sampling as in 
dicated in Fig. 3. This would then give errors in the predicted 
crosspolarisation level of eqn. 1, although if the ancillary an 
tenna crosspolarisation level was not excessive, the error level 
could be acceptable. Clearly, it is necessary to establish the 
level of error that would result from an imperfectly polarised 
ancillary antenna, and this is described below.

Fig. 3 shows the situation; the satellite wave, which has an 
axial ratio r,, is sampled by an antenna with polarisation 
ellipse axial ratio r2 . Hatkin4 has shown that, for an interel- 
lipse orientation of a, the field strength £ induced in the re 
ceiving antenna is given by

where k is a constant; the positive sign applies if the ellipses 
have the same sense (or 'hand') of rotation, and the negative 
sign applies for opposite .senses.

From eqn. 2, the sampled satellite wave field strength term 
of eqn. 1 becomes:

l*iT
IE1J 2

__ __ 
+r|) 2(1 + r z )(l + r\)

1 2r,r 2 
2 ± (1 +r?Xl

(1 -r2)(l - rj) 
2(1

(3)

where primes are used to indicate that inaccuracies are pres 
ent.

Hence, from eqns. 1 and 3 we see that, if the ancillary 
antenna is perfect, the predicted crosspolarisation level is

*-'«">«.. r?3-=. (4)

whereas, if the ancillary antenna has a finite axial ratio r 2 , the 
less accurate predicted level is
A" =

2 ~ ( rp 2(1 + r?

25r

CD •o

!30

__ __ __________

2 - (1+ rfXl + r\) 2(1 + rftl + r\)

r, =35 dB,ancillary antenna 
with rj =45dB, opposite 

polarisation sense

r, =35dB.perfect ancillary 
antenna

(5)

r, =35dB, ancillary 
antenna with r2 = 45 dB, 
same polarisation sense

25 30 35 
perceived (erroneous) crosspolarisation level,dB 

Fig. 4 True crosspolarisation level as a function of measured level for a 
satellite wave axial ratio of 3} dB and a perfectly polarised ancillary 
antenna (centre curve)

Outer curves show the errors in predicted levels due to a non- 
perfectly polarised ancillary antenna with a 45 dB axial ratio, for 
both polarisation senses
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where the positive signs apply to same-sense ellipses and nega~ 
live signs to opposite-sense ellipses.

Fig. 4 shows some results from eqns. 4 and 5 for typical 
axial ratio values, i.e. r { = 35 dB and r 2 = 45 dB. The graph 
shows the predicted (corrected) crosspolarisation level as a 
function of the recorded level. The centre curve is from eqn. 4 
and corresponds to a perfect ancillary antenna, whereas the 
outer curves are from eqn. 5, corresponding to the nonperfect 
45 dB axial ratio ancillary antenna cases. The difference 
between the inner and the outer curves shows the inaccuracies 
introduced by the imperfect ancillary antenna.
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CASCADED BANDPASS i/TH-LAW DEVICES

Indexing terms: Signal processing, Nonlinear systems

The effect of the n-cascaded bandpass nth-law devices on the 
sum of a strong signal and a weak signal is analysed. It is 
shown that if any of the nonlinear devices is a hard-limiter, 
the n-cascaded nonlinearities have the same effect as that of a 
single hard-limiter. If two such cascaded n uth-law devices 
(differing in at least one nth-value) or two complex bandpass 
nonlinearities are connected in parallel, we obtain the gener 
alised form of a 'power-division' multiplex system which uti 
lises a feed-forward across a limiter technique.

This letter analyses the effect of the n-cascaded bandpass uth- 
law devices on the sum of a strong signal and a weak signal 
(Fig. 1). It is also shown that if any of the nonlinear devices is 
a hard-limiter, the n-cascaded nonlinearities have the same 
effect as that of a single hard-limiter as shown in Fig. 2. If two

input

Fig. 1 Cascaded n vth-law devices

input

Fig. 2 Cascaded (n — I) vth-law devices and one hard-limiter 
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such cascaded n vth-law devices (differing in at least one fth 
value) are added in parallel, we obtain the generalised form of 
a 'power-division' multiplex system which utilises the feed 
forward across a limiter technique. 1 This system has applica 
tions in improving the efficiency of frequency-space utilisation 
through the feasibility of separating two or more cochannel 
carriers and in improving the stronger-signal capture charac 
teristics of an FM receiver.

Let the input to a nonlinear device be

) cos 6(t)) ) cos (o> 0 f (1)

where S(t) and N(t) are the envelope, and 6(t) and <p(t) are the 
phase of the signal and noise, respectively.

Under the condition that (N(t)/S(r)) = a 4 1, the input in 
eqn. 1 can be written as

Re {A(t)e\p ( (2)

where

A(t) = 2acos(cp -

and

«(() S 9 + a sin (<p + 0) (3)

In eqn. 3, </> and 6 denote <p(t) and 0(t), respectively.
Assuming the nonlinear device has a power-law transfer 

equation

(4)x>0 

x<0

one obtains the output of the nonlinear device as

K Vl N"'[l + 2a cos (d — vflffi/i) 

x exp j(q> + a sin (6 — <f) + u>0 t) 

KO, N"'[cos (w0 ( + (p) + (a/2)(u, + 

x cos (co0 t + 6) + (a/2)(u, - I) 

x cos (co0 1 + 2<p — 0)]

(5)

where

K.,. =
T(v + 1)

2T((v 4- 3)/2)r«v

(see Reference 2).
If y^t) is fed to a second nonlinear device,

x SO 

x < 0
(6)

then, after rewriting y,(t) in phasor form, one can obtain the 
output of the second nonlinear device (similar to eqn. 5) as

(7)

Generalising the above result to n uth-law devices in cascade, 
one can obtain

+ (a/2)(t>i Uj + 1) cos (cu0 t + 6)

_ - 1) cos (to0 f + 2<p - 0)]

yn(0 = K 0[cos (w0 ( + (p) + (a/2)(u, u_ ... u_ + 1 

x cos (a> 0 1 + 6) + (a/2)(u, v l ... vn - 1) 

x cos (a)0 1 + 2<f — 0)]

(8)

where Ka depends on u,, i = 1, 2,..., n and N(t).
From eqn. 8 it is obvious that, if any of the nonlinear de 

vices is a hard-limiter (say t> 2 = 0), y_(r) is the same as when 
only one hard-limiter is used between the input and the 
output.
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guide. These lasers emit either in a coupled, first-order mode, 
or as two independent lowest-order uncoupled lasers. At 25°C 
we find /,,, = 25-30 mA and r\ at threshold is 0-5-0-6. The 
output power for the laser in Fig. 2 at 100 mA was 15 mW/fa- 
cet in the lowest-order mode. The optical spectrum typically 
consists of 2-3 longitudinal modes spaced by 11-25 A (Fig. 3).
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Fig. 4

a Temperature dependence of light output on pulsed current
showing laser emission up to 80°C
b Temperature dependence of llh and r\

Plots of the light output against pulsed current at several 
temperatures are shown in Fig. 4a. The temperature depen 
dence of /,,, and the initial value of t\ are shown in Fig. 46. Up 
to 40°C the light output is reasonably linear, and I lh has the 
characteristic temperature dependence with T0 = 42°C. At 
higher temperatures the nonlinearity of the light output inc 
reases, /,,, increases nonexponentially with temperature, and 
the quantum efficiency decreases. The results indicate the pre 
sence of an effective additional leakage current at high tem 
peratures in addition to the various intrinsic mechanisms 
presumed responsible for the lower temperature T0 . 8 Such 
behaviour has been observed in a variety of other InGaAaP 
laser structures. It has been observed that the break in the 
exponential l lh(T) dependence is not present in optically 
pumped lasers suggesting that this additional leakage is 
associated with the forward-biased p-n junction.

We are indebted to H. G. White, R. M. Mikulyak, C. G. 
Fleming and A. Savage for technical assistance. The InP sub 
strates were grown by Western Electric Engineering Research 
Center, Princeton, New Jersey.

J. P. VAN DER ZIEL 4th January 1983 
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R. A. LOGAN
Bell Laboratories 
600 Mountain Avenue 
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PREDICTION OF SCATTERING CROSS- 
SECTION REDUCTIONS DUE TO PLATE 
ORTHOGONALITY ERRORS IN 
TRIHEDRAL RADAR REFLECTORS

Indexing terms: Antennas, Scattering, Reflector antennas

A method is presented for the determination of the reduction 
in scattering cross-section levels due to angular errors 
between plates in trihedral radar corner reflectors. The 
method applies to any regular reflector shape and for any 
incident ray direction in the reflector main beam zone; it 
owes its viability to a recently developed technique for deter 
mining trihedral reflector effective areas. The analysis is not 
exact, but gives good agreement with experimental results for 
a wide range of reflector sizes. .

Trihedral reflectors consisting of three orthogonal flat plates 
are perhaps the most widely used of the passive radar targets. 
Developed in the 1940s as calibration and navigation tar 
gets, 1 - 2 trihedral reflectors have the property that, over an 
appreciable angular zone, the majority of rays incident within 
a reflector will undergo three reflections and emerge in an 
exactly reversed direction, as illustrated in Fig. 1. Reflectors of 
more than about 10 wavelengths side dimension operate 
mainly as ray-optical devices and may be quite accurately 
analysed using geometrical optics, although the addition of 
GTD contributions from edges and corners is necessary for

Fig. 1 SAR-580 corner reflector geometry and definition of error angles
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guide. These lasers emit either in a coupled, first-order mode, 
or as two independent lowest-order uncoupled lasers. At 25°C 
we find /,„ = 25-30 mA and r\ at threshold is 0-5-0-6. The 
output power for the laser in Fig. 2 at 100 mA was 15 mW/fa- 
cet in the lowest-order mode. The optical spectrum typically 
consists of 2-3 longitudinal modes spaced by 11-25 A (Fig. 3).
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Fig. 4

a Temperature dependence of light output on pulsed current
showing laser emission up to 80°C
h Temperature dependence of l lh and tj

Plots of the light output against pulsed current at several 
temperatures are shown in Fig. 4a. The temperature depen 
dence of /,, and the initial value of r\ are shown in Fig. 46. Up 
to 40°C the light output is reasonably linear, and /,,, has the 
characteristic temperature dependence with T0 = 42°C. At 
higher temperatures the nonlinearity of the light output inc 
reases, /,,, increases nonexponentially with temperature, and 
the quantum efficiency decreases. The results indicate the pre 
sence of an effective additional leakage current at high tem 
peratures in addition to the various intrinsic mechanisms 
presumed responsible for the lower temperature 7i. 8 Such 
behaviour has been observed in a variety of other InGaAaP 
laser structures. It has been observed that the break in the 
exponential l lh(T) dependence is not present in optically 
pumped lasers suggesting that this additional leakage is 
associated with the forward-biased p-n junction.

We are indebted to H. G. White, R. M. Mikulyak, C. G. 
Fleming and A. Savage for technical assistance. The InP sub 
strates were grown by Western Electric Engineering Research 
Center, Princeton, New Jersey.
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600 Mountain Avenue 
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PREDICTION OF SCATTERING CROSS- 
SECTION REDUCTIONS DUE TO PLATE 
ORTHOGONALITY ERRORS IN 
TRIHEDRAL RADAR REFLECTORS

Indexing terms: Antennas, Scattering, Reflector antennas

A method is presented for the determination of the reduction 
in scattering cross-section levels due to angular errors 
between plates in trihedral radar corner reflectors. The 
method applies to any regular reflector shape and for any 
incident ray direction in the reflector main beam zone; it 
owes its viability to a recently developed technique for deter 
mining trihedral reflector effective areas. The analysis is not 
exact, but gives good agreement with experimental results for 
a wide range of reflector sizes.

Trihedral reflectors consisting of three orthogonal flat plates 
are perhaps the most widely used of the passive radar targets. 
Developed in the 1940s as calibration and navigation tar 
gets,'- 2 trihedral reflectors have the property that, over an 
appreciable angular zone, the majority of rays incident within 
a reflector will undergo three reflections and emerge in an 
exactly reversed direction, as illustrated in Fig. 1. Reflectors of 
more than about 10 wavelengths side dimension operate 
mainly as ray-optical devices and may be quite accurately 
analysed using geometrical optics, although the addition of 
GTD contributions from edges and corners is necessary for
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very accurate pattern determination. 3 Robertson 2 has shown 
how the effective area of a trihedral reflector can be deter 
mined by mapping the real and image apertures of a reflector 
onto an oblique plane through the reflector apex, the plane 
being orthogonal to the direction of the incident rays. This 
procedure has recently been adapted to a computer processing 
technique which uses numerical integration to determine effec 
tive areas at any angle of incidence, for any regular trihedral 
reflector shape.4 There is currently considerable interest in 
trihedral reflectors as ground targets for the calibration of 
airborne and spaceborne remote-sensing, synthetic-aperture 
radars. Fig. 1 shows the geometry of the type of ground tar 
gets developed for the European SAR-580 programme. 3 As 
accurate predictions of reflection level are required for this 
type of calibration, it is necessary that the effect on scattering 
cross-section due to nonorthogonal alignment of reflector 
plates caused by construction accuracy limitations can be 
computed. A procedure for accomplishing this, which depends 
on the method for finding the effective area at any direction of 
incidence,4 and which is based on the description of the physi 
cal mechanism involved given by Spencer, 1 is outlined below.

Following Spencer, the theory development is best carried 
out by first considering the simplest dihedral reflector case. A 
dihedral radar reflector consists of only two orthogonal plates 
and will give a return in the reversed incident wave direction 
by two reflections, but only in the plane orthogonal to both 
plates.

Fig. 2 Dihedral reflector orthogonality error
Angular error £ causes a beam squint of 2e on ray incident on 
plane reflector OA

Fig. 2 shows a dihedral reflector with an angular orthog 
onality error E. A ray incident on plate OA will emerge from 
plate OB with an angular displacement of It. from the reversed 
incident ray direction. Similarly, a ray incident on plate OB 
also emerges with an angular displacement of 2e, but this time 
on the other side of the incident beam direction. Thus, as 
shown in Fig. 3, the angular error causes the returned com 
ponent to be split into two diffraction patterns with a separa 
tion of 4e between beam peaks, the sum of which gives the 
actual reflection level.

Each of the diffraction patterns has a field distribution of 
the form

£(0) = (1)

where F(0, aj is the Fourier transform of the appropriate 
aperture distribution a^, K is a constant containing distance 
and other factors which are not relevant here, and the factor 
of { has been introduced as there are two equal diffraction 
patterns which would normally be one, for e = 0°. The angle 6 
is the angle from beam peak for each diffraction pattern. As

Fig. 3 Diffraction pattern doubling due to error angle £ 
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we are only interested in the sum of the patterns in the re 
versed incident ray direction, 9 = It, in both cases.

Adding the two equal phase and amplitude contributions at 
8 - 2e (pattern symmetry is assumed) and normalising with 
e = 0°, i.e. no-error case, gives the level reduction in decibels 
due to a plate orthogonality error c as

20 log, 0 F(2£, (2)

To use this function it is necessary to determine a t and the 
distribution, and then find the Fourier transform. This has 
been done for the dihedral case 3 but will not be repeated here. 
Of greater interest is the extension of the above to the tri 
hedral reflector case. The same mechanism occurs except that 
an error in one reflector plate causes two beams to be formed, 
errors in two plates cause four beams, and errors in all three 
plates cause six beams; these combine 'in-phase' in pairs in the 
way described above. The errors may be treated separately 
and added as below:

LdB + LdB (3)

where each of the terms on the right-hand side is a Fourier 
transform expression of the form of eqn. 2, but with its associ 
ated error angle, e.g. angles E ,, £ 2 and £ 3 °f F'g- ' •

The appropriate values of at are not easy to determine 
exactly, but from an examination of effective area shapes, a 
good approximation is the semi-minor diameter of a hexagon 
with an area equal to the effective area. Thus,

).
Aetf(l, m, n) 

0-87 (4)

where A represents wavelength and Aeff(l, m, n) is the effective 
area which is a function of the direction cosines of the incident 
beam. For the Fourier transform functions, again it is not easy 
to get an exact formulation, but a close approximation can be 
obtained from a knowledge of the distributions involved, to 
give the same sort of pattern shape and beamwidth. A linear 
cosine distribution is a fair representation, and therefore the 
following function has been used:

F(2e, flj
- cos[?ca

\\ - ["0* si
(5)

sin (2c)] 2

The above procedure is a good approximation for most tri 
hedral reflector shapes; the value of the effective area must, of 
course, be determined for the appropriate shape. Applying the 
above to triangular-sided reflectors, comparison with pu 
blished measured results on boresight level reductions 6 shows 
agreement of better than 0-1 dB per error up to values of half 
a degree for reflector sizes ranging from 15 to 35 wavelengths 
side dimension. Fig. 4 shows boresight level reductions for a 
90 cm size SAR-580 reflector at 5-3 GHz. Computed patterns 
given elsewhere 3 are interesting as they show that the beam 
peak error reduces with angle from peak as a consequence of 
the diminishing effective area.

Acknowledgment: This work was carried out for the European 
Space Agency under ESTEC Contract 4947/81/NL/MS, and
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Fig. 4 Boresight reflection level reduction due to orthogonality errors at 
all three plate intersections for a 90 cm side dimension SAR-580 reflec 
tor at 5-3 GHz
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doped with either Sn or Te, and the carrier concentration was 
about 10" cm" 3 . No epitaxial layers were used. Various types 
of metallisations were studied, but in this letter data concern 
ing only the most interesting layer systems will be published. 
They are 400 nm-thick gold layer, 400 nm-thick gold 
layer + 100 nm-thick In layer + 400 nm Au layer and 400 
nm-thick gold layer + 100 nm-thick Ga layer + 400 nm Au 
layer.

For comparison, InP slices without metallisation were also 
investigated. The experimental set-up has been described in 
our previous work." The QML-51 Riber quadrupole mass 
spectrometer was supplied with a six-channel peak selector 
made in Atomki Debrecen, Hungary. The chamber of the 
mass spectrometer was cooled by liquid nitrogen during the 
measurements. The pressure in the chamber of the mass spec 
trometer was lower than 10~ 3 Pa.

Results: In Figs. 1 and 2 the P, and P4 yields against tem 
perature can be seen from InP samples covered by Au, Au-In- 
Au and Au-Ga-Au contact layers. We also registered the P ^ 
species. The rates of the several phosphorus species are sup 
posed to be essentially temperature-dependent. Au-InP con 
tact systems at 440°C show large peak similarly to Au-GaAs 
contact system.*

n-lnP
30-

IN SITU MASS SPECTROMETRIC 
INVESTIGATION OF METALLISED InP 
SAMPLES DURING ANNEALING

Indexing terms: Semiconductor devices and materials. Semi 
conductors (lll-V), Ohmic contacts, Schottky contacts

In situ mass spectrometry was used to study the interaction 
of the metal-InP system. In the presence of a thin gold layer 
on the crystal surface the phosphorus yield showed charac- 
teristical peak against temperature with a relatively high rate 
of evaporation. Contact systems containing gallium and 
indium were also investigated. A thin Ga layer deposited into 
the gold film eliminated the characteristical phosphorus 
losses.

Introduction: InP is a direct bandgap semiconductor which is 
particularly well suited for microwave and optoelectronic de 
vices.

Low-resistance ohmic contacts to InP have been obtained 
using gold- and silver-based metallisation systems. The as- 
deposited metallisation shows Schottky-character, and a suit 
able postdeposition annealing converts it into ohmic contact. 
It is well known that a high alloying temperature or too long 
an alloying time can destroy the compound semiconductor. 1 
This decomposition is greatly enhanced by the layers on the 
surface of the crystals. 2 For the in situ investigation of the 
metal-semiconductor interaction a mass spectrometric method 
was proposed. 3 The main advantage of this in situ method is 
that the temperature dependence on decomposition can be 
obtained. This method was applied to the investigation of 
GaAs, GaP4 and GaAlAs. 5

Gallium-containing contact systems have been applied to 
making contacts to GaAs. 6 This thin gallium layer, codeposi- 
ted with the metallisation, causes a drastic change in the inter 
action. 7

In this letter we briefly report on our mass spectrometric 
study of the decomposition of n-InP covered with a single 
metallic layer. Gallium- and indium-containing contact sys 
tems were also investigated and compared.

Experimental: This study was carried out using LEC-pulled 
InP of <100> and of <111> orientations. N-type InP was

ELECTRONICS LETTERS 3rd February 1983 Vol. 19 No. 3
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Fig. 1 Phosphorus (P,) yield from n-InP covered by contact layers 
- - - - uncovered InP samples 
///////// background (empty sample holder, ESH)

Using Au-ln-Au contacts we also experienced large peaks at 
slightly higher temperatures. The curves seem to have two 
maxima, one of them sometimes appearing as a shoulder.

The points in Figs. 1 and 2 are averages of several measure 
ments, and the scattering of the temperature and phosphorus 
yield belonging to the extremes is also shown. In spite of the 
large scattering the shape of the curves obtained for the same 
type of samples was very similar.

In contrast with the results obtained using Au-ln-Au con 
tacts, a 100 nm-thick Ga layer between two Au layers can 
practically eliminate the large phosphorus peaks. It is in good 
accordance with the results reported in Reference 7.

In the case of free InP surface the evaporation increased 
very abruptly above 550°C.

Other contacts were also investigated. For example, Ag con 
tacts showed peaks at about 550°C. In the case of Ni contact 
no peaks of any kind were observed, and even at 600°C the 
phosphorus yield was relatively low.

We also investigated the effect of repeated annealing. No 
peaks were observed and the yield was always less than in the 
case of the first annealing.
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USE OF RADIO TELESCOPES OR 
SATELLITE EARTH STATION ANTENNAS 
AS ULTRA-HIGH SCATTERING 
CROSS-SECTION CALIBRATION 
TARGETS FOR SPACEBORNE REMOTE 
SENSING RADARS

Indexing terms: Antennas, Radio telescopes. Radar

Spaceborne synthetic aperture and scatterometer radars cur 
rently under development for earth remote sensing may 
require the provision of ground calibration targets with very 
large scattering cross-sections. One way of providing these 
would be to adapt existing parabolic radio telescopes or 
satellite earth station antennas by replacing the feed by a 
metallic sphere. A dichroic surface would facilitate tracking.

Over the past 15 years there has been a rapidly rising interest 
in the use of spaceborne scatterometers and synthetic aperture 
radars for a variety of geophysical applications such as ocean 
ography, agriculture, forestry and ice mapping. 1 The Euro 
pean Space Agency, for example, is currently developing the 
ERS-1 satellite, which will have a C-band earth sensing radar 
module. The module will operate in three radar modes: two 
SAR modes of different resolutions and a scatterometer mode. 
This type of instrument requires operational calibration, both 
internal and using known returns from suitable ground 
targets, to determine essential information such as radiometric 
response, system resolution and geometric fidelity. Calibration 
procedures for the ERS-1 module will shortly be studied, and 
this will involve a detailed investigation of ground calibration 
targets. At this stage, however, it seems likely that there will be 
a need for point source targets, either passive or active, with 
very high return levels. A technique for the adaption of exist 
ing parabolic reflector radio telescopes or satellite earth 
station antennas with the normal tracking facilities, as passive 
ultra-high reflection level ground targets of known scattering 
cross-section, is the subject of this letter.

An axisymmetrical parabolic reflector as used for large 
ground station antennas and for some types of radio telescope 
is fundamentally a ray-focusing device. In the receive mode it 
essentially converts plane waves into spherical waves which 
are centred on the focal point of the reflector, where a small 
antenna (the 'feed') or a subreflector is located. In the transmit 
mode it does the same thing in reverse, i.e. it essentially con 
verts spherical waves emanating from the feed (or subreflector)

reflecting sphere

parabolic 
reflect'

feed box

to plane waves. Thus a parabolic reflector antenna could be 
used as a passive radar reflector by placing a metallic sphere 
at its focus, as in Fig. 1, which shows the adaption of a front- 
fed antenna system; the sphere would convert converging 
spherical incident waves to reflected diverging spherical waves. 
The principle would also apply to a Cassegrain antenna 
system, where either the hyperboloid subreflector or the feed 
could be replaced by a metallic sphere. The beamwidth of a 
radar reflector of this sort would, of course, be very narrow, 
and the system would only work in one direction, i.e. along 
(or, at least, close to) the paraboloid axis.

Values of scattering cross-sections as functions of reflector 
size and radar wavelength can be determined using the general 
relationship between scattering cross-section a and effective 
area A. 2 Introducing an efficiency factor n, analogous to the 
aperture efficiency factor used in antenna calculations, an 
expression may be derived as below:

(T = /J
ATI A 2

(I)

where /. represents wavelength. For a reflector with a circular 
aperture of diameter D, the above can be more conveniently 
expressed as

(2)

The value of n would be of the order of 0-5. Using this, values 
of boresight scattering cross-sections have been calculated for 
a range of typical earth station antenna and radio telescope 
reflector diameters for the 5-3 GHz radar frequency of the 
ERS-1 satellite. These are shown in Table 1, and it can be seen 
that the values are very high, even for relatively small reflec 
tors.

Table 1 VALUES OF RADAR 
SCATTERING CROSS- 
SECTIONS FOR A 
RANGE OF EXISTING 
REFLECTOR SIZES 
AT 53 GHz

Reflector diameter a at 5-3 GHz

5
15
25
65

7-6 x 10 5
6-1 x 10 7
4'7 x 108
2-2 x 10'°

The practical application of this ground target technique 
would require accurate tracking. This could be carried out in 
the normal way with a tracking feed, utilising a satellite 
beacon signal at a frequency well removed from the radar 
frequency. As shown in Fig. 2, the tracking feed could be 
incorporated within a reflecting sphere if the sphere was 
dichroic, allowing transmission at the beacon frequency but 
acting as a reflector at the radar frequency. A number of 
frequency-selective structures are known which would facili-

dichroic surface

feed box

Fig. 1 Radio telescope or satellite earth station antenna adapted as a 
high-reflection radar calibration target
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tracking feed
Fig. 2 Tracking arrangements, using a tracking feed within a dichroic 
sphere
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tate this: for example, Jerusalem cross and concentric ring 
arrays. 3 ' 4

The accurate determination of a for any given antenna 
geometry could be determined using the various analytical 
techniques that have been applied to other radar reflector 
structures. 5 - 6
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YIELD ESTIMATION MODEL FOR VLSI 
ARTWORK EVALUATION

Indexing terms: Modelling, VLSI design. Mask defects. Yield 
model

In the letter a model which describes limitations of a manu 
facturing yield in terms of an 1C artwork and a lithography 
characterisation is proposed. Density and distribution of 
diameters of defects present in the mask, as well as line-width 
fluctuations, are taken into account.

Introduction: Recent progress in VLSI technology and devel 
opment of new design methodologies have created new 
demand for a model relating an 1C artwork description and a 
statistical characterisation of the lithography progress to an 
estimate of manufacturing yield. Such a model is needed for: 
(i) estimation of a contribution of the optical defects present in 
the mask into a degradation of the manufacturing yield; (ii) 
prediction of the mask-limited yield from automatic mask 
inspection data; (iii) optimisation of the simplified design 
rules' with regard to the quality of the available lithography 
process. Models aiming to solve part of the above goals have 
been published since the early 1960s. First, for an approximate 
estimation of the yield models were applied dealing with an 
average density of optical defects in the mask. 2 Then, more 
realistic but more complex models were applied for solving the 
second and third of the above tasks (see, for example, Refer 
ences 3 and 4). Unfortunately, none of the existing approaches 
is general enough to cover all the phenomena which are essen 
tial in solving problems (i) to (iii) with a single model. The 
other disadvantage of the existing models is that they refer to 
the defect in the mask rather than to the physical meaning of 
its image in silicon. In this letter we propose a model which
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should be suitable for analysis of VLSI artworks and technol 
ogies. It is intended as a tool for solving the above-mentioned 
goals, and seems to be free of previously mentioned disadvan 
tages of the approaches reported elsewhere.

Defect: The optical defects in the mask may cause the follow 
ing catastrophic deformations of the 1C layout: a break of the 
conducting path, unintended short-circuit between some 
active areas and unwanted appearance of an active or para 
sitic device. We assume that these deformations occur if the 
distance wd between deformed edges of the conducting path is 
less than a certain critical value wfr (see Fig. la) or if a diam 
eter D,, of a circle described on the unwanted device is greater 
than dcr (see Fig. 16). Of course, the values of wa and df, 
depend on a physical meaning of the considered layer and are 
determined by the critical values of current densities, break 
down voltages etc. Thus, in general, the estimation of the 
yield, i.e. the probability that an 1C is not catastrophically 
deformed, consists in searching for the probability that, for 
each defect present in the mask, wd > wcr or Dd < dcr .

break ° Q bridge

Fig. 1 Deformations caused by optical defects in mask

Simplified yield estimation model: To develop a general model 
we first consider a single mask composed of conducting paths 
with parallel edges and a uniform width. Moreover, we con 
sider the path breaks only, and we assume that defects in the 
mask can be described by circles having radiusf R and 
uniform distribution on the entire area of the mask, given by 
D. Since the defect in the mask causes catastrophic deforma 
tion, i.e1 . it is a killer defect, when wd < wcr , then (see Fig. 2) it 
reduces the yield when its centre is located within a belt 
having the width wf = w — 2[w — (R + ww )], where w is the

W, =0

W, =2(R.WC , )-W 2R>2(W-WC ,) W-2RsWcr

Fig. 2 Critical belt (dotted area)

width of the path in the mask. Note, however, that the image 
from the mask is transformed onto the surface of silicon with a 
random deformation caused by the inaccuracy of the lithogra 
phy process. We described a difference in the location of an 
edge in the mask and its actual location in silicon by a 
random variable AW, which is defined by a Gaussian density 
function/(AW). Therefore, the actual radius of the defect in 
silicon is R 2 = R + AW, where R z is a random variable having 
a distribution given by/(Rr ), which is a composition of/(R) 
and/(AW). Thus, the actual distance between two edges of the 
conducting path is w — 2AW, and the actual width of the 
critical belt wf on the surface of silicon becomes 2R Z + 2wer 
— w. Knowing the area of the critical belt and the distribution 

of R z one can evaluate the probability of the event that the 
centres of the defects are out of the critical area, i.e. the yield. 
In order to accomplish this we divide the range of changes of 
R. into n segments [R z , Rj +1 ] and we compute for each / = 1, 
2, ..., n, A'j- = Lw'f , where w'f is the width of the critical belt 
computed for R;* = (R z + R z +1 )/2 and L is a total length of 
the conducting path in the mask. Thus, one can show that the 
yield is as follows:

*> r "V iy(R 2 )dR z exp -DA'f f(R :)dR,\ 
J L J, J

(1)

This can be done by applying a formula for a total probability 
and the Poisson theorem. 5

Yield estimation procedure: Eqn. 1 was developed for a single 
mask under rather unrealistic assumptions. Here, we give an

t R is a random variable described by a probability function/(R) 
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this process the Auger recombination is 5 times stronger than 
the radiative recombination for n = 3 x 10' 8 cm" 3 .

In conclusion, we find that for the 1-3 jum InGaAsP laser 
studied the radiative recombination coefficient decreases with 
charge density. Indications are also strong that the active 
region is lightly doped and,the Auger coefficient is relatively 
small in agreement with the results of Su et a/.'
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FAST ALGORITHM FOR THE EXACT 
DETERMINATION OF THE MAPPED 
EFFECTIVE AREAS OF TRIHEDRAL 
RADAR REFLECTORS

Indexing terms: Radar, Reflectors

A computer processing technique has recently been described 
for the evaluation of monostatic scattering cross-sections of 
regularly shaped trihedral radar reflectors, the final stage of 
which involves the determination of an effective area mapped 
out by orthogonal projections of real and image aperture 
boundary lines on an oblique plane. Previously the area 
determination was carried out by an integration process plus 
a geometrical procedure. An alternative method described 
here reduces the area to a set of triangles which are evaluated 
and summed: this gives an exact value and.is approximately 
50 times faster in computer CPU time.

The current interest in the use of trihedral radar corner reflec 
tors as ground targets for the calibration of synthetic aperture 
radars and scatterometers carried by remote sensing satellites 
has resulted in some extensions to the original analytical work 
on corner reflectors, carried out in the 1940s. 1 ' 2 Recently, a 
new method has been described for evaluating the geometrical 
optics monostatic effective area (and therefore, scattering 
cross-section) of any regularly shaped trihedral reflector, for 
any incident ray direction. 3

This method, which uses computer evaluation, is basically 
as follows. For any direction of incident ray, the effective area 
is mapped out by the orthogonal projections of the reflector 
aperture boundary lines (transposed about the reflector,apex) 
onto an oblique plane; this plane is perpendicular to the inci 
dent ray direction and passes through the corner reflector 
apex. The orthogonal projection process is carried out by a 
co-ordinate transformation involving a compound rotation to 
a two-dimensional Cartesian co-ordinate system on the 
oblique pjane with co-ordinate axes OX' and QY'. The result 
of this stage of the overall procedure is a set of projected lines 
of known slopes and intercepts in the X'Y' co-ordinate 
system; these define the boundaries of the effective area. The 
final stage of the procedure then is to evaluate the area. Orig 
inally, this was carried out by the perfectly valid but rather

lengthy process as in Fig. 1 which shows a typical effective 
area half mapping (the effective area is symmetrical about the 
0V axis). This process is in two parts: first, integration of the 
area is carried out by trapezoidal strip summation, up to the 
position X' of the first crossing of the A"-axis; secondly, geo 
metrical evaluation is used to find the portion of area remain 
ing beyond X'. The integration process is not exact, and has to 
be carried out with small ox values in order to make errors 
negligible. Also, the geometrical procedure to determine the 
remaining area is prolix in terms of computer program length 
and running time.

Fig, 1 Effective area determination by strip integration and geometrical 
area calculation

With experience of the scattering cross-section prediction 
method it became clear that evaluation of mapped effective 
areas could be carried out in a more efficient and exact way. 
This alternative technique is the subject of this letter.

line i.

Fig. 2 Alternative effective area determination method
Polygon of n sides is divided into n - 2 triangles which are separa 
tely evaluated and then summed

Fig. 2 shows the alternative area evaluation technique 
applied to the same set of boundary lines as in Fig. 1. The 
technique is based on the simple fact that a polygon of n sides 
can be divided into n — 2 triangles, and that the area of each 
triangle can always be determined from the length of its sides 
(and therefore from a knowledge of the co-ordinates of its 
corners) using Heron's formula,4 i.e.

area = V[s(s - a)(s - b)(s - c)]

where a, b and c are the side lengths and s is the semiperimeter 

5 = ^a + b + c)

For the half effective area shape shown, the seven-sided 
polygon consisting of the 0"r"-axis and lines 1 to 6 (as assigned 
in clockwise order) can be reduced to five triangles with a 
common corner; this may be either the lowest positive V'-axis 
intercept A, or the highest negative y'-axis intercept B. Fig. 3 
is an outline flowchart for a software subroutine which carries 
out area evaluation in this way. Initially all slope and inter 
cept data for the projected real and image aperture boundary
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slope and 
intercep; 
data for a,I 
lines

intersection 
before Y'axis ?

Fig. 3 Outline flowchart for the effective area determinations using a reduction to n — 2 triangles

lines are supplied. The lowest positive and highest negative 
y'-axis intercepts are then found; these are the points A and 
B. Point A also defines line 1 as it is the line with this Y' 
intercept value. However, care must be taken with this and 
similar line and point matching: more than one line might 
cross the y'-axis at A but only the one with the lowest slope is 
of interest as this forms part of the area boundary; other lines 
do not.

Following the identification of line 1, the procedure shown 
in the flowchart of Fig. 3 consists basically of two loops and a 
summation process. In both loops, the effective area boundary 
is traversed in a clockwise direction from point A on the 
+ X'-axis to point B on the — y'-axis: the first loop operates 
when the boundary traversal corresponds to a movement in 
the positive direction along the OA"-axis, or a zero horizontal 
movement (i.e. with a vertical line); the second loop corre 
sponds to a movement in the negative direction along the 
(XY'-axis. In these loops, the intersection points of interest are 
found and stored. The final stage is the calculation of the 
n — 2 triangle areas using Heron's formula, and summation to 
give the required effective area.

The above procedure is clearly superior to the previous 
technique using strip integration, as it is exact and involves 
only a small fraction of the number of calculations required 
previously. A subroutine in Fortran has been used successfully 
with the three trihedral reflector shapes, i.e. triangular-sided 
corner reflectors, square-sided corner reflectors and SAR-580 
corner reflectors. 3 Reflection patterns agree with those calcu 
lated using strip integration, but the computational speed was 
seen to be improved by a factor of about 50.
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SIMPLE MEASUREMENT METHOD FOR 
POLARISATION MODAL DISPERSION IN 
POLARISATION-MAINTAINING FIBRES

Indexing terms: Optical fibres. Polarisation

A new method for polarisation modal dispersion measure 
ment of polarisation-maintaining fibres is presented. By 
using a laser diode and a Michelson interferometer, polarisa 
tion modal dispersion is determined from the path difference 
between the two interference peaks which arise from the 
interference between HE'n and HE\, modes.

Introduction: Polarisation-maintaining fibres are essential for 
coherent optical communication systems and fibre sensor 
systems. One of the important characterisations for 
polarisation-maintaining fibres is to measure the polarisation 
modal dispersion accurately. Many methods for the polarisa 
tion modal dispersion measurement have been proposed so 
far. 1 "3 Among these techniques, the spatial technique 3 is the 
most accurate. However, the reported measurement procedure 
is rather complicated. First one must set up a modified 
Twyman-Green interferometer without a test fibre so that the 
optical path difference between the two arms of the interfer 
ometer equals zero. Next, the test fibre is set and one of the 
mirrors is moved so that the maximum visibility is again 
obtained. When light source power is low, the interference 
visibility is difficult to observe. This letter proposes a simple 
and highly accurate method using a Michelson interferometer.

Principle: When the electric field envelopes of the HE' t and 
HE\ , modes are F^t) and Fy(t), respectively, the electric field 
after passing through an analyser whose polarisation plane 
matches the direction of 45° with respect to the principal axis

ELECTRONICS LETTERS 24th November 1983 Vol. 19 No. 24 1015



Publication P36. K.M. KEEN, Antenna circular polarization

deterioration due to feeder errors. 
Microwave Systems News, May 1984, pp 
102-108.

(Re-titled Feeder Errors Cause Antenna 
Circular Polarization Deterioration)



ANTENNAS

Many types of circularly polarized
antennas achieve polarization 

performance by feeding orthogonal
radiating elements with a 

quadrature hybrid. In practice,
hybrids are not perfect and 

elliptical polarization can result.

Feeder Errors Cause Antenna Circular 
Polarization Deterioration

By 
Keith M. Keen

Keen Associates

Many types of antennas that are 
designed to work in circular polari 
zation consist of orthogonal pairs of 
linearly polarized elements fed with 
equal amplitudes but 90° phase dif 
ference, provided by a quadrature 
hybrid and two equal-length cables 
between the hybrid and the antenna. 
A well-known example is the 
crossed half-wavelength dipole an 
tenna; 1 this is sometimes used as a 
circular polarization feed for para 
bolic reflector antennas and also, as 
shown in Figure 1, for short-backfire 
antennas. Other examples of orthog 
onal element-pair antennas fed via 
a quadrature hybrid for circular 
polarization are the quadrifilar helix 
antenna, 2 the four-turn conical 
spiral, 3 some VHP turnstile an 
tennas, 1 and crossed log-periodic 
dipole arrays. 5

With such antennas, if the hybrid 
is perfect and the feeder cables are 
exactly the same length, the polariza 
tion response in the antenna bore- 
sight direction is perfectly circular. 
If, however, the hybrid does not pro 
vide exactly equal amplitudes with 
an exactly 90° phase difference at 
its two output ports (as happens in 
practice), and also if there is an 
additional phase error in the feeder 
cables between the hybrid and the 
antenna, elliptical, rather than circu 
lar, polarization results. Figure 2 is
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1. The short-backllre antenna is one example ot an antenna using orthogonal linearly 
polarized radiating elements (crossed dipoles) fed with a quadrature hybrid, lor circular polari 
zation.

a useful set of curves which shows 
antenna boresight axial ratio as a 
function of amplitude and phase 
errors in hybrid and feeder. On the 
graph, the amplitude error is simply 
the ratio of the two amplitudes in 
dB, and the phase error is the depar 
ture from 90°.

Derivation of Graph
In the far field, the boresight 

polarization ellipse can be described 
by two orthogonal linearly polarized

field components in a Cartesian 
coordinate system where the x and y 
axes are parallel to the antenna ele 
ments: 6

Ex =
E =

sin oil 
sin (cut + 6)

Keith M. Keen is with Keen Associates, I/old, 
West Sussex RH14 OTA, England: Tel.- 
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Continued on page 107



Continued from page 102

EI and E% are proportional to the 
two amplitudes at the antenna ele 
ment pairs, and 8 is the phase differ 
ence between them. Using the usual 
polarization ellipse diagram, 6 the 
following may be defined

i £2 7 = tan ' -jr- 0° < y < 90°

and
e = cot" 1 (T AR)

-45° < t < + 45°

2. Antenna boreslght axial ratio is shown as 
a function ot hybrid and feeder line phase 
and amplitude errors. Phase errors are 
departures from 90°, and may be positive or 
negative. The amplitude error may also be 
positive or negative.

where AR is the axial ratio, i.e., the 
length of the major ellipse axis over 
the length of the minor axis. In 
decibels, this is expressed as

ARdB = 20 logio AR
These quantities may be related by 
the relationship6

sin 2« = sin 2-y sin6
and this is the basis of Figure 2.

The above equations are symmet 
rical in that it does not matter which 
way the amplitude imbalance occurs, 
i.e., whether E2 is greater than EI or 
vice versa, or whether the phase error 
(a departure from 6 = 90°) is positive

ANTENNAS

or negative. This means that the 
axial ratio is the same for all cases, 
although the orientation of the 
polarization ellipse may not be.

Example of Use
A short-backfire antenna, con 

structed with crossed dipole ele

ments for circular polarization oper 
ation as a satellite-terminal antenna 
over a frequency band of 1550 to 
1661 MHz, contains a commercially 
available quadrature hybrid with an 
amplitude equality specification of 
0.2 dB and a phase departure from 
90° specification of ±4°. The cables
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ANTENNAS
between dipoles and hybrid ports 
are equal to a tolerance equivalent 
to ±1° in this frequency band. For 
this antenna then, the worst-case 
total feeding error would be 0.2 dB 
in amplitude and 5° in phase, 
which, from Figure 2, would pro 
duce elliptical polarization with an 
axial ratio of just under 0.8 dB.

Other Uses of the Graph
The graph in Figure 2 is applica 

ble to any situation where a perfectly 
circularly polarized wave is degraded 
by amplitude and/or phase differ 
ence modifications, relative to two 
orthogonal planes in the direction 
of propagation. A good example of 
this is a perfectly circularly polar

ized wave obliquely incident on a 
planar dielectric radome wall as in 
Figure 3. For oblique incidence at 
some angle 6, transmission loss in 
a radome wall is different for par 
allel-linear and perpendicular-linear 
polarizations, where "parallel" and 
"perpendicular" refer to the plane 
of incidence on the wall. The paral-
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RADAR SIMULATORS 
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See Us At MTT-Booth 810 
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3. In this circularly polarized wave incident 
at angle 6 on a planar radome wall, differ 
ences in parallel and perpendicular transmis 
sion losses and insert phases (relative to 
plane of incidence) cause degradation to 
elliptical polarization.

lei and perpendicular insert phases 
(differences between radome wall 
path length phases and that due to 
free space) are also different. 1 Thus, 
the radome wall degrades the circu 
larly polarized wave to an elliptical 
one, the axial ratio of which may be 
determined using Figure 2, after 
calculating the parallel and perpen 
dicular transmission losses and 
insert phases with the appropriate 
radome-wall formulas. 1 •
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The corresponding counter value yields 

TR r = 'i-ti =2TD + T£ + 7> (1)

and with T£ known by measurement and TF known by design, 
the transmission delay TD between the accessing ground 
station and the satellite is

-TE - TF) (2)

and this is readily evaluated by the accessing ground station.
Because the synch-request burst can have a very short dura 

tion, then interference with signals transmitted by other oper 
ational ground stations is significantly reduced by this initial 
acquisition method. The time required to achieve initial acqui 
sition is given by eqn. I. Also, if it is desired to minimise the 
probability of error in the TE value, the corresponding esti 
mate may be achieved several times by repeatedly transmit 
ting the synch-request burst for a predetermined number of 
required measurements.

Tracking: This is the process which enables a ground station 
to adjust its timing of data transmissions according to the 
time delay variation between the ground station and the satel 
lite. This delay variation is caused mainly by satellite-orbit 
perturbation and satellite-clock instability.

Tracking in this new method is achieved by passing synch 
bursts transmitted down from the satellite through an aper 
ture gate in the ground station. When the ground station is 
synchronised the synch burst coincides with the centre of the 
aperture gate, as shown in Fig. 2a. Any deviation of the synch- 
burst falling edge from the aperture reference time TR is easily 
measured using a counter-to-count reference clock pulse. For 
example, if TD is increased by a time td (see Fig, 2b), then the 
counter starts counting up from zero at the end of the TR 
period and stops when the synch-burst falling edge is detected.

iron
Fig. 2 Tracking timing diagram 

a Synchronised case 
b TD increased by t a 
c Tn decreased by t a

The corresponding counter value yields a measure of t d , and 
this is added to the next aperture gate off-duration TN , and 
thereby adjusts the timing to achieve synchronisation.

Alternatively, if TD is decreased by a time t d (see Fig. 2c), 
then the counter starts counting up from zero when the synch- 
burst falling edge is detected and stops at the end of the TR 
period. The corresponding counter value yields a measure of 
( d and the aperture gate on-duration is extended beyond the 
TR time by a time equal to

= TA-TK - td (3)

and with i d known by measurement and TA and TR known by 
design, the timing is adjusted by turning the aperture gate off 
at a time equal to TR + te , thereby achieving synchronisation. 
If no synch bursts or more than one synch burst have been 
detected within the aperture gate, this indicates that the 
ground station has lost synchronism, and reacquisition (initial 
acquisition) is then required.

Several advantages of this new approach to tracking are 
readily apparent, namely (a) there is no up-link influence, (b) 
the time required to measure the delay variation between the 
ground station and the satellite is half of the time required by

the synch window method, (c) the problem of burst signal 
intermodulation, which is inherent in the synch window 
method, is eliminated, and (d) a ground station does not 
lose synchronisation until the delay variation i d exceeds 
\±%TF -TN -TS)\, and consequently the possibility of 
losing synchronisation is very low, and normally it is only 
necessary for the satellite to respond to one initial acquisition 
request, based on a first-come first-served basis. This reduces 
the satellite hardware and the required reserved space in 
the synch burst.

L.-K. SHARK 26th April 1985 
T. ). TERRELL 
R. i. SIMPSON
School of Electrical & Electronic Engineering
Lancashire Polytechnic
Preston PR1 2TQ, United Kingdom
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DESIGN CRITERION FOR INCLINED PLANAR 
RADOMES ON RADAR CORNER 
REFLECTORS USED FOR SPACEBORNE SAR 
CALIBRATION

Indexing terms: Radar, Radar cross-sections

Larger corner reflector ground targets currently planned for 
spaceborne SAR calibration will require planar A-sandwich 
radome covers for weather protection and mechanical stabil 
ity. The radomes must be inclined with respect to reflector 
apertures, however, to avoid scattering cross-section uncer 
tainties in the target beam peak direction. A criterion for 
inclination angle is derived here.

It is currently planned that a number of trihedral corner 
reflectors as in Fig. la will be deployed as ground calibration 
targets for the remote-sensing synthetic-aperture radar system 
of the ERS-1 satellite, due for launch in 1988. The ground 
targets will be big, with side dimensions (OA) of 2 m, giving a 
peak scattering cross-section level (amas ) of just over 43 dB. 
For calibration of the SAR, accurate knowledge ofamax values 
will be necessary, and this will be determined by physical 
measurement of individual targets and computer prediction 
using methods described recently, which take construction tol 
erances into account. 1 "3 The effect on amlu due to radome 
covers, which will be necessary for environmental protection 
and the preservation of known amax values under most 
weather conditions, as well as for mechanical stability, will 
also be determined by computation using well known radome 
formulas.4 For electromagnetic, mechanical and cost reasons, 
a planar A-sandwich construction consisting of two GRP 
'skins' and a plastic foam core with optimised dimensions for 
minimum transmission loss, has been found to be the 
optimum form of radome. However, if this type of radome is 
placed directly across the aperture of a corner reflector, large 
uncertainties in amol arise, owing to the small but finite reflec 
tion coefficient of the planar cover.
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A planar radome cover situated across the aperture of a 
corner reflector as in Fig. la would be orthogonal to the 
reflector beam peak boresight direction. Thus, rays incident 
on the target along the boresight direction would produce a 
reflected component from the front surface of the radome; i.e.

Fig. 1 Ground target corner reflector configuration (a) and corner 
reflector with inclined planar radome (b)

the surface would act as a large plane reflector of low reflec 
tivity. This reflected component would interfere with the main 
outgoing rays (from the triple reflection process within the 
corner reflector) and therefore, depending on the phase 
relationship, could produce a change in <?„„. Furthermore, 
after triple reflection within the corner reflector, before leaving 
the target there would be another normal incidence traverse of 
the planar radome, and therefore another reflected component 
would be generated. This component would, in turn, pass 
back into the reflector, undergo triple reflection and (ignoring 
further radome reflections) then be returned along the beam 
peak direction. There would, therefore, be two normal inci 
dence radome reflection contributions which could interfere 
with the main returned component from the reflector. As it 
would not be practical to determine the relative phases associ 
ated with these components, it is not possible to predict the 
change in <?„„ due to interference; the only prediction that 
may be made is for the limits in variation in amal. correspond 
ing to fully 'in-phase' and 'out-of-phase' constructive and 
destructive interference between the three components. Fig. 2 
(solid lines) shows these limits of uncertainty in a^ as a 
function of radome reflection coefficient. Taking into account 
constructional tolerances, e.g. variations in core thickness, 
reflection coefficients of the order of —30 dB to —40 dB are 
appropriate for the proposed ERS-1 target radomes, corre 
sponding to an unacceptable uncertainty in CT^, of the order 
of ±0-6dB.

To avoid uncertainties in scattering cross-section levels in 
the beam peak direction, which is where calibration will be 
made (targets will be carefully positioned in elevation and 
azimuth) it is proposed that radomes will be inclined in the 
vertical plane, as shown in Fig. Ib. The effect of this would be 
to divert radome reflection components by an angular separa 
tion equal to twice the radome inclination 9 from the orthog 
onal (across aperture) position. It is necessary, however, to 
find a criterion for choosing B which, for mechanical reasons, 
should be as small as possible. A criterion for 8 is derived 
below.

-20
-20 -25 -30 -35 -40 -45 -50 -55 -60

radome reflection coefficient (—line)/interfering __
component level (— ).dB S£S

Fig. 2 Scattering cross-section level uncertainty limits in beam peak 
direction

Fig. 3 shows diffraction patterns in the vertical plane 
through the beam peak boresight in which the reflector dif 
fraction pattern is centred. It is assumed that the two radome 
reflection components combine 'in-phase' (worst-case 
situation) to form the lower level diffraction pattern, which

beam peak boresight

B75731

Fig. 3 Reflector and inclined radome diffraction patterns in elevation 
plane through main beam boresight

would be separated from the reflector diffraction pattern by 
twice the radome inclination angle 6. The criterion for 9 must 
be such as to ensure that L 2 , the level of the radome diffrac 
tion pattern, is negligibly small in the boresight direction. The 
broken curves in Fig. 2 show the uncertainty in <7 mojt due to a 
single interfering component and it may be seen that a level 
L2 of — 50 dB would give a negligible uncertainty of 
+ 0-03 dB. As it is known that L l would be at least -30 dB, 
a criterion may therefore be formed on the basis of 20 being 
sufficiently wide to ensure a radome diffraction pattern side- 
lobe level of —20 dB. From a knowledge of typical diffraction 
patterns,4 this level is normally attained at an angular dis 
tance of about four beamwidths from beam peak. Hence B 
may be chosen according to

20 (1)

where / 2 is the halfpower beamwidth of the radome diffrac 
tion pattern, approximately given by4

60°
X.2 — ~~

a.
(2)

where aA is the appropriate linear dimension in wavelengths 
(the vertical radome dimension). Hence the required criterion

120°
(3)
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Technical Feature

Simple Pattern PredictionProcedure for satellite Antenna
Contoured Beams

K.M. Keen
Keen Associates 

Hold, West Sussex, England

A relatively simple satellite antenna contoured beam prediction procedure, sufficiently accurate for many 
applications, is presented. The method is intended for early system studies or planning, prior to detailed investigation 
where more sophisticated procedures based on detailed antenna designs would be used. The expressions given 
here are easily transformed to a small computer program that may be run on a personal computer and requires 
minimum inputs.

Introduction
Many communications and direct broadcast satel 

lites have contoured beam downlink antenna systems 
in order to maximize flux density over a given 
geographic area. The usual type of antenna is an offset 
parabolic reflector system with an array of small aper 
ture feeds; the contoured beam is synthesized by the 
addition of spatially separated constituent beams of the 
same polarization, usually with equal phases.'

There are very accurate and sophisticated ways of 
predicting patterns for fully specified antenna sys 
tems, 12 but a simple "first order" technique of pattern 
shape prediction is more useful for initial studies by 
system planners who would not wish to undertake a 
detailed antenna design at that stage. This paper de 
scribes such a simplified technique.

Figure 1 shows the coordinate system relevant to the 
procedure; the OXYZ axes are conventional cartesian, 
with the OZ axis originating at the "center" of the 
contoured beam. It is assumed that the antenna system 
consists of a circular projected aperture reflector and 
that there are N feeds, each of which produces a 
circularly symmetric beam of the same half power beam- 
wiath x. Relative to the axes shown, the n'h beam would 
be boresighted on direction (0n, $n) in conventional 
spherical coordinates (direction OP).

The direction OQ represents some general observa 
tion position (9, <t>). The pattern prediction procedure is 
essentially a synthesis technique where the number of 
beams and their relative angular positions are specified 
and the resulting contoured beam pattern is generated. 
With a computer program based on the method, it is 
necessary for the user to specify only the following 
inputs:

• Antenna reflector diameter d and wavelength X or 
constituent beam half power beamwidth X

• The number of constituent beams, N
• The angular positions of each beam (0n , <t> n )
• The relative amplitude a n , associated with each 

beam.

Contoured Beam Synthesis
The first step is to establish an expression for rep 

resenting any of the N circularly symmetric constituent 
beams. In practice, contoured beam satellite antenna 
require feed clusters with closely spaced feeds for 
correct beam positioning. Because the feeds are close, 
they have to nave small apertures; this results in rel 
atively wide primary antenna beamwidths and therefore 
relatively high reflector edge illumination values, a fig 
ure of -5 dB being typical. For a circular aperture of 
diameter d, a -5 dB edge taper and a wavelength X, the 
far zone electric field expression is3

,, 0-562 F, (fl')-t- 0.219 F 2 (0')= ————————

where

and
rrd, Sin O'n

(D

(2)

(3)

[Continued on page 150]
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BEAM CENTER 
DIRECTION

CONTOURED BEAM 
SATELLITE ANTENNA

Fig. 1 Cartesian/spherical coordinate system lor contoured beam 
prediction procedure.

These equations are in terms of the n'n beam and the 
angle from the n m beam boresight direction. J, and J 2 
are Bessel functions, and for computational purposes, 
it should be noted that both functions given in Equations 
2 and 3 go to 1 when 0' n goes to 0. The parameter d A 
is the ratio of d and A. If constituent beam half power 
beamwidth is to be used as an input rather than reflector 
diameter and wavelength, a value of d, for Equations 
2 and 3 may be determined from the antenna beam- 
width approximation expression appropriate for the 
-5 dB illumination taper:

(4)

where x is in degrees.
The next step is to interpret the angles d' n for each 

beam in terms of the general direction (d, <£) and the 
constituent beam boresight direction represented by 
(0n , $„) for the n'h beam. From a well known theorem in 
solid geometry which relates the angle between two 
vectors to their direction cosines, it may easily be shown 
that

Q'n = cos ' [sin 6 sin 0n (cos <t> cos 
+ cos 6 cos 0 n ).

n + sin <i> sin
(5)

Finally, the synthesized contoured beam field pattern 
is found by the summation of the N constituent beams 
with their relative amplitude values, i.e.

v- 
= 2, an En (0,;). (6)

The corresponding normalized power pattern (in dB) is 
then given by
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CONTOURED BEAM 
PATTERN

P(0,0) - G

9HT „•

Fig. 2 Gain and pattern level relationships between contoured 
beam and r' h constituent beam, boresighted at 8 = 0°

P (6,<t>)= 10log, 0
Ej(0.0)

(7)

where normalization is referenced to the power level 
at e = 0°, 0 = 0°

Gain and EIRP Referencing
Contoured beam patterns given by Equation 7 are in 

dB relative to the power level at 6 = 0°, <t> = 0° (P(0,0) 
in Figure 2). It is of greater interest, however, to know 
contoured beam pattern levels in terms of antenna gain 
and satellite EIRP. Expressions that may be used to 
relate P(6,<t>) to these parameters are given. A well 
known expression for the gain of an antenna with a 
single circularly symmetric beam with half power beam- 
width «(in degrees) is 3

26,000 gain = —$—

From this it may be shown that if the r'h constituent beam 
has its boresight at 6 = 0°. 4> = 0° as in Figure 2, then 
the gain G, relating to this beam is (in dB)

G, - 10 log, 0
26,000 a 2,

(8)

Only if the power level (0,0) corresponds to gain G in 
decibels is it necessary to establish the level difference 
A (in decibels) in Figure 2, to give G in terms of G, and

(Continued on page 152] 
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• Compact Size 
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Industries, Inc.
840 W. Church Road, Mechanicsburg, PA 17055 

(717)766-0223 . TWX: 51 0-650-4939

Fig. 3 33 dB gain plot of 2 m diameter satellite antenna contoured 
beam at 12 GHz.

A. It is easy to show that

A = 10 Iog 10 

and therefore

a n E n (0)

E* (0)
0)

G = G,+ A (10)
giving an antenna gain reference level for P(0,0). If the 
satellite transmitted power level W (in dBW) also is 
known, then the EIRP at 6 = 0, 0 = 0 is4

EIRP = G + W (11)

Example
Figure 3 shows a computed contoured beam shape 

plotted on the usual type of orthographic projection 
map that corresponds to a particular satellite position 
in the geostationary orbit. The computation was for a 
2 m diameter satellite antenna at 12 GHz with five 
constituent beams as described in Table 1; the contour 
line is at a gain level of 33 dB.

Figure 4 shows the five constituent beams (-3 dB 
levels are plotted) and their positions relative to the 
cartesian axes system and the chosen beam center.

Fig. 4 Angular positions and hall power levels ot the live constituent 
beams in the contoured beam shown in Figure 3
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Conclusion
The procedure described here is relatively simple, yet 

accurate enough for many applications. It does not take 
into account antenna performance degradations due to 
beam squinting such as constituent beam gain reduc 
tions, and sidelobe level changes, or pattern distortions 
due to mutual coupling between feeds. Still, these ef 
fects are generally small and may be neglected if only 
a first order prediction is required. Also, the procedure 
as given here is only for "in-phase" beams as, in prac 
tice, most systems of this sort are. The expressions may 
be easily modified, however, to give constituent beam 
phase as a variable, along with beam amplitude.
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COMMUNICATIONS TECHNOLOGY:

Method Permits Gain Estimation for Very- 
Wide-Beam, Satellite-Terminal Antennas

By
K.M. Keen 

Keen Associates

Ideal pattern analysis reveals the gain vs. coverage relationship for very-wide-beam,
satellite-terminal antennas.

There is also growing interest in simple, low-cost, low- 
data-rate, satellite-communication terminals for small ships 
and for "land-mobiles" such as long-distance trucks. For 
example, the European Space Agency has a program called 
PROSAT for the promotion of small-terminal techniques for 
maritime, land-mobile, and aeronautical applications. 2 
Some of these applications require very-wide-beam an 
tennas. In particular, small ships liable to pitching and 
rolling in rough seas would require antennas with cover 
ages well in excess of hemispherical, to ensure viable com 
munication links over a range of geographical positions. 
Figure 1 shows an experimental model of a small ship- 
terminal antenna that was investigated recently. In one 
form, with an inverted metallic cone above it, a beamwidth 
of 240° was achieved.

One problem associated with these wide-coverage an 
tennas, particularly for systems-planning engineers, is to 
predict what sort of antenna gain is achievable for a given 
coverage. The well-known numerical-approximation ex 
pression of gain as a function of beamwidth, which for a 
symmetrical beam of half-power width X is 3

gain = 26,000
(A)

1. This experimental very-wide-beamwidth quadrifilar-helix antenna 
was developed for low-gain, maritime satellite-terminal applications.

There is considerable interest in very-wide-beamwidth, cir 
cularly polarized antennas for satellite-terminal applica 
tions at L-band frequencies. One reason for this is the 
anticipation of the NAVSTAR global positioning system, 
which will consist of 18 satellites in six orbital planes. 
Ground receivers will have to deal with multiple satellite 
signals from anywhere in the sky; and therefore hemi 
spherical-coverage-type antennas will be required. A wide- 
beamwidth antenna for this application was described in 
the November 1984 issue of Microwave Systems News. 1

This expression only applies to "pencil" beams, and is not 
appropriate for beamwidths of the order of 180°. For this 
reason, a useful gain vs. coverage graph has been produced 
for very-wide-beam terminal antennas (Fig. 2).

The gain vs. coverage graph is based on directivity 
computations of ideal radiation patterns (Fig. 3), using the 
coordinate system shown in Figure 4. Patterns are assumed 
to be symmetrical about the antenna main axis, and have a 
constant pattern level down to 6 = 60 . The beamwidth is 
therefore 20 . The gain vs. coverage graph has been prepared 
for four values of back-lobe/side-lobe level: -10 dB, —15 
de, —20 dB, and no back lobe. Also, an overall antenna loss 
of a quarter of a decibel has been assumed. Details of the 
analysis from which the coverage graph was prepared are 
given in the following section. This also contains Equation 
5, a useful expression for easy directivity computations of 
wide-beam, symmetrical radiation patterns with non-ideal 
shapes.

K.M. Keen is with Keen Associates, Ifold, Loxwood, West Sussex RH14 
OTA, England: Tel: 44 403 752001.

MSN & CT OCTOBER 1985 83



'COMMUNICATIONS TECHNOLOGY:

2. The ideal beam semi-angle 60 is shown as a function of gain for 
various back-lobe/side-lobe levels (assumes 0.25-dB loss).

The gain vs. coverage graph in Figure 2 is easy to use 
and is applicable in a number of ways. One use is to show 
what sort of coverage is possible for a given gain level. For 
example, a gain level of 3 dB corresponds to a beam semi- 
angle range of 80° to 87°, depending on back-lobe level. 
This gives a good indication of what is achievable with real 
antennas such as conical spirals and quadrifilar helices 
when developed for this gain value. Another use is to show 
what sort of gain is achievable for specified coverages. For 
example, for a 240° beamwidth coverage for a particular 
ship-terminal antenna, a constant main-beam-level antenna 
could be expected to have a gain of a little less than one dB.

Gain Calculation Expressions
Referring to the spherical coordinate system shown in 

Figure 4, the definition of antenna gain in direction, 6, <j> is*

G (0,0) = PIN (1)

where U(0, 0) is radiation intensity in direction 6, 0 and 
PIN is the total power supplied to the antenna. Gain is 
therefore a function of both radiation-pattern shape and 
antenna losses. Another related parameter is directivity in 
direction 0, <j>, which is in terms of total radiated power PT 
(rather than input power) and is therefore dependent on 
pattern shape only.

D
(0.0)

Directivity, Do

8-90°

3. In this ideal radiation pattern with coverage to angle 90 , the 
back-lobe/main-lobe level ratio is k.

4. The gain vs. coverage graph in Figure 2 uses this coordinate 
system.

Equation 2 may be rewritten 

D (0,0) = -———— (4)

(2) U (0,0) sin0d0d0

Directivity and gain* are related by antenna efficiency 

G (0,0) = rjD (0,0)
'Sometimes the terms "directive gain" and "power gain" are used instead of "direc 
tivity" and "gain," but this can be confusing. The terms used above are, however.
the ones in most common use. '
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This expression simplifies, as only radiation patterns with 
symmetry about the OZ axis in Figure 4 are being con 
sidered. Also, radiation intensity is proportional to radia 
tion-pattern relative power level P(0) (as would be seen on 
a measured radiation-pattern diagram), and therefore 
Equation 4 reduces to

2P(0)
(5)

P (0) sinf)df3

This is a useful expression for computing the directivity of 
symmetric beam antennas from a measured radiation 
pattern. 5 Pattern levels are sampled at convenient intervals 
of 6, and a numerical integration is made using Simpson's 
rule.

Figure 3 shows the ideal pattern that is considered here. 
The pattern has symmetry about the OZ axis and therefore 
is independent of 0. It is defined by

P (6) = 1 

P (0) = k

o =g e ^

0n < e ^

where k is some back-lobe level relative to the main beam 
level of 1. The directivity, corresponding to P (6) = 1, is
Do-

Putting these values into Equation 5 and integrating 
gives

(6)OQ = COS

1 + k - --

1 - k

from which the graph shown in Figure 2 was prepared. 
Equation 6 was used to compute pattern-coverage limits 
for given directivity values and for back-lobe levels of —10 
dB, -15 dB, -20 dB, and for k = 0. To convert from direc 
tivity to gain, antenna losses of 0.25 dB were assumed—an 
appropriate figure for a small antenna such as a conical 
spiral or quadrifilar helix. •
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period was 0-2 ms. The threshold current was 250mA. The 
maximum output power was as high as 210 mW, although it 
was limited by the capacity of the current source used. The 
output power was increased by a factor of 1-4 by the AR
coating.

near-field patterns

Fig. 3 Near-field and corresponding far-field patlerns perpendicular to 
cavity at various injection levels

Near-field patterns were observed by an infra-red camera

Fig. 3 shows the near field and the corresponding far field 
patterns perpendicular to the cavity at various injection levels. 
A nonuniform spatial power distribution was observed across 
the cavity. Its full width at half maximum (FWHM) value (wp) 
was 15^m at / = 1-2/,,, and the corresponding FWHM beam 
divergence angle (0J was 3°, which agrees well with that cal 
culated as emitted from the uniform 15^m aperture. At / = 
2',/,. vv p was increased to 22 ^m, and 0L was decreased to 2°.

However, weak lateral submodes were observed, which caused 
the other peak in the far field pattern. For / > 3/ r)l , the lateral 
modes were completely multimoded, and therefore multilobed 
far field patterns were observed, and the FWHM angle was 
increased. We should optimise the stripe width to obtain a 
stable, narrow beam divergence angle.

The laser oscillated in a single longitudinal mode 
(A~866nm) at low excitation levels (/<l-2/, h ). For /> 
1-2/n, however, multilongitudinal mode oscillation was 
observed mainly owing to the instability of the lateral mode. 
The FWHM beam divergence angle (Oy) parallel to the cavity 
was increased by the multimode oscillation. The observed 
angles at / = l-2/, h , 21,h , and 3/,, were 0-22°, 0-32", and 0-72°, 
respectively. These values agree well with those calculated 
taking account of the multilongitudinal mode oscillation.

Conclusion: We have fabricated an SE MQW DFB laser with 
an integrated broad area grating-coupler. A narrow beam 
divergence angle of 2° x 0-32° (at / = 2/J and a maximum 
output power of 210mW were obtained. The optimisation of 
the stripe width will lead to a stable, narrow beam divergence 
angle.

S. NODA 8th December I9H7 
K. KOJIMA 
K. KYUMA
Central Research Laboratory 
Mitsubishi Electric Corporation 
8-1-1, Tsukaguchi-Honmachi 
Amagasaki, Hyogo 661, Japan
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SIMPLE IMPEDANCE TRANSFORMING 
FEED SYSTEM FOR LOW-GAIN 
QUADRIFILAR AND BIFILAR SATELLITE 
TERMINAL ANTENNAS

Indexing terms: Antennas, Antenna feeders. Satellite links

An impedance transforming balun feeder system has been 
devised for low-gain antennas such as quadrifilar helices and 
spirals, consisting of four coaxial cables and a microstrip 
circuit. The arrangement allows physically orthogonal 'bal 
anced pair' outputs with quadrature phasing, in space limited 
configurations.

There is currently great interest in wide beam circularly 
polarised L-band antennas, for low data rate, low cost satellite 
earth station applications, and also for satellite GPS (global 
positioning system) receivers. Common antennas for these 
applications are quadrifilar helices, 1 bifilar conical spirals, 2 
and quadrifilar conical spirals. 3 These radiators require quite 
complex feed systems. For example, a quadrifilar helix 
antenna has four, resonant length, wire radiating elements; 
these are fed as two orthogonal balanced mode pairs in phase

quadrature. Thus the feed system must provide an output of 
two orthogonal sets of balanced lines with the correct imped 
ances for matching to the antenna radiating elements, with 
relative phases in quadrature, and with equal amplitudes, 
from an input of (usually) a single 50O connector and coaxial 
cable. The customary solution for feeding a quadrifilar helix 
antenna is to incorporate a phase quadrature device such as a 
3dB hybrid or branch-line coupler (realised in microstrip or 
stripline) connected to an orthogonal pair of impedance trans 
forming baluns via two coaxial cables, each impedance trans 
forming balun consisting of a coaxial cable quarter 
wavelength balun, followed by a quarter wavelength 'twin- 
wire' impedance transformer. Such an arrangement is quite 
complex mechanically, and involves the assembly of a number 
of critical tolerance parts into a small volume (e.g. a central 
balun shielding tube). An alternative, mechanically simpler, 
feed arrangement has been devised and is described below. It 
is applicable to a wide range of quadrifilar and bifilar element 
antennas, with impedances ranging from about 40 to 250 Q.

Fig. 1 shows the feed system for a quadrifilar antenna. It 
consists, basically, of four coaxial cables, plus a small micro- 
strip board in which a 50 O input line is transformed to a 
lower impedance line with a simple quarter wavelength 
section transformer. At the top of the feed system formed by 
the four cables, i.e. at the antenna element feed point, each
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diametrically opposed pair of cables forms a balanced output. 
That is, cables 1 and 3 have antiphase lengths, as do cables 2 
and 4. With the outer conductors of the cables shorted, the 
inner conductors of each opposed pair provide a balanced 
'twin-wire' output line with twice the impedance of that of one 
cable. Thus cables 1 and 3 provide one balanced output, and 
cables 2 and 4 provide a second, physically orthogonal bal 
anced output which, because of the cable lengths, is in phase 
quadrature with the first pair. The lower ends of the four 
cables are simply joined directly to the microstrip board (as a 
four way microstrip to coaxial line power divider) at the end 
of the low impedance section line; the width of this line is 
chosen to give an impedance of one quarter of the coaxial 
cable impedance, to preserve impedance match at this inter 
face. The impedance of the coaxial cables is chosen to be as 
near as possible to half the antenna impedance (measured in 
terms of pairs of radiating elements).

cable 2 cable A

cable 1 cable 3

length x

length x

"length x » A/2

-length x

to half the cable impedance, for impedance matching at this 
interface.

To conclude, the feed system is a relatively simple arrange 
ment, applicable to a number of quadrifilar and bifilar element 
antenna types. Microwave frequency coaxial cables are avail 
able with a range of impedance values, e.g. 25, 35, 50, 75 and 
95 fl, and it is therefore possible to achieve good impedance 
match performance with antenna impedances varying from 
less than 50 n to over 200 Q.

K. M. KEEN 19th January 1988
Keen Associates
Ifold, W. Sussex RHI4 OTA, United Kingdom
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STRAINED GalnAs-BASE HOT ELECTRON 
TRANSISTOR

quarter wavelength 
transformer ,_

line 
impedance

Fig. 1 Feed system
a Arrangement of coaxial cables
b Microstrip line configuration
i represents wavelength in cable medium

Fig. 2 shows the measured impedance match of a wide 
beamwidth quadrifilar element satellite terminal antenna with 
a feed system as described above. The antenna is designed to 
operate over the well known L-band satellite communications 
frequencies, i.e. 1530 to 1545MHz downlink and 1631-5 to 
1646-5 MHz uplink; also with a GPS receive capability at the 
1575-42 MHz LI frequency. It can be seen that the antenna 
VSWR is better than 1-2:1 over the frequency ranges of inter 
est.

A simpler form of the above described feed system is applic 
able to bifilar element antennas. Here, only two cables are 
necessary, corresponding to cables 1 and 3 in Fig. la. The 
microstrip line would have an output linewidth corresponding

1 6

1 5

a: 1 3 
g
£12.

1 1

10

GPS LI

receive 
band

transmit 
band

1500 1600 
frequency, MHz

1700

Fig. 2 Impedance characteristics of a wide beamwidth quadrifilar satel 
lite terminal antenna, measured at its coaxial input connector
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Indexing terms: Semiconductor devices and materials. Tran 
sistors

A hot electron transistor (HET) which has a strained GalnAs 
base and a graded AlGaAs collector barrier was grown on a 
GaAs substrate by metalorganic chemical vapour deposition. 
In this device, the difference in energy levels between the 
L-band minima of the base and the top of the collector 
barrier is wider than that in GaAs-base HETs, which results 
in a common emitter current gain /? (collector current/base 
current) as high as 30.

Hot electron transistors (HETs) are attractive as high-speed 
devices since only high-speed electrons (ideally, only ballistic 
electrons) 1 ' 2 pass to the collector. The current gain of HETs is, 
however, not yet large enough for practical application. 
Recently, we obtained evidence that electron transfer from the 
F to the L-band minima causes a large reduction in the trans 
fer ratio a (collector current /../emitter current /,,) in AlGaAs/ 
GaAs HETs. 3 Since GalnAs has a wider P — L valley 
separation than GaAs, the use of GalnAs as the base material 
should increase the current gain. It has been reported* that 
Ga0 . 5 In0 . 5 As-base HETs lattice matched to InP have higher 
current gains than AlGaAs/GaAs HETs. It is worth noting 
here that if severe scattering (other than intervalley scattering) 
is not present, a high current gain can be expected when the 
P — L valley separation is made slightly wider than that of 
GaAs. In this letter, we report on a remarkable increase in 
current gain achieved by replacing the GaAs base of an 
AlGaAs/GaAs HET with a lightly doped strained 
Ga0 . 8 In 0 . 2 As base.

Fig. 1 shows the schematic structure of the device. The 
device was grown by metalorganic chemical vapour deposi 
tion (MOCVD) at 730°C. An n-GaAs collector layer was first 
grown on an n*-GaAs substrate, followed by an Al 0 . 3 Ga0 7 As 
collector barrier 140nm thick, an Al xGa,_,As graded layer 
10 nm thick, a strained Ga0 . 8 In0 . 2 As base 30 nm thick, an 
Al 0 . 3 Ga0 ,As emitter barrier 15nm thick, and an n-GaAs 
emitter 200 nm thick. The doping density in the emitter, base, 
and collector is 5 x 10' 7 cm~ 3 . The Al content x in the graded 
Al.,Ga 1 _.(As layer was varied from x = 0 to x = 0-3. This 
grading layer was introduced so that the top of the collector 
barrier would be effectively lowered as the collector bias Vcb 
was increased. A schematic band diagram of the device is
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DESIGN NOTE

Developing a Standard-C Antenna
A quadrifilar-helix antenna with helical radiators on a flexible printed-circuit laminate,

and a printed-microstrip feed system, is designed for standard-C
satellite-communications terminals on small ships.

). The standard-C antenna is shown with radome removed. (Photo 
courtesy ol Keen Associates)

2. The complete standard-C antenna unit can be seen with the 
glass-reinforced plastic radome. (Photo courtesy ol Keen Asso 
ciates)

A standard-C ship Earth station has 
been specified to be a low-cost, 

mobile satellite-communications terminal 
that is simple to install and use. The 
primary communications function is text 
and data message transfer. The low-cost 
aspect of the standard-C terminal makes 
it particularly applicable for small ships 
such as trawlers and small cargo vessels. 
The system operates with a receive fre 
quency band of 1530 to 1545 MHZ, and 
a transmit band of 1631.5 to 1646.5 MHz. 
The specifications for antennas for stan 
dard-C terminals are given fully in the 
INMARSA T Standard-C System Defini-

By
K.M. Keen

Keen Associates

tion Manual' Basically, the requirements 
are for a low-cost, circularly polarized 
antenna with a greater-than-hemispherical 
radiation-pattern coverage. An investiga 
tion has been carried out on potentially 
applicable antenna configurations, culmi 
nating in the development of the antenna 
shown without and with its radome 
(Figs. 1 and 2).

The antenna is a quadrifilar-helix radi

ator" with three-quarter-wavelength, 
half-turn, resonant radiating elements. 
The antenna geometry is chosen to give a 
radiation-pattern half-power beamwidth 
of the order of 220 degrees. Figure 3 
shows the antenna configuration. Quad 
rifilar-helix antennas usually have wire- 
radiating elements. However, for this 
antenna, a conformally mapped pnnted- 
circuit form of construction was devised 
to achieve dimensional-construction accu 
racy at low cost and in volume produc-

K.M. Keen is with Keen Assoaaies. I/old
West Sussex, England RH14 OTA: 44-403-7^001
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DESIGN NOTE

3. The antenna configuration is dia 
grammed.

tion. The printed cylinder with the helical 
elements is initially a flat plastic sheet 
with straight-line copper strips. These are 
simply wrapped around dielectric-support 
discs to form a cylinder with the required 
helical copper-strip geometry.

The radiating elements of the antenna 
are fed in progressive phase quadrature 
by a feeder system consisting of a micro- 
strip circuit above the antenna base plate, 
and an arrangement of cables. This rela 
tively simple feed system achieves a good 
antenna-impedance match (Fig. 4). The 
VSWR is better than 1.2:1 in both the

1.6 
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5 , o co 1-3
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Transmit 
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1500 1600 
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1700

4. The antenna impedance characteristics are measured at the base-plate SMA connector.

receive and the transmit frequency bands.
Figure 5 shows typical vertical-plane 

radiation patterns. These correspond to 
the center frequencies of the receive and 
transmit bands, respectively. The hard 
lines are the copolarization (RHCP) pat 
terns, and the dotted lines are cross- 
polarization (LHCP) patterns.

A useful feature of the antenna is that 
it operates at the GPS LI frequency also, 
allowing the possibility of combined stan- 
dard-C communications and GPS naviga 
tion functioning. Various forms of the 
antenna have been used successfully in 
standard-C/enhanced-group call-system 
trials. 3 •
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the gm dispersion of MESFETs with the LTG GaAs passiva 
tion is less than that of a MESFET without passivation. In 
contrast to the case for the MESFET without surface passiva 
tion, the /?„„ of MESFETs with LTG GaAs passivation does 
not decrease when the frequency increases. Because gm and 
/*„„, determine the voltage gain, the performance of MESFETs 
with LTG GaAs passivation layers will not deteriorate with 
increased operating frequency. Based on the dispersion results 
reported here and the high breakdown voltages already

paSSWating the surface

Acknowledgment: This work was supported by the U.S. 
Department of the Air Force, in part by a specific program 
sponsored by the Air Force Office of Scientific Research.
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LOW PROFILE CAVITY ANTENNA WITH 
SMALL PITCH ANGLE HELIX FEED

K. M. Keen

Indexing terms: Antennas, Antenna feeders, Dipole antennas. 
Helical antennas. Resonators

A simple, circularly polarised, cavity-backed antenna is 
described which has a two turn low pitch angle helix feed. 
The helix is terminated in a strip monopole for improved 
axial ratio. The antenna is approximately one third of the 
size of an equivalent conventional monofilar helix antenna.

Antenna configuration: The antenna is similar to the cavity 
backed dipole and crossed dipole antennas described by 
Ehrenspeck [1] and Wong and King [2], except that in this 
case, a low pitch angle helix of the type described by Nakano 
el al. [3] is used as the radiating source.

Fig. 1 shows the antenna configuration which consists of a 
cylindrical metal cavity of diameter D and rim depth w, 
around a two turn monofilar wire helix with a pitch angle of 
5-5°. Unlike the radiator described in Reference 3, the helix 
has a peripheral, rather than a central, feed point. Also, the 
helix is terminated in a strip monopole of length equal to the 
helix diameter d, to improve the axial ratio performance. The 
cavity rim depth w is a little larger than the axial length of the 
helix; this allows a planar RF window to be incorporated 
across the cavity aperture, which is a useful practical feature 
for weather protection.

Measured performance: The performance of an antenna that 
was designed for a centre frequency of 1590MHz and oper 
ation in RHCP, is shown in Figs. 2-4. The antenna dimen-

ELECTRONICS LETTERS 4th March 1993 Vol. 29 No. 5

sions were D = I80mm (0-95/1), w = 43mm (0-23A) and 
d = 60 mm (/l/7i), where /I represents the free space wavelength 
at 1590MHz. The helix wire diameter was 1-6 mm, and the 
monopole strip width was 6mm. The RF window was 1-5 mm 
thick polystyrene.

\

Fig. 1 Antenna configuration

Fig. 2 shows the radiation pattern performance of the 
antenna, at and near to the design frequency. The diagram 
shows co- and crosspolarisation patterns (i.e. RHCP and 
LHCP patterns) measured at 1550MHz. With conventional 
spherical/Cartesian co-ordinates, the measurement plane was 
the X-Z plane of the co-ordinate system shown in Fig. 1 (the 
Z axis is not illustrated, but extends forward of the antenna) 
and the angle 8 is the angle from the Z axis. Copolarisation 
patterns were found to be essentially independent of the plane 
of measurement, and with a half power beam width of ~65°.

Fig. 3 shows the measured boresight axial ratio as a func 
tion of frequency (continuous line). The effect of the monopole
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termination strip at the end of the helix as an axial ratio 
improvement device can be seen from the dashed line, which 
shows the measured axial ratio of the antenna with the mono- 
pole strip removed.
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Fig. 4 Return loss

Fig. 4 (continuous line) shows the measured return loss of 
the antenna after impedance matching by incorporating a 
tapered transition in the first quarter turn of the helix, in the 
way described by Kraus [4], An input VSWR of better than 
1-5 was easily achieved for a 25% bandwidth. The dashed line 
in Fig. 4 shows the return loss of the antenna with the mono- 
pole termination strip removed.

Conclusions: A simple and compact cavity backed circularly 
polarised antenna has been demonstrated which has good 
radiation pattern, axial ratio and impedance match character 
istics. An equivalent conventional monofilar helix antenna [5] 
would have a baseplate diameter of about the same size as the 
cavity antenna diameter D, but the helix length would be 
about three times the cavity antenna rim depth w.

27th January 1993
K. M. Keen (Keen Associates, Ifold, Billingshurst, West Sussex RHI4 
OTA, United Kingdom)
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THEORETICAL ANALYSIS OF 
SEMICONDUCTOR OPTICAL AMPLIFIER 
WAVELENGTH SHIFTER

I. Valiente, J. C. Simon and M. Le Ligne

Indexing terms: Optical amplifiers. Lasers

A theoretical analysis of a wavelength shifter based on a 
semiconductor optical amplifier is presented, with special 
attention paid to practical features such as wavelength 
dependence of the required pump power, and dynamic 
response related to system aspects.

Introduction: Wavelength shifters will be key components in 
future all optical switching devices. Recently, Glance et al. [1] 
and Durhuus et al. [2] experimentally demonstrated the 
possibility of using a semiconductor optical amplifier as a

502

broadband wavelength shifter for ASK modulated signals. In 
this scheme, the gain at any wavelength in the amplifier band 
width is modulated through the gain saturation effect [3] by a 
strong input signal called 'pump', provided the data rate is 
smaller than the reciprocal of the gain recovery time constant 
[4], If an input CW 'probe' wave at a different wavelength is 
present in the amplifier, the information on the pump wave 
will be duplicated on the probe but with the complementary 
ASK. pattern, because when the pump is 'high, the signal gain 
is 'low', and vice versa. We report, for the first time to our 
knowledge, a theoretical analysis of this type of wavelength 
shifter. The addressed features are: wavelength dependence of 
required pump power, pulse spectrum distortion and transient 
response.

Theoretical model: We consider the propagation of pump and 
probe waves through a TW amplifier. The model is based on 
that reported by Agrawal and Olsson [5] using the slowly 
varying envelope approximation for fields, which is quite rea 
listic for pulse durations greater than 100ps:

*.<"»=-
(la)

(\b)

where i = s, p stands, respectively, for probe and pump waves, 
U> = (^i)" 2 is the wave amplitude, 4>i is the phase, P, is the 
power, F = (dldnc )ne[[ is the amplification factor as defined by 
Vassallo [6], g,{n) = g(A,, n) is the material gain coefficient, at,,, 
is the nonresonant loss coefficient, aH is the linewidth 
enhancement factor, and T = t — z/i>9 is the reduced time as 
measured in a reference frame moving with the pulse. In the 
active waveguide the carrier density n is given by

- Cn 3 - Bn 2

r |~ , PJJZ,- — g,(n) — 
wd [_ h<as (2)

where C is the Auger recombination coefficient, B is the 
recombination coefficient for radiative transition and carrier 
leakage through heterojunctions, and d, W, L are active layer 
thickness, width and length, respectively.

To integrate these coupled equations along the z-axis, the 
amplifier is divided into Ns subsections [7]. It is assumed that 
the carrier density is uniform in each subsection, and that the 
input pulse envelope time variation is negligible during a 
transit time through each section. Thereby, eqn. 2 can be 
rewritten as

r f . ./»„»(!)- —; 9, «k) -r—— 
wd L ha>, + 0>»j

AZ} - i ——

(3o) 

(36)

where k = 1, Ns corresponds to the /cth section, and P, k _ ,(T) 
is the power at the amplifier input if k = 1, and the /cth section 
output power for k > 1 otherwise. The Runge-Kutta method 
is used for time integration. The following numerical param 
eters are used in this work: B= 1-7 x 10~ 9 exp (—T/
77)+ 1-2 x KT 
w = 0-15um,

exp 
= 4x 10~ 29 cm 6 s"',d-0-33pm,

= 4QOum, F = 0-588, a,., = 10-5 cnT and

For 0(A,, n) we used the model of Osinski and Adams [8], 
but with a numerical integration for the gain function. The 
ionisation energy of localised states £, = 62-67 meV and per 
centage of As composition y — 0-93 (in the Ga,In, _,As y P, _ y 
active layer material) were used as fitting parameters to obtain 
a small signal gain of 27 dB at peak gain wavelength of
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DESIGN FEATURE

ANTENNA DESIGN 
OFFERS COMPACT 
SIZE AND LOW COST
This circularly-polarized cavity antenna achieves reduced 
size by incorporating a two-turn, low-pitch-angle helix.

OMMERCIAL applications 
such as portable communication systems 
have generated a need for antenna de 
signs that offer a combination of compact 
size and low cost. A circularly-polarized 
cavity-antenna scheme meets these re 
quirements by using a two-turn, low-pitch- 
angle helix. This results in a simple 
structure that is one-third the size of con 
ventional helix antennas.

The design is similar to cavity- 
backed dipole and crossed-dipole an 
tennas described by Ehrenspeck 1 as 
well as Wong and King.2 However, 
the new design differs from the older 
antennas in that a two-turn, low- 
pitch-angle helix radiator (of the 
type described by Nakano et al. a) is 
used to excite the cavity. This allows 
for the large reduction in antenna 
size compared to axial-mode (Kraus- 
type) helix antennas. In fact, since 
the helix length is shorter than the 
quarter-wavelength cavity depth, 
the cavity can be fully sealed with an 
RF window across the antenna aper-
KEITH M. KEEN, Director, Keen Associ 
ates, Ifold, Loxwood, Billingshurst, West 
Sussex RH14 OTA, United Kingdom; 
(44) 1403-752001.

1. The cavity antenna (shown without its cover) 
uses a monofilar-wire helix, coaxial connector, 
and strip-monopole termination to achieve low- 
cost fabrication.

ture in order to provide weather 
protection.

The antenna's simple design (Fig. 
1) also contributes to lower fabrica 
tion costs. The cavity contains a two- 
turn helix formed with monofilar 
wire at a pitch angle of 5.5 deg. The 
helix is directly joined to a coaxial 
connector which is mounted on the 
back of the cavity. A strip monopole 
is used to terminate the helix, as this 
approach has been found to improve 
the antenna's axial ratio.4

MATCHING NETWORK
Impedance matching is achieved 

with a microstrip "tab" on the first 
quarter turn of the helix. This meth 
od is often used to achieve 50-fl im 
pedance matching with conventional 
monofilar helical antennas.

2. Typical results 
indicate that the 
copolarization-pattern 
shapes are independent 
of the measurement 
plane through the cavity 
axis.

190 deg, 90 deg.

10dB/div.

180 deg.
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DESIGN FEATURE

When realized with a circular-pro 
file cavity, this type of antenna struc 
ture achieves approximately 7.0-to- 
9.5-dBic gain depending on the 
cavity diameter, which can range 
from 0.8X to X (where \ represents 
the wavelength). The antenna can 
also be formed with a square-profile 
cavity.

CAVITY ANTENNA

Figure 2 shows a typical antenna 
radiation pattern, which was ob 
tained with a cavity diameter of 18 
cm and a helix diameter of 6 cm. The 
helix-wire diameter is 1.6 mm while 
the monopole strip width is 6 mm. 
The helix is "right-handed" so that 
the antenna operates in right-hand 
circular polarization (RHCP). The

HAND FORMABLE 
CABLE ASSEMBLIES

I 5 for4"-18" 
0.086 dia. cable with 

connectors

* I Ufor4"-18"
0.141 dia. cable with

connectors
(10 pc. minimum order)

Cable Assemblies 
from Stock!

SPECIFICATIONS @ 18 GHz
6 inch 

Assembly

VSWR

HC141-06

TYP.
1.2:1

MAX
1.3:1

HC086-06

TYP.
1.2:1

MAX
1.3:1

You can wrap
our cable

assemblies
around your
little finger.

Cost Saving Semi-Rigid Assemblies
Hand Formable During Installation
Eliminate Costly Drawings
Cable QPL to MIL-C-17
Sizes: .086" Dia.- 141" Dia
Solid Outer Conductor (-120 dB min.)

Connectors: SMA (m) - SMA (m) 
50% Weight Savings 
100% Testing for VSWR 
Guaranteed Performance 
Sample Testing Insertion Loss 
24 Hour Delivery

HAVERHILU CABLE AND MANUFACTURING CORP.
165 Ferry Road, PO Box 8222, Haverhill, MA 01835 

TEL (508) 372-6386 FAX (508) 373-8024

plot demonstrates that the copolar- 
ization patterns are essentially inde 
pendent of the measurement plane 
through the cavity axis.

With the microstrip-tab matching 
device, an input VSWR of better 
than 1.50:1 is easily obtained across 
a 25-percent bandwidth. In addition, 
a boresight axial ratio of less than 3 
dB is achieved across a bandwidth of 
19 percent.

An important feature of the cavity 
antenna is that its length in the cavi 
ty-axis direction is approximately 
one third that of a conventional mon- 
ofilar helix antenna. This allows for 
the use of the antenna in applications 
where small size is essential. For in 
stance, Mini-M vehicle terminals for 
the Inmarsat system employ a ra- 
dome-covered antenna unit with a 
height of 20 cm and a diameter of 24 
cm. In this configuration, the cavity 
antenna is mechanically steered by 
azimuth rotation only. Elevation 
pointing is provided by manual 
adjustment.

A smaller version of the cavity an 
tenna is under development. This 
version incorporates dielectric load 
ing to achieve smaller cavity dimen 
sions. The dielectric material used is 
a composite consisting of titanium- 
dioxide powder (which is produced 
at low cost in very large quantities as 
a white paint pigment) in a matrix 
that is initially a liquid but which 
hardens after chemical curing. As a 
result, the composite provides me 
chanical pliability for the cavity 
design. ••
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Figure 9 Zero-thresholded correlation output for the AMPOF- 
based JFT model

JFT based on AMPOF PSF yields better performance in 
terms of the normalized peak power, peak-to-side-lobe ratio, 
discrimination ratio, and correlation width. Median computa 
tion and thresholding of the binarized JFT are sequential in 
nature, and therefore time consuming. The proposed JFT 
model drastically reduces the amount of time because it 
involves neither any median-based thresholding nor postmul- 
tiplication of the fringe pattern. Although the results men 
tioned here are scene specific, the trend is similar for a wide 
range of images that we have studied. This scheme can easily 
be applied to any optimal pattern recognition filter.
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ABSTRACT: The nonresonant-Iength backfire bifilar helix is often used 
as a vehicle satcom antenna, as it has a circularly polarized conical 
beam with azimuthal symmetry. Some antenna configurations, however, 
exhibit poor back-lobe levels. It is shown that radiation patterns can be 
significantly improved by correct termination of the helix. © 1997 John 
Wiley & Sons, Inc. Microwave Opt Technol Lett 14: 278-280, 1997.

Key words: antennas; helical antennas; bifilar helix antenna

1. INTRODUCTION
Backfire bifilar helix antennas with nonresonant-Iength heli 
cal wires and small diameters have the ability to form 
conical-shaped beams that are circularly polarized. This was 
first demonstrated by Patton [1], and for this reason the 
antenna is sometimes referred to as the Patton coil [2]. With 
the use of the coordinate system shown in Figure 1, this type 
of antenna exhibits a conical beam with a peak at some value 
of 6 between 0° and 90°, and with symmetry about the Z axis, 
when the two helical conductors are excited in antiphase at 
the top T and with the helical windings shorted together at 
the bottom, at O. The elevation angle of the beam peak 
depends on the helix diameter and pitch angle, and the 
beamwidth of the conical beam depends on the overall length 
(and therefore the number of turns) of the helix. In general, 
more turns give narrower beamwidths. The sense of the 
helical windings determines whether the antenna operates in 
RHCP or LHCP.

Because of the conical beam shape, this type of antenna is 
often used for satcom terminals on vehicles. Terminal an 
tenna dimensions are typically 3-5 wavelengths in length and 
0.05-0.1 wavelength in diameter. Antennas with mechanically 
variable helix dimensions have been demonstrated. With 
these, the beam elevation angle can be manually adjusted for 
a wide range of satellite elevation angles [3].

One disadvantage of the backfire bifilar helix antenna is 
that with some configurations, the radiation pattern back-lobe 
levels are high. Kilgus [4] has shown that this problem can be 
overcome with a more complex quadrifilar form of backfire
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Figure 1 Antenna coordinate system

helix antenna (not to be confused with the well-known reso 
nant quadrifilar helix antenna), which essentially consists of 
two interwound backfire bifilar helix elements with a 90° axial 
rotation offset between them. These two bifilar helices are 
excited in phase quadrature, so that there is constructive 
wave interference in the upper hemispherical region of the 
antenna (i.e., above the OXY plane in Figure 1) and destruc 
tive interference in the lower hemispherical region. Although 
this scheme works well, it can be very difficult to implement 
in practical antennas, because a feed system of some type is 
required, which will excite the four helical conductors at the 
top point T with equal amplitudes and relative phases of 0°, 
90°, 180°, and 270°. And because the antenna diameter is 
small, there is very little space available for a complex feed 
system within the helix tube or support framework. In con 
trast, the bifilar backfire helix can have a very simple and 
compact feed arrangement; for example, a coaxial cable with 
a split-tube balun at the top. This balun provides a 4:1 
impedance transformation [5], so if a 50-H cable is used, a 
good impedance match can be easily obtained with the 
antenna, which has a radiation resistance on the order of 
200 fi. Because of the difficulty in providing compact feed 
systems for backfire quadrifilar helix conical beam antennas, 
a technique for reducing the back-lobe levels of bifilar anten 
nas was investigated experimentally, as is described below.

2. EXPERIMENTAL INVESTIGATION
Figure 2 shows the copolarization (RHCP) and cross-polari 
zation (LHCP) radiation patterns in a vertical plane of a 
backfire bifilar helix antenna that was designed to give a 
conical beam with a peak at an elevation angle of 45°, at mid

150' 150'

Figure 2 Radiation pattern of the bifilar helix antenna at 1525 
MHz. Radial scale is 5 dB per division. Solid line, RHCP; dashed 
line, LHCP. # = 0°

L-band frequencies, in RHCP. The antenna is 55 cm long and 
1.5 cm in diameter, and has 5.3 turns and a pitch angle of 66°. 
It can be seen that, although the radiation characteristics are 
good in the antenna upper hemisphere region, the copolar 
ization back-lobe levels are high at about - 8 dB below the 
main beam peak. From this radiation-pattern polar diagram 
and others that were obtained with different antenna config 
urations, the mechanism by which back lobes are generated 
became clear. For a transmitting antenna, antiphase (bal 
anced mode) excitation at the top of the bifilar helix causes a 
traveling wave to progress down the helical transmission line, 
producing the main beam by backfire radiation. The traveling 
wave is attenuated by radiation, but with antennas of only a 
few turns at least, the wave still has a significant amplitude 
when it arrives at the short at the bottom of the bifilar helix. 
At this point, the wave is reflected back in the upward 
direction, and this reflected component then radiates in back 
fire to produce the unwanted backlobes, which are an attenu 
ated mirror image of the conical mainbeam. This explanation 
suggests that bifilar helix antennas of this type should be 
terminated in a matched resistive load, rather than a short, as 
in normal practice. An experimental investigation was there 
fore carried out with the antenna described above, with the 
short replaced by resistive loads of various types and resis 
tance values.

Figure 3 shows the improved copolarization radiation pat 
tern that was obtained with the antenna with the bifilar helix 
terminated in a 200-fl metal film resistor. By comparison 
with Figure 2 it can be seen that the back-lobe level is 
reduced from -8 to -21 dB below the main beam peak.

3. CONCLUSIONS
A big improvement in the radiation pattern performance of 
backfire bifilar helix conical beam antennas with nonresonant 
length elements can be obtained by replacing the helix termi-
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120*

150* 150*

Figure 3 Radiation pattern of the antenna at 1525 MHz, with the 
end short replaced by a 200-n resistor. Radial scale is 5 dB per 
division. Solid line, RHCP; dashed line, LHCP. <t> = 0°

nation shorting wire used in current practice with a matched 
resistive load. Measurements have also shown that this modi 
fication has no adverse effect on either antenna gain in the 
main beam or the excellent return-loss characteristics that 
are obtainable with this type of antenna.
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ABSTRACT: We propose and develop an exact and efficient approach 
to analyze the effect of discontinuities on guided waves for open planar 
chirowaveguides. We use a technique that combines a one-dimensional 
finite-element method for the eigenvalue problem in the transverse 
direction with a rigorous mode-matching procedure for the discontinu 
ities in the longitudinal direction. Both the scattering of discrete spectra

surface-wave modes and the continuous spectra radiation and evanes 
cent modes are discussed in this article. Equivalent transmission-line 
networks are introduced in the longitudinal direction so thai mulnmode 
network theory can be used to simplify the analysis. Features such as 
symmetrical properties of the structure are also discussed. Based on the 
analysis, we investigate mode conversion and radiation characteristics 
and propose a mode converter whose converted power is over 90% for 
moderate values of the chirality parameter. © 1997 John Wiley & Sons, 
Inc. Microwave Opt Technol Lett 14: 280-284, 1997.

Key words: chiral material; chirowaveguide; finite-element method; 
mode-matching method; discontinuity

I. INTRODUCTION
During the past decade, attention has been focused on elec 
tromagnetic chirality [1, 2] and its potential applications to 
microwave and optical-wave guided structures. Although the 
characteristics of a uniform chirowaveguide have been exten 
sively investigated [3-6], the analysis of discontinuities in 
open chirowaveguides becomes a significant tool in the design 
of versatile chirowaveguide circuits. Mariotte and Engheta 
analyzed the reflection and transmission of guided electro 
magnetic waves at an air-chiral interface and for a chiral slab 
in a parallel-plate waveguide and provided a means to mea 
sure the chirality admittance for a closed chirowaveguide [7], 
Using a hybrid method, we consider here the open-waveguide 
case with discontinuities. For these open structures, the non- 
surface-wave modes comprise a continuous spectrum in addi 
tion to the surface-wave modes. In our analysis, we follow the 
customary procedure of discretizing the continuous spectrum 
[8] by placing perfectly conducting walls far above and below 
the planar chirowaveguide. This structure supports, in addi 
tion to the surface waves, an infinite number of higher 
non-surface-wave modes, some propagating and the remain 
der nonpropagating. The backward (or forward) radiation 
power of the open discontinuity structure can be obtained by 
the summation of the powers of the reflected (or transmitted) 
higher propagating non-surface-wave modes. We note that 
the presence of these bounding planes does not affect the 
essential physics of the propagation or scattering process.

In this Letter, the scattering characteristics of the discon 
tinuities in open planar chirowaveguides are investigated by a 
method that combines the one-dimensional finite-element 
method for the eigenvalue problem in the transverse direc 
tion with a rigorous mode-matching procedure for the discon 
tinuities in the longitudinal direction. Equivalent transmis 
sion lines are introduced in the longitudinal direction, so that 
multimode network theory can be used to facilitate the 
mode-matching analysis for complex structures. The symmet 
rical properties of the discontinuity structure both in the 
transverse direction and in the longitudinal direction are 
investigated so that the analysis can be simplified.

Numerical results of reflection, transmission, and radia 
tion effects of double step discontinuities are investigated as 
an example of discontinuities in chirowaveguide. Here, we 
especially emphasize the coupling effect between the R 0 
mode (corresponding to the TE0 mode for nonchirowave- 
guides) and the L 0 mode (corresponding to the TM 0 mode 
for nonchirowaveguide).

II. THEORY
The double step discontinuity under consideration is shown 
in Figure 1. We first analyze the eigenvalue problem of each 
uniform waveguide and then use the mode-matching method
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[57] ABSTRACT

A folded dipole microsirip antenna is disclosed herein. The 
microstrip antenna includes a dielectric substrate for defin 
ing a first mounting surface and a second mounting surface 
substantially parallel thereto. A folded dipole radiative ele 
ment is mounted on the second mounting surface. The 
microstrip antenna further includes a microstrip feed line, 
mounted on the first surface, for exciting the radiative 
element in response to an excitation signal. In a preferred 
implementation of the microstrip antenna an excitation 
signal is applied to the microstrip feed line through a coaxial 
cable. In such a preferred implementation the folded dipole 
radiative element includes a continuous dipole arm arranged 
parallel to first and second dipole arm segments separated by 
an excitation gap. The feed element is mounted in alignment 
with the excitation gap and is electrically connected to the 
continuous dipole arm. The antenna may additionally 
include a ground plane reflector separated from the folded 
dipole radiative element by a dielectric spacer for projecting, 
in a predetermined direction, electromagnetic energy radi 
ated by the folded dipole radiative element. The thickness of 
the dielectric spacer between the ground plane reflector and 
the folded dipole radiative element is selected such that the 
impedance presented by the antenna to the coaxial cable is 
approximately fifty ohms.

2 Claims, 5 Drawing Sheets
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FOLDED DIPOLE MICROSTRIP ANTENNA

The present invention relates to the field of microstrip 
antennas, and particularity to microstrip antennas used in 
miniature portable communications devices. 5

BACKGROUND OF THE INVENTION

In the design of portable radio equipment, and in particu 
lar personal paging devices, size is an extremely important 10 
factor. Many previous paging devices employed relatively 
large receive antennas, thereby significantly increasing over 
all device dimensions. Antennas of this scale were generally 
required as a consequence of the use of relatively low RF 
paging frequencies, and also so as to ensure adequate j 5 
reception of the paging signals. Specifically, high antenna 
gain is desirable, and under certain conditions may in fact be 
necessary to ensure achievement of full receiver range 
capability. However, size constraints preclude incorporation 
of conventional high gain antenna configurations into pag- 2o 
ing receivers designed to be relatively compact.

The large size of many conventional paging receivers has 
required that they be mounted on the side of the body, 
usually through attachment to the belt or through placement 
in a pocket. Recently, however, it has been desired to realize 25 
paging devices sufficiently compact to be, for example, worn 
on the wrist. One advantage offered by wrist-carried paging 
receivers is that they may be held in front of the face, thereby 
facilitating viewing or adjustment by the user.

Existing wrist-carried paging receivers often include 30 
simple loop type antennas responsive to the magnetic field 
component of the RF signal. In such antennas the loop 
element is generally disposed within the wrist band of the 
user. Although this type of antenna system has tended to 
provide only marginal performance, it enables the loop 35 
antenna to be concealed within the wrist band housing. 
However, this arrangement is of advantage only if it is 
desired that the attachment mechanism consist of a wrist 
band or other loop-type device. Accordingly, it would be 
desirable to provide an antenna system which is capable of 4° 
being implemented within a paging receiver of compact 
dimension, and which does not presuppose a particular type 
of attachment mechanism.

As noted above, receive antennas incorporated within 
conventional terrestrial paging devices have tended to be 45 
somewhat large, partially as a consequence of the use of 
relatively low paging frequencies (e.g., <1 GHz). However, 
existing satellite communications systems operative at, for 
example, 1.5 or 2.5 GHz, afford the opportunity for paging 
receiver antennas of smaller scale. Antennas operative at 50 
these frequencies would need to have gains sufficiently low 
to project broad radiation patterns, thus enabling reception 
of paging signals from a broad range of angles. This is 
required since terrestrial deception of satellite signals is 
based not only upon line-of-sight transmissions, but also 55 
upon transmissions scattered and reflected by objects such as 
buildings, roads, and the like. Hence, it is an object of the 
present invention to provide a compact antenna capable of 
receiving paging signals from communication satellites.

60

SUMMARY OF THE INVENTION

In summary, the present invention comprises a folded 
dipole microstrip antenna. The microstrip antenna includes 
a dielectric substrate for defining a first mounting surface 65 
and a second mounting surface substantially parallel thereto. 
A folded dipole radiative element is mounted on the second

mounting surface. The microstrip antenna further includes a 
microstrip feed line, mounted on the first surface, for excit 
ing the radiative element in response to an excitation signal. 

In a preferred embodiment of the microstrip antenna an 
excitation signal is applied to the microstrip feed line 
through a coaxial cable. In such a preferred embodiment the 
folded dipole radiative element includes a continuous dipole 
arm arranged parallel to first and second dipole arm seg 
ments separated by an excitation gap. The feed element is 
mounted in alignment with the excitation gap and is elec 
trically connected to the continuous dipole arm. The antenna 
may additionally include a ground plane reflector for pro 
jecting, in a predetermined direction, electromagnetic 
energy radiated by the folded dipole radiative element, as 
well as for effecting an impedance match between the 
antenna and a 50 ohm transmission line system.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and features of the invention will be 
more readily apparent from the following detailed descrip 
tion and appended claims when taken in conjunction with 
the drawings, in which:

FIG. 1 shows a personal paging receiver in which is 
incorporated the folded dipole antenna system of the present 
invention.

FIG. 2 provides an illustration of the microstrip structure 
of the inventive folded dipole antenna.

FIG. 3 depicts a preferred implementation of the folded 
dipole antenna in greater detail, providing a cross-sectional 
view from which the housing has been omitted for clarity.

FIG. 4 shows a partially see-through top view of a 
preferred embodiment of the folded dipole antenna.

FIG. 5a provides a scaled representation of a folded 
dipole microstrip circuit element.

FIG. Sb provides a scaled representation of a feeder line 
microstrip circuit element.

FIG. 6 is a graph showing the driving point resistance at 
the center of a horizontal Vi wavelength antenna as a 
function of the height thereof above a ground plane.

DESCRIPTION OF THE PREFERRED 
EMBODIMENT

Referring to FIG. 1, there is illustrated a personal paging 
receiver in which is incorporated the folded dipole antenna 
system of the present invention. The paging receiver desig 
nated generally as 10 includes a display 20 and input 
switches 30 for operating the paging receiver in a manner 
well known to those of ordinary skill in the art. The receiver 
10 is disposed within a housing 40, a lateral side of which 
provides a surface for mounting an auxiliary microstrip 
patch antenna 50. In addition, the housing 40 defines a first 
end surface on which is mounted the folded dipole antenna 
1 00 of the present invention. As is indicated by FIG. 1, the 
auxiliary patch antenna 50 is designed to project a radiation 
pattern having an electric field orientation El transverse to 
the electric field orientation E2 of the inventive dipole 
antenna 100. This combination of antennas facilitates 
improved reception of paging signals of diverse polarization 
and angle of incidence. In an exemplary implementation the 
folded dipole antenna 100 is designed to receive paging 
signals broadcast via satellite at a frequency of 1542 MHz.

As Shown in FIGS. 1 and 2, the inventive folded dipole 
antenna 100 is implemented using a microstrip structure 
comprising an antenna ground plane 110, a microstrip lami-
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nate board 120, and a foam spacer 130 interposed therebe 
tween. The antenna 100 will generally be attached to the 
housing 40 by gluing the ground plane 110 thereto using, for 
example, a hot-melt plastic adhesive. The ground plane 110 
may be fabricated from a metallic sheet having a thickness 
within the range of 0.5 to 2.0 mm, and includes an external 
segment 1100 for connection to a lateral side of the housing 
40. The foam spacer 130 may be fabricated from, for 
example, polystyrene foam having a dielectric constant of 
approximately 1.2. The thickness of the foam spacer 130 is 
selected in accordance with the desired impedance, typically 
50 ohms, to be presented by the antenna 100 to a coaxial 
cable 140 (FIG. 2).

Referring to FIG. 2, the cable 140 extends from receive 
electronics (not shown) into the foam spacer 130 through a 
slot defined by the ground plane 110. As is described below, 
the inner and outer conductors of the coaxial cable 140 are 
connected, using a conventional coaxial-to-microstrip tran 
sition, to printed microstrip circuit elements disposed on the 
upper and lower surfaces 142 and 144, respectively, of the 
laminate board 120. In a preferred embodiment the micros- 
trip laminate board comprises a Duroid sheet, typically of a 
thickness between 1 and 2 mm, produced by the Rogers 
Corporation of Chandler, Ariz. Microstrip substrates com 
posed of other laminate materials, e.g., alumina, may be 
utilized within alternative embodiments of the folded dipole 25 
antenna.

FIG. 3 illustrates the folded dipole antenna 100 in greater 
detail, providing a cross-sectional view from which the 
housing 40 has been omitted for clarity. As shown in FIG. 3, 
a feeder line 150 comprising microstrip circuit elements is 
printed on the upper surface 142 of the microstrip laminate 
board 120. In addition, a folded microstrip dipole element 
154 is printed on the lower surface 144 of the board 120. In 
an exemplary embodiment the center conductor of the ,, 
coaxial cable 140 extends through the laminate board 120 
into electrical contact with the feeder line 150. Similarly, the 
outer conductor of the coaxial cable 140 makes electrical 
contact with the folded dipole 154 through the outer collar 
of a coaxial-to-microstrip transition 158.

Referring to FIG. 4, there is shown a partially see-through 
top view of the folded dipole antenna 100. As shown in FIG. 
4, the folded dipole microstrip, element generally indicated 
by the dashed outline 154 includes a continuous arm 162, as 
well as first and second arm segments 166 and 170. The first 45 
and second arm segments 166 and 170 define an excitation 
gap G which is spanned from above by the feeder line 150. 
In the preferred embodiment the folded dipole 154 excites 
the feeder line 150 across the excitation gap G, which results 
in an excitation signal being provided to receive electronics 
(not shown) of the paging receiver via the inner conductor 
178 of the coaxial cable 140. In this regard the folded dipole 
154 provides a ground plane for the feeder line 150, and is 
in direct electrical contact therewith through a wire connec 
tion 180 extending through the microstrip board 120.

The ground plane 110 (FIG. 3) operates as an antenna 
reflector to project electromagnetic energy radiated by the 
folded dipole 154. Specifically, ground plane 110 redirects 
such electromagnetic energy incident thereon in directions 
away from the receiver housing 40. Although in the pre- 60 
ferred embodiment of FIG. 1 it is desired to maximize the 
radiation directed away from the receiver housing 40, in 
other applications it may be desired that the folded dipole 
antenna produce beam patterns in both vertical directions 
relative to the folded dipole 154. Accordingly, it is expected 65 
that in such other applications that the dipole antenna would 
be implemented absent a ground plane element.

In an exemplary embodiment the folded dipole 154 and 
feeder line 150 microstrip circuit elements are realized using 
a laminate board having a pair of copper-plated surfaces. 
Each surface is etched in order to produce copper profiles 
corresponding to the folded dipole and feeder line elements. 
Alternatively, these elements could be realized by directly 
plating both sides of a laminate board with, for example, 
gold or copper, so as to form the appropriate microstrip 
circuit patterns.

FIGS. 5a and Sb provide scaled representations of the 
folded dipole 154 and feeder line 150 microstrip circuit 
elements, respectively. In the representation of FIGS. Sa and 
Sb the dimensions of the feeder line and dipole have been 
selected assuming an operational frequency of 1542 MHz 
and a laminate board dielectric constant of approximately 
2.3. The dimensions corresponding to length (L), width (W), 
and diameter (D) parameters of the microstrip elements 
represented in FIG. 5 are set forth in the following table.

______________TABLE 1______________
Parameter [Dimension (mm)

40

50

55

LI
L2
Wl
W2
W3
Dl
D2
D3
W01
L3
L4
L5
W4
W5

60
30
10
14
10
01
04
01
02
25
27.5
18
4.7
4.7

It is noted that parameter D3 refers to the diameter of the 
circular aperture defined by the laminate board 20 through 
which extends the center conductor of coaxial cable 140. 
Similarly, the parameter D2 corresponds to the diameter of 
a circular region of the continuous dipole arm 162 from 
which copper plating has been removed proximate the 
aperture specified by D3. This plating removal prevents an 
electrical short circuit from being developed between the 
center coaxial conductor and the folded dipole 154. In the 
preferred implementation an end portion of the center 
coaxial conductor is soldered to the microstrip feeder line 
150 after being threaded through the laminate board 120 and 
the dipole arm 162.

One feature afforded by the present invention is that the 
overall size of the dipole antenna may be adjusted to 
conform to the dimensions of the paging receiver housing 
through appropriate dielectric material selection. For 
example, the microstrip circuit dimensions given in TABLE 
I assume an implementation using Duroid laminate board 
having a dielectric constant of approximately 2.3. A smaller 
folded dipole antenna could be realized by using a laminate 
board consisting of, for example, a thin alumina substrate.

Referring again to FIG. 3, it is observed that the separa 
tion between the folded dipole 154 and the ground plane 110 
is determined by the thickness T of the foam spacer 130. The 
thickness T and dielectric constant of the foam spacer 130 
are selected based on the desired impedance to be presented 
by the folded dipole antenna. For example, in the preferred 
embodiment it is desired that the impedance of the folded 
dipole antenna be matched to the 50 ohm impedance of the 
coaxial cable 140. As is described below, one technique for 
determining the appropriate thickness T of the foam spacer
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130 contemplates estimating the driving point impedance of 
the folded dipole antenna. Such an estimate may be made 
using, for example, a graphical representation of antenna 
impedance such as that depicted in FIG. 6.

In particular, FIG. 6 is a graph of the impedance of a 5 
conventional Vi wavelength dipole antenna situated horizon 
tally above a reflecting plane, as a function of the free-space 
wavelength separation therebetween. As is indicated by FIG. 
6, the impedance for large separation distances is approxi 
mately 73 ohms, and is less than 73 ohms if the dipole is 10 
situated close to (e.g., less than 0.2 wavelengths) and 
parallel with a reflecting plane. A folded Vt wavelength 
dipole exhibits an impedance approximately four times 
greater than the impedance of a conventional Vi wavelength 
dipole separated an identical distance from a reflecting 15 
plane. Accordingly, the separation required to achieve an 
impedance of 50 ohms using a folded dipole is equivalent to 
that necessary to attain an impedance of 12.5 ohms using a 
conventional Vi wavelength dipole. In order to use FIG. 6 in 
estimation of the impedance of a folded dipole separated 20 
from a reflecting plane by a dielectric spacer the free-space 
separation distance must be further reduced by the factor 
We, where e denotes the dielectric constant of the spacer.

Thus, in accordance with FIG. 6, the separation required 
to achieve an impedance of 50 ohms for a folded Vi 
wavelength dipole, using a dielectric space with a dielectric 
constant of approximately 1.2 would be approximately 
(W1.2)x0.075 wavelengths, or approximately 0.07 wave 
lengths. Thus, the present invention allows the use of a 
relatively thin dielectric spacer.

While the present invention has been described with 
reference to a few specific embodiments, the description is 
illustrative of the invention and is not to be construed as 
limiting the invention. Various modifications may occur to
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those skilled in the an without departing from the true spirit 
and scope of the invention as defined by the appended 
claims.

What is claimed is:
1. An antenna for a paging receiver, said paging receiver 

being disposed within a housing, said antenna comprising:
a folded dipole microstrip antenna attached to a first 

external surface of said housing, said microstrip 
antenna including a dielectric substrate for defining a 
first mounting surface and a second mounting surface 
substantially parallel to said first mounting surface, a 
folded dipole element mounted on said second mount 
ing surface, said folded dipole element including a 
continuous arm and first and second dipole arm seg 
ments arranged substantially parallel to said continuous 
arm, a microstrip feed line mounted on said first surface 
in alignment with an excitation gap defined by ends of 
said first and second folded dipole arm segments, a 
reflector for redirecting an electromagnetic energy pat 
tern associated with said folded dipole microstrip 
antenna away from said housing, wherein said folded 
dipole element is positioned between said reflector and 
said microstrip feed line, and means for supplying a 
received signal from said microstrip feed line to said 
paging receiver; and

an auxiliary antenna mounted on a second external sur 
face of said housing.

2. The antenna of claim 1, including a dielectric spacer 
interposed between said reflector and said folded dipole 
element, wherein thickness of said dielectric spacer is 
selected such that the impedance presented by said folded 
dipole microstrip antenna is approximately fifty ohms.




