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ABSTRACT

The original contribution to knowledge made by this research work is demonstrating the
benefits of differentially fed balanced transmit antenna in modern communication system.
Extensive experimental studies have established the fact that a true differential amplifier
feeding a balanced antenna offers higher linearity and lower distortions compared to the

single ended feeding technique, even while using the same amplifier.

With continuing advancements in personal communications in this era of digital economy, the
demand for wireless connectivity has grown radically, resulting in stringent performance
requirement for RF components. Differential circuits are preferred choice in RFIC design due
to its good noise immunity and low distortion characteristics. But it is observed that single
ended PAs and LNAs are used for the feeding part because of the antenna industry’s tendency
to stick to conventional 50Q interface. Therefore, differentially fed transmit balanced antenna

is an area of current research, which has been studied in this thesis.

The study was set out with a review of the state-of-the-art in active integrated antennas.
Following that, the ground plane influence on antenna radiation pattern was explored and
novel techniques to compensate the effects were presented. It was observed that the current
flow in a coaxial cable also affects radiation pattern. Hence, a novel method was proposed to
measure wireless devices in the anechoic chamber eradicating the need of any cable
attachments. Broadband differential amplifiers were then reviewed with a view to feed
balanced and unbalanced antennas for demonstrating the potential of differential feeding
technique over the conventional one. The amplifier with differential output interface exhibited
higher gain and linearity in both bench test and radiated power test. Further improvement in
linearity was reported by lowering the output resistance of the amplifier. Afterwards, a
broadband antenna with stable radiation pattern and impedance was designed to carry out
radiated harmonic measurements, which illustrated that the fully differential output

configuration possesses significantly lower harmonic distortion.

All these measurement results have suggested that balanced antenna fed by differential
amplifier can be the best solution for applications demanding higher output power, greater
linearity and lower distortion. Therefore it is recommended to re-evaluate the idea of power

amplifier and antenna interface in RF front-end designs
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Background

With the increasing expansion of communication technology, the second-generation cellular
networks supporting only voice calls and text messages can no longer satisfy users' demand.
Consumers these days want access to high-speed data, online gaming, multimedia streaming
and various other options in their compact handheld devices. These contemporary demands
have placed a range of design challenges to RF engineers, particularly to the power amplifier
and antenna designers. Modern RF circuitry nowadays needs to meet strict performance
requirements such as large dynamic range, low noise, reduced sensitivity to human body and

higher linearity [1].

The balanced antenna caught attention of the antenna research industry for its numerous
benefits [2-4] compared to the unbalanced antenna, especially for mobile communication.
Balanced antenna offers stable radiation properties and higher efficiency in proximity of
human body [5-6], essential for contemporary mobile communication. The user demand for a
compact device can be fulfilled by the integrated antenna approach. An active integrated
antenna is capable of reducing the size, weight and cost of a design without any compromise
in its performance [7]. From the circuitry perspective, improved linearity with lower noise
figure can be realised by using differential amplifier [8]. Therefore it is evident that the use of
differentially fed active balanced antennas can be the best possible way of meeting those
stringent performance requirements of modern communication industry. Thus, this potential

research area needs to be explored.

1.2 Objectives & Motivation

Active antennas have been studied by a number of authors and a comprehensive review of

this work was made in 2002 [9]. Focus has been put on using discrete devices usually with a
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narrow-band resonant antenna. Asymmetrical planar inverted F antennas (PIFAs) usually are
the preferred choice of antenna for handset designers due to their compact size, low profile,
good electrical performance and ease of fabrication [10-11]. However, PIFA is an unbalanced
design, which uses the ground plane as part of the radiator and provides distorted
performance. Despite numerous benefits of balanced antenna, it has been repeatedly noticed
that the antenna industry tends to stick to the standard ‘50Q’ interface. Few recently published
articles [12-14] for LTE band confirms that. This is due to the eccentricity of the approach
and complex measurement techniques of differential devices. However, RFIC industry prefers
differential circuits due to their excellent noise immunity. Power amplifiers are the most
power-consuming element in the whole transceiver system. Power consumption is directly
related to linearity [15], which should be minimized in order to extend the battery life in
mobile devices [16]. Thus, it is important to have a high rejection to digital circuitry noise,
and maximized linearity. Differential amplifier possesses these features and for this reason
RFIC manufacturers now design their IC module with a differential output. But while feeding
to an antenna in RF front end, RFIC also adopts single ended interface to match the
impedance of the antenna. In a recent (June 2014) report from CML Microcircuits [17], it can
be observed that in a modern RFIC transceiver (CMX991) true differential amplifiers were
used in circuitry part but at the feed point to antenna single ended PA and LNA along with a
balun were adopted. The question arises here is; do they really need to be always single ended

or 50 Q? An extensive research has been carried out to find the solution of this issue.

Differential amplifiers were constructed with single ended and differential output
configurations using same RFIC and discrete components. These designs were used to feed
balanced and unbalanced antennas to demonstrate the potential of differential feeding
technique over the conventional one. Although the concept looks straight forward, successful
implementation of this method is difficult to achieve. AIA design requires knowledge in
several areas of microwave engineering, including solid state device, circuits and antennas.
For this reason this area has not been explored thoroughly. Some research works have been
conducted recently but lack of sufficient amount of research exploration are still persistent,

which will be discussed in detail in the next chapter.
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1.3 Short Technical Description

RF CMOS uses complimentary pairs of transistors as basic building blocks in the circuit
design [18-19]. Ideally such RFICs would interconnect using a differential (or balanced) input
and output lines. However antenna and RF sub-system design has evolved into unbalanced
design resulting in a mismatch between the RFIC and the antenna. The RF circuitry is usually
developed on a PCB using ‘microstrip’ techniques, whereby one side of the PCB is a ground
plane and RF signals are constrained on the PCB using microstrip transmission lines. This is
ideal for the design of RF amplifiers and circuit using discrete surface mount devices. Though
RF circuit design as an RFIC has become common practice, this has introduced a limitation.
The RFIC needs to be connected to an unbalanced transmission line or antenna by a
transformer or balun. The necessity to introduce a ‘balun’ to achieve this initiates losses and
bandwidth restrictions. However the RFIC can be placed directly at the antenna feed point,
eliminating the need for connecting unbalanced transmission line and allowing the use of a

balanced antenna.

1.4 Research Contribution

The research aim was to explore the benefits of differentially fed active balanced antenna and
the potential of this approach in future communication system. In doing so, a number of
contributions have been added to the state-of-the-art in active balanced antenna. A novel
method of compensating ground plane effects of a mobile antenna with finite sized ground
plane was proposed. Another novel method of measuring a wireless device inside anechoic
chamber was introduced. Using broadband amplifiers, the benefits of true differential feeding
have been demonstrated. It has been shown that higher power and greater linearity can be
achieved from the same device just by adopting fully differential interface. Then a broadband
modified bow tie antenna was designed and used to quantify radiated harmonic distortion of 3
different amplifier configurations. Analysis illustrated that differential amplifier had better
harmonic distortion compared to the single ended one, and more importantly, differential with
true differential output interface had remarkably lower harmonic distortion compared to the
differential with single ended output interface. A radiated harmonic distortion characterization

with 3 different active antenna configurations has not been seen in literature.
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The work presented in this thesis has resulted in three publications with two further papers

currently in preparation:

i.  Callaghan, P.; Sagor, M.H.; Batchelor, J.C., "Control of ground plane influence on
antenna radiation pattern for mobile handheld devices," Antennas and Propagation
Conference (LAPC), 2011 Loughborough , vol., no., pp.1,4, 14-15 Nov. 2011.

ii.  Sagor, M.H.; Callaghan, P., "Measurement of antenna radiation pattern using injection
locking technique," Antennas and Propagation (EuCAP), 2014 8th European
Conference on , vol., no., pp.1066,1069, 6-11 April 2014.

iii.  Sagor, M.H.; Callaghan, P., "Benefits of active transmit balanced antenna fed by
differential power amplifier," Antennas and Propagation Conference (LAPC), 2014
Loughborough , vol., no., pp.732,735, 10-11 Nov. 2014.

a.  “Characterizing Effective Radiated Power and Distortion Form Differentially Fed
Narrow Band Antennas” (to be submitted) to the IEEE Transactions on Microwave
Theory and Techniques.

b.  “Measurement of Radiated Harmonic using Broadband Active Balanced Antenna” to

be submitted to the IET Transactions of Microwave, Antenna and Propagation.

1.5 Thesis Outline

The remainder of this thesis is structured as follow:

Chapter 2 analyses the state-of-the-art in the active balanced antenna literature. In particular
the benefits of balanced antenna for mobile communication have been reported. The recent
advances on measurement technique of balanced antenna have been reviewed and the

research gap has been reported.

In Chapter 3, simple balanced and unbalanced antennas have been presented and ground plane
effect has been investigated. Power distribution of dipole antennas for different wavelengths
and radiation pattern of simple monopole antenna over different sized ground plane was
investigated. Following that, a mobile antenna with finite sized ground plane has been
reported and the ground plane influence has been investigated. Novel techniques have been

proposed to control the ground plane current and reduce degradation.
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In Chapter 4, a novel measurement method using injection locking technique has been
introduced. The method offers measurement for wireless devices inside the modern anechoic

chamber without any cable connected to the device under test.

Chapter 5 deals with the design and analysis of basic forms of single ended and differential
amplifiers followed by RF single stage, RF partial differential and RF fully differential
amplifiers. The performance of these amplifiers were simulated and measured for analysis.
Effects of inductors, RF track line and current mirror were also investigated. The
complications arose during the design process at higher frequency exposed the challenging

part of designing RF amplifier for higher frequency.

Chapter 6 presents broadband differential amplifier with single ended output interface and
another same amplifier with differential output interface. The nonlinear distortion
characteristics of the LMH6881 were analysed. Techniques to achieve higher gain and
linearity from same device by changing output impedance has been investigated. Following
that an experimental proof has been presented confirming that differential feeding
configuration can provide higher gain and greater linearity compared to its single ended
counterpart. The adjacent channel leakage ratio (ACLR) of both active antennas were

presented to compare the distortion characteristics of differential and single ended interface.

In Chapter 7, characterization and measurement of harmonic distortion of the LMH6881
differential amplifier were analysed. The harmonic distortion of a single ended amplifier, a
differential amplifier with single ended output and a differential amplifier with fully
differential output configurations were measured. Measurement results for both bench tests
and radiated harmonic tests were assessed and finally from the outcome the best approach for

lower level of harmonic distortions was recommended.

Finally, Chapter 8 summarised the contributions of this thesis and concluded the work with
some remarks. This chapter also presented directions for future works to broaden the scope of

this research.
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Chapter 2

Review of Active Integrated Antenna Technology

2.1 Introduction

In this chapter extensive review has been carried out on the literature surrounding differential
active integrated antenna (AIA) technology. An overview of the history of antenna, amplifier
and AIA has been presented discussing the major contributions in the field. In the following
sections, classifications and applications of AIA technology has been explored. The benefits
of balanced antenna for mobile communication are reported in the subsequent section. More
specifically, the measurement technique of balanced antenna has been looked over and recent
advances reported in literature on this topic have been thoroughly reviewed. This complete
review has resulted in finding the research gap and has worked as a motivation in

investigating the benefits of differential active antenna approach.

2.2 History of Antenna, Amplifier and AIA

2.2.1 Antenna

Microwave circuits and antennas have become an integral part of modern communication
industry. This technology has been developed for last 200 years to reach in its present stage.
During 1820s to 1840s, André-Marie Ampére, Michael Faraday, Joseph Henry and Karl
Friedrich Gauss have contributed significantly to provide a combined theory of electricity and
magnetism [1]. In 1864, James Clark Maxwell elegantly pieced together the work of Lorentz,
Faraday, Ampere, and Gauss into a groundbreaking equation of electromagnetic field, known
as Maxwell’s equations [2]. Maxwell presented the first unified theory of electricity and
magnetism and founded the science of electromagnetics. He predicted transverse propagation
of waves at a finite speed of light. He postulated that light is an electromagnetic phenomenon
of a particular wavelength and predicted that radiation might also occur at another

wavelength.
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Heinrich Rudolf Hertz validated Maxwell’s theory during the late 1880s by using an end-
loaded dipole transmitter and a resonant square-loop antenna receiver to demonstrate the
generation, propagation, and reception of electromagnetic waves having a wavelength of 4m
[3]. His radio system experiments using a cylindrical parabolic reflector at wavelength of 4m
and 30cm proved that light is a form of electromagnetic radiation. Hertz is known as the
architect of Radio communication as he was the first to conclusively prove the existence of
electromagnetic waves [4]. The unit of frequency is named after him to honour his
outstanding contribution. This work, however, remained a laboratory curiosity for almost two
decades until Gugleilmo Marconi came across with these experiments. Marconi was
successful in sending information in the form of electromagnetic waves from one place to
another wirelessly [5]. Marconi’s contributions granted him the Noble Prize in 1909. In 1927,
Shintaro Uda from Tohoku Imperial University of Japan, invented one of the most important
antenna designs of that era with the collaboration of Hidetsugu Yagi, a professor at the same
university. A Yagi-Uda array, commonly known simply as a Yagi antenna, is a directional
antenna consisting of a driven element (typically a dipole or folded dipole) and
additional parasitic elements. This design showed a substantial increase in the
antenna's directionality and gain compared to a simple dipole [6]. Barrow and Chu reported
the electromagnetic theory of horn antenna in 1939 [7], where they provided an adequate

explanation of the way in which the electromagnetic horn functions as a radio antenna.

The revolutionary microstrip antenna technology was developed in the early 1970s. A
microstrip structure, in other words a conducting strip radiator separated from the ground
plane by a dielectric substrate was described by Byron [8]. This half-wavelength wide and
several wavelength long radiator strip was fed by coaxial connections at periodic intervals
along both radiating edges. In 1973, Dr Martin Cooper and John F. Mitchel of Motorola
demonstrated the first handheld mobile phone for private and practical use [9]. After that,
there was a substantial surge in the development of antenna technology. These early mobile
phones used whip antennas consisting of a straight wire or rod and were bigger in size.
Encouraged by the growing demand, researchers have funded efforts to miniaturize electronic
components and layouts and as a result the promising Printed Inverted F Antenna (PIFA) was
introduced, which first appeared in literature in 1987 [10]. Since then, PIFA antenna structure

has emerged as one of the most promising candidate to be used in handheld devices. But
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recently research has been focused on the use of balanced antennas for their enormous

benefits in portable devices, which will be discussed in Section 2.5.

2.2.2 Amplifier

In the early 1900s, Lee De Forest invented a two-electrode device for detecting
electromagnetic waves, which was a variant of the earlier research on the ‘thermionic valve’
by John Ambrose Fleming. In 1906, De Forest added a third element between the cathode
(filament) and the anode (plate) of the previously invented vacuum diode, resulting in the
creation of first amplifier called the 'triode' [11]. This third electrode was known as ‘the
control grid’. The resulting triode or three-electrode vacuum tube could be used as an
amplifier of electrical signals, notably for radio reception. The Triode was the fastest
electronic switching element of that time, and was later used in early digital electronics
including computers. The Triode was vital in the development of transcontinental telephone
communications, radio, and radar until the invention of the transistor. In the following years,
radio and television provided great stimulation to the tube industry. Production rose from
about 1 million tubes in 1922 to about 100 million in 1937 [12]. In the early 1930s, the four
element ‘tetrode’ and the five element ‘pentrode’ gained prominence in the electron-tube
industry. Rapid advances were made in design and manufacturing techniques for high power

and high frequency applications and miniaturization in the years to follow.

On the 23" December 1947, the electronics industry experienced the advent of a completely
new direction of development when Walter H. Brattain and John Bardeen demonstrated the
amplifying action of the first transistor at the Bell Telephone Laboratories [13]. The original
transistor (a point-contact transistor) was a three terminal transistor. The advantages of this
solid-state device over the tube were immediately obvious: it was smaller and lightweight, it
had no heater requirement or heater loss and it had a rugged construction. It was more
efficient since the device itself absorbed less power. In 1965, the balanced transistor amplifier
was proposed by R. S. Engelbrecht of Bell Labs as a way of providing a good input match
when an amplifier was tuned for optimum noise performance. Engelbrecht and Kurokawa

first reported this approach [14], and a subsequent paper by Kurokawa [15] explored the
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theory of the balanced amplifier in more detail. According to Engelbrecht and Kurokawa, the

main advantages of the balanced design over more conventional multistage amplifier are:

“1) Improved input and output impedance matching, gain flatness, phase linearity, gain
compression, and intermodulation characteristics, 2) Possible designing of the amplifier
simultaneously for minimum noise figure and good input match, 3) Relatively little effect to
overall amplifier gain and matching by changes in the distribution of transistor impedance
characteristics, provided that transistors can be selected in similar pairs, 4) The amplifier gain
is easily controlled over a wide range by the dc bias with little degradation of the gain flatness

and impedance matches.” [15]

In their experiment, a four-stage balanced amplifier was designed and constructed in printed
circuit form for L-band operation. The results have shown that the above advantages could be
obtained at the expense of an increased number of transistors in the circuit. After this
experiment balanced amplifier became a prominent research topic amongst researchers and
the technology advanced in a distinct surge. But this early stage research was mostly
conducted in lower frequency analog circuitry and digital devices, and much less so in RF and

microwave applications.

2.2.3 Active Integrated Antenna (AIA)

An AIA is a microwave circuit in which the output or input port is free space, instead of a
conventional 50Q interface. This approach integrates the traditionally separated sub-circuits
into a single compact and efficient unit. When applied in the context of active integrated
antennas, the antenna provides circuit functions such as duplexing, filtering and harmonic
rejection besides its original role as a radiator. This technology has been developed in order to
overcome the fundamental limitations on output power of semiconductor circuits. Suitable
transmission lines become very lossy at higher frequencies due to radiation losses, substrate
losses and increased skin-effect ohmic losses [16-17]. Integrating active elements directly into

the antenna can significantly compensate these losses.

The implementation of the integrated antenna concept may be in its infancy, but the idea is

not new. The study of active antennas received profound attention and some pioneering works
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were reported in the 1960s and 1970s [18-22], after the advent of high-frequency transistors.
Several investigators at Ohio State University demonstrated both diode- and transistor
integrated antennas. Amongst them, Copeland and Robertson demonstrated a half-wavelength
dipole antenna, together with a transistor amplifier, which they called as an ‘Antennafier’
[23]. During the IEEE Antennas and Propagation Conference of 1968, Meinke and
Landstorfer described the mating of a FET transistor to the terminals of a dipole to serve as a
VHF amplifier for reception at 700 MHz [24]. Following this work, Ramsdale and Maclean
used BJTs and dipoles for transmitting applications in 1971 [25]. They demonstrated large
height reductions by using the active antenna concept in 1974 [26] and later in 1975 [27].
Dawoud and Anderson et. al from University of Sheffield, reported better bandwidth of
monopole antennas and reduction in the frequency dependency of antenna arrays fed by

microwave transistors [28-31]

Several research works on active antennas for different applications were carried out in late
1970s and early 1980s [32-35]. Then Thomas et al. developed a modern active microstrip
antenna in Marconi Space and Defence Systems, UK. This is generally accepted as the first
modern active antenna and the work was published in February 1985 [36]. It was a Gunn
diode integrated rectangular microstrip patch antenna operating at X-band frequencies.
Perkins described an active dual circular patch antenna in the following year [37]. In 1990s,
numerous innovative designs on AIA concept were proposed and successfully demonstrated
with Tatsou Itoh from University of California, Los Angeles being the forerunner in most of
them [38-44]. Along with him, Radisic presented the first AIA concept using power amplifier
[45]. They used a class-B GaAs FET power amplifier integrated with a patch antenna, which
is shorted in the middle so that the input impedance at the second harmonic becomes zero and
the PAE was increased by 7%. In [46] the authors employed a modified circular segment
microstrip antenna on a single-ended amplifier, which is capable of reactively terminating
both the second and third harmonics. They also proposed harmonic tuning and EMI reduction
using active antenna with power amplifier [47-48]. Extensive research works have been
carried out in this promising research area of AIA over the last decade. These will be
discussed in the next sections along with the measurement techniques of active balanced

antenna.
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2.3 Classification and Advantages of Conventional AIA

In an AIA, the active device and the antenna are treated as a single entity, which differs from
the traditional design methodology where the antenna and RF front-ends are different
components connected to standard 50Q transmission lines. The basic functions of active
devices in AIAs are RF signal amplification, RF signal generation or frequency conversion.
The active integrated antennas can be classified into the oscillator type, amplifier type and
frequency conversion type, depending on the function of the active device [49]. For the
amplifier-type AIAs, when the antenna is placed at the input port it acts as source impedance
for the active device. In this case the AIA acts as a receiver. In contrast, when the antenna is
connected at the output port, it is regarded as load impedance to the active device and the ATA
functions as a transmitter. Interest in this type of AIA is growing due to its potential
applications in spatial power combining amplifier [50] and in compact high efficiency RF

front-end transmitters and receivers [51-55].

AlAs are generally integrated with planar microstrip [56-57] or PIFA [58-59] antennas.
However, many other types of antennas employed for the integrated antenna operations have
been reported, including dipoles [60-62], printed patch antennas [63], antennas with notch
[64-65], slot antennas [66], log periodic antennas [67], yagi antennas [68-69] etc. Active
antennas overcome some of the drawbacks traditionally related to conventional antennas such
as loss between the RF front-end and the antenna, mutual coupling between array elements
and limitation of frequency of operation. AIAs have the potential of reducing the size, weight
and cost of a transmitter, receiver and transceiver design without compromising performance
by incorporating the circuit component functions at the antenna terminal [70]. AIAs also
facilitate systems with desirable features such as minimum power consumption, high degree
of multiple functionality and enhanced reliability [17]. As the active device is connected in
the immediate vicinity of the antenna, the antenna itself works as a matching network,
avoiding the integration of additional matching circuit in the system. By directly integrating
active devices into antenna elements feed line losses can be significantly reduced, which is
particularly important at higher frequencies [49]. It is believed that to meet the growing
demand of portable electronic devices active antenna systems will be extensively used to

cover significantly wider bandwidth with smaller physical volumes.
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2.4 Applications of AIA

AlAs can be used as an alternative to conventional approaches for many applications. In most
cases it provides greater performance compared to the conventional approach. Even if AIAs
provide nearly the same performance as that using a conventional approach, the reduction of
size and cost would greatly enhance the system’s usefulness. For these enormous benefits and
advantages AIAs have drawn a great deal of attention in the research community. AIAs have
been extensively used in the automotive industry [71-73], GPS [74-76] and location and
direction finding services [77-79]. Because of its compactness and low cost, AIAs have
versatile applications in the growing area of wireless communications [80-82] and in RF
front-end [83]. In a recent publication this year (2014), Montero et al. has adopted active
antenna approach to design an antenna system suitable for future 5G mobile communications
[84]. Television [85-86], satellite [87-88] and radar [89-90] sectors also have been greatly
benefitted by integrated antenna approach. AIA also offers potential advantages for personal
communication systems such as RFID tags [91-93], sensors [94], smart cards [95] and
wireless identification system [96]. AIAs have also been adopted in weather forecasting radar

[97], security alarm system [98] and high precision distance measurement applications [99].

2.5 Different AIA Approaches

It has been discussed that the integrated antenna approach differs from the more conventional
approaches for the fact that there is no obvious distinction or boundary between the
component and the antenna. The antenna serves as a load for the component and as the
radiator and/or receiver for the system. These configurations are made up of at least two
components: a solid-state device and an antenna. An integrated system consisting of a
balanced antenna fed by differential active components have provided a new paradigm for
designing modern microwave systems. This new balanced approach of this promising
technology is attractive for practical applications in modern mobile communication and
portable devices, which is discussed in the next section. The single ended approach and new

balanced approach of AIA is shown in Figure 2.1.
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Figure 2.1: (a) Old approach of AIA in RF front end and (b) New balanced approach

(2)

2.6 Balanced Antenna for Mobile Communication

The balanced antenna caught attention of the antenna research industry for its numerous
benefits compared to unbalanced antennas. By definition, a balanced antenna is a symmetrical
antenna fed by signals of equal amplitude and 180 degree out of phase. Dipoles and loops are
the most commonly encountered balanced antennas. In addition, balanced antennas may also

be realized in meander-line, helix, microstrip forms and so on [100].

With the increasing expansion of wireless technology, the demand for wireless devices has
skyrocketed. This increasing number of portable devices creates a need for more power
efficient topology, wider impedance bandwidth but maintaining excellent radiation
performance. Asymmetrical planar inverted F antennas (PIFAs) usually are preferred choice
of antenna for handset designers due to their compact size, low profile, good electrical
performance and ease of manufacturing [101-104]. However, the PIFA is a narrowband,
unbalanced design, which uses the ground plane as part of the radiator to enable small
antennas to achieve sufficient gain and bandwidth. In this kind of unbalanced antennas
radiating currents are induced on both the ground plane and the antenna element. As a
consequence, the ground plane also becomes a part of the radiating element. As the currents
on the ground plane and other metallic structures of the terminal (chassis) couple strongly to
the user’s body, these antennas exhibit very variable performance when the handset is held in
the hand or comes in proximity of the human body. This is mainly because the user holding

the mobile device largely takes the place of the ground plane and the unpredictable
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characteristics of the human body changes the matching and decreases the radiation efficiency

of the antenna. [105].

Plenty of research have been carried out recently in reducing this unintended user effects and
all those results have proposed the superiority of balanced antenna. Balanced structure doesn’t
use the chassis as a ground plane, hence it remains isolated from the handset’s chassis and
performance degradation can be reduced when users hold the handset adjacent to the human
body. In 2002, Morishita et al. analyzed a balanced antenna both theoretically and
experimentally and showed that by using balanced structure the current on the handset body
can be reduced remarkably and the influence of the human body on antenna performance can
be reduced significantly [106]. In [107] authors demonstrated that the SAR (Specific
Absorption Rate) value for the balanced antenna is significantly lower with a more consistent
radiation pattern compared to its unbalanced counterpart. J. J. Arenas et al. presented a
comparison study between single-ended antenna and balanced antenna in two scenarios, one
in free space and the other with dielectric (human hand) model, at 2.4 GHz ISM band. In both
cases, the balanced antenna showed more stable radiation properties when the human hand
interacted with the ground plane [108]. Several other novel mobile antenna designs with
balanced technique have confirmed the enhanced stability of their performance in the vicinity

of human head and/ or hand [109-111].

A balanced antenna shows more efficiency when used in a mobile handset. In [112] the
performance of a balanced antenna was compared with a conventional one, by substituting it
into a standard commercial handset. The comparative efficiencies were shown in graphs
where balanced one was clearly giving noticeably better performance, both in lower and
higher frequency bands. Balanced antennas are also preferred for many applications due to
their better isolation between the input and output ends as well as superior matching
properties. The feasibility of balanced antenna structures was studied at GSM 900 and 1800
bands in [113]. Also the specific absorption rate (SAR), hearing-aid compatibility (HAC) and
the user’s effect on matching and radiation efficiency were considered. It was reported that
balanced antenna structures provide better performance in all of these aspects at UHF

frequencies.
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Modern smartphones come with integrated GPS and navigation system within them. In 2007,
Collins et.al [114] designed a balanced antenna for receiving GPS signals. The antenna has
been field-tested on a GPS USB dongle and compared with a similar dongle using an
18xI8mm ceramic patch antenna. The outcomes suggested that the balanced antenna performs
favorably with conventional patch and helix antennas and has a lower manufacturing cost and
is smaller and lighter. This makes the size and the complexity of the system become smaller
and simpler, which are very important for mobile application. [115] demonstrated that
balanced antenna provides better performance over the 2.4GHz and SGHz WLAN bands in

terms of antenna return loss, radiation pattern and power gain.

2.7 Measurement of Balanced Antenna

It has been confirmed in a study by Morishita [106], that in order to achieve these enormous
advantages of balanced antenna, it must be fed in a differential or balanced way. Although the
concept look straight forward, successful implementation of this active balanced antenna
approach has been difficult to achieve. The major problem with using balanced circuits is the
fact that most available test equipment is intended for unbalanced devices. The related
infrastructures are also unbalanced, which include the objects that are usually used for
antenna measurements such as calibration standards, transmission lines and connectors, and
even an industry standard reference impedance of 50Q2. These are the reasons why researchers

usually tend to avoid balanced circuits.

Accurate measurement of differential devices at microwave and millimeter-wave frequencies
is a challenge. The techniques are not as obvious as with the single-ended ones, and they
require some specific methods that are suggested in the literature [116-117]. When connecting
symmetrical antenna to an asymmetrical measurement setup the currents in the two accesses
will not be equal, because a common mode current can circulate on the ground plane. To
amplify the differential signals coming from or going into each antenna element a passive
balanced-unbalanced (balun) transformer is typically used along with a differential amplifier.
The characterization of active differential devices requires an expensive four-port vector
network analyser. Thus, it is a common practice to attach baluns to convert between single-

ended and differential signals and perform the measurement using a lower cost two-port
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vector network analyser (VNA). But the use of a balun introduces loss and efficiency
problems and does not come close to a fully integrated solution. Vadim Issakov et al.
measured a device directly using a four-port network analyser and compared the result with a
measurement using baluns and a two-port network analyser [118]. It has been clearly shown
how a balun affects the gain and efficiency of a device in the measurement process.
Moreover, matching circuits or baluns are frequency dependent and require extra design
efforts to remove their impact [119]. A balun also increases the size and complexity of a
device. Avoiding these drawbacks is a challenge for researchers in the field of measurement

techniques of active balanced antenna.

2.8 Benefits and Recent Advances in Differentially Fed AIA

Due to the lack of low-loss, small sized passive baluns, it is always desirable to create a
measurement setup that allows the characterization of differential antennas without using a
balun. An obvious design approach is therefore to use a balanced antenna fed by a differential
amplifier. With a differential amplifier, the balun will no longer be necessary as the
differential signal can be directly fed into the antenna. Hence a compact RF front-end design
with lower losses would be realized. RFIC designers also prefer differential circuits as they

offer improved noise, greater impedance match and larger signal handling capability [120].

Linearity is one of the most important factors in future cellular technology and researchers
have already reported that differentially fed active circuits can provide greater linearity [121-
123]. In mobile telephony, differential feeding is used to significantly reduce the human body
effect on the performances of a mobile device [106]. Differential signal can also increase the
immunity to the interference between the PCB broad and the IC, which can improve the
signal to noise ratio (SNR) of the system. This is important in communications since higher
SNR can ensure transmission with less error. Because of these proven benefits, RFIC

manufacturers now design their IC module with a differential output [124].

Differentially fed antennas present a major advantage compared to the conventional
asymmetrical systems, which is the elimination of the common mode current. It is necessary

that common mode (in phase) signals are rejected in certain applications, otherwise the shape
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of the radiation pattern will be distorted and consequently the receiver sensitivity will be
degraded [125]. A fully differentially fed power amplifier also offers gain doubling, higher

harmonics rejection and additional matching improvement at higher frequency [126].

Despite all these reported advantages of differentially fed AIAs, recent published works on
mobile antennas [84, 127-128] show that researchers still tend to sidestep balanced circuits
and antennas. Although the RFIC industry widely uses balanced amplifiers because of their
benefits, but they use single ended PAs and LNAs for the feeding part [129]. The load
impedance of a differential interface is not the industry standard 502, and most of the

researchers do not want to come out of the conventional thinking of using co-axial cable to

feed all kind of devices.

During 1998 to 2007, researchers from University of California, Los Angeles and University
of Birmingham, UK proposed numerous innovative designs on differentially fed antenna
[130-137]. Those works presented various benefits of differentially fed AIA compared to
single ended AIA such as higher gain, harmonic rejection, reduced system noise, better PAE,
more stable radiation pattern and tighter integration between the antenna and transceiver
system. But they applied those concepts by using push—pull power amplifiers, which is not a
true differential feed. Unlike fully differential two-port output configuration push-pull
amplifier consists 2 output terminals along with a third ground terminal. Figure 2.2 represents
a diagram of push-pull differentially fed AIA technique.
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Figure 2.2: Integrated balanced antenna with push-pull concept [138]
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In 2007, scientists from a Spanish university proposed that connecting active devices
differentially could avoid the use of a balun [139]. They presented that by placing the active
device directly to the antenna port delivering the required 180° phase difference at the
balanced output, the optimum matching condition can be achieved without any additional
matching circuit. This work showed a reduction of total size, complexity and losses of the
system, compared to the conventional balun feeding structures. In the same year, two
amplifiers working in a ‘differential manner’ were configured to provide a hybrid feed to a
patch antenna but balanced antenna wasn’t considered [140]. In 2009 Bourtoutian et al.
reported the benefits of measuring differential circuit without balun. It was reported that the
elimination of matching circuit or balun reduces the front-end’s size, weight, and losses, thus
lowering the cost and enhancing the autonomy. They proposed a novel method that allows the
measurement of the return loss of a differential antenna using two coaxial ports [141].
Differential antenna was treated like a two port component here. The central cores of two
coaxial cables were connected to the two accesses of the differential antenna to form two
measurement ports, as indicated in Figure 2.3. They compared the radiation pattern of same
antenna using the unbalanced and balanced feed. It was presented that the pattern of the
unbalanced feed is non symmetrical because of the coaxial cable’s radiation due to the
common mode current circulating on its outer conductor. But the radiation pattern of the
differentially fed antenna was almost in perfect symmetry. It made researchers think to come
out of the conventional approach of using 50Q load impedance to feed all kinds of devices.
Bourtoutian fed the antenna differentially with two co-axial cables, but didn’t use an active

device or a power amplifier for feeding the balanced antenna.
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Figure 2.3: Dipole antenna fed by two coaxial cables ensuring balanced functionality [141].
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Wadefalk et al. presented a true differential amplifier feeding a balanced antenna in 2010
[125]. They demonstrated a greater CMMR with a low noise figure by using this fully
symmetrical differential feeding technique. But they adopted a separate circuit of active balun
for the impedance transformation, which we want to avoid in a true differential feeding
technique. A study in 2011 suggested that cross-polarization radiation characteristics of dual-
port fed microstrip antenna are better than that of single-port fed antenna, and the phase
difference of excitation of 180° of the dual-port fed antenna can give the best radiation
property [142]. Another study proposed a tunable balanced antenna and demonstrated that
balanced antenna delivers greater isolation in MIMO applications [143]. However, they used

external matching circuits on each ports and a balun circuit, which would initiate distortion.

The benefits of using a true differential amplifier fed by a balanced antenna as a receiver have
been demonstrated in [144], where researchers from Carlos III University, Spain, designed
and analysed a fully differential amplifier topology. They focused on the design of broadband
differential LNAs to feed differential broadband antenna arrays. This paper also considered a
non-50Q and varying antenna impedance and implemented in microstrip technology with
discrete surface mount components. This design was proposed for the ambitious Square

Kilometer Array (SKA) project [145]

2.9 Summary & Research Gap

The rapid advances in modern telecommunication have resulted in the development of the 3™
and 4™ generation communications technology. These modern technologies seek stringent
performance requirements for RF amplifiers such as large dynamic range, low distortion, high
sensitivity, high efficiency and particularly high linearity [146]. They also demand wideband

antennas to cover the required frequency bands for multiple applications.

It has already been stated in this chapter that several research works have reported benefits of
implementing balanced antenna and differential amplifier for future mobile applications.
Therefore, integrating differential amplifier feeding a balanced wideband antenna can offer

solutions for those tougher requirements of modern communication devices. However this area
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appears to be ignored, the reason might be due to the eccentricity of the approach and complex
measurement techniques. Some research works have been conducted recently on this topic but
most of them were not with a true differential feed. Few studies used fully differential feed but
included an additional balun, which introduces distortion and frequency limitations. As
mentioned earlier, the benefits of using a true differential amplifier fed by a balanced antenna
as a receiver have been demonstrated recently. So it can be established that feeding a balanced

transmit antenna with a fully differential power amplifier is an area of current research.
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Chapter 3

Balanced Antenna for Mobile Communication

3.1 Introduction

The significant development in wireless communication requires designing differentially fed
antennas using a differential amplifier to achieve higher power and greater linearity.
Performing this whole process is a challenge, as one has to be experienced in antenna design
as well as in RF/microwave circuit design. In this chapter, balanced and unbalanced antennas
are introduced and the ground plane effect is investigated. Initially balanced and unbalanced
antennas and transmission lines have been discussed, followed by current distribution in
coaxial cable, mechanism of balun circuit and impedance of balanced and unbalanced
antennas. Subsequent sections describe the power distribution of dipole antennas for different
wavelengths and radiation pattern of simple monopole antenna over ground plane of different
sizes. Following that, an antenna for mobile handheld device is reported and the ground plane
influence is investigated. Techniques have been examined to control the ground plane current

and reduce degradation by using choke-slot on the solid ground plane of a mobile antenna.

3.2 Unbalanced Transmission Lines and Antennas

An unbalanced transmission line’s conductors have unequal impedances with respect to
ground contrasting to a balanced line. In an unbalanced transmission line, the electromagnetic
fields around the conductors are not the same and do not cancel out, so radiation from the
transmission line occurs. In the case of coaxial cable, the current flowing on the inside of the
shield is equal to the current on the center conductor, thereby maintaining a balance inside the
cable, as shown in Figure 3.1. The current on the cable’s center conductor flows into the left
side of the dipole. And the equal and opposite current on the inside of the shield flows partly
along the outside of the shield and partly into the right half of the dipole [1]. As a result, the
desired power is effectively divided into an unwanted and harmful power caused by unwanted
current and voltage in undesired place. The extraneous current flowing along the outer surface
of the shield will not be balanced against anything and will lead to an unbalanced condition

with radiation from the feed line occurring as a consequence. Such radiation and unequal
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current will consume power from the energy transferred between the antenna and the receiver
or transmitter system and therefore will decrease efficiency and performance of the entire

system.
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Figure 3.1: Coaxial cable current distribution feeding a dipole antenna [2]

In addition, usually the coax shield is connected to the ground part of a monopole antenna.
Since the voltage at ground should be constant, the full voltage differential occurs between
the centre conductor and ground. As a result the transmission line acts as a part of the
antenna. Therefore, it can be said that the antenna accounts for only half the radiation
mechanism, and the ground plane is the other half [3]. For these reasons, coaxial cable is
referred to as an unbalanced transmission line. Also, if an antenna is fed off-center where the
feed is placed away from the center of the antenna, there may be a natural tendency for more
current to flow into one side of the feed point than the other, resulting in an unbalanced

condition [4].

Many handset designs utilize antennas with unbalanced terminals fed by these unbalanced
lines, usually for size considerations. In this type of antenna, the radiation currents are
induced on the conducting surfaces of the handset chassis, as well as on the radiating element
itself [5]. The most commonly used example of this type of antenna is the PIFA. They are in
widespread use due to their size advantages, low profile, and relative low costs in high
volume manufacturing compared to the conventional radiators [6-8]. The generic PIFA

structure comprises a ground plane, top patch, shorting post and is fed by an unbalanced
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transmission line, which gives rise to A/4-resonator [9-10]. It should be noted that the height
and shorting post impose practical limits on the antenna size [11]. However, in this kind of
unbalanced antenna, the ground plane plays a significant role in antenna radiation
characteristics due to the loss induced by hand or head. When a user holds a device designed
with such antennas, coupling will take place between the user’s hand and the ground plane
and this can significantly perturb antenna performance, which has been discussed in the
previous chapter. The best solution to this problem is to isolate or reduce the current flow
from the antenna to the ground plane. Several means to reduce this unwanted degradation
have been tried so far. The most effective way is to construct an antenna with a balanced

structure and feed the antenna with a balanced line.

3.3 Balanced Antennas

The recent upsurge in the demand for portable wireless communication products has caused
much research interest in balanced antenna technology due to their stable and improved
performance compared to their unbalanced counterpart. A balanced antenna is a symmetrical
antenna fed by two signals of equal amplitude and opposite in phase. While an unbalanced
antenna has only a single terminal and is driven against the local ground plane, a balanced
antenna is one with two terminals exhibiting equal impedances with respect to the ground
plane. These two terminals are excited with equal voltages with a phase difference of 180°.
Figure 3.2 illustrates the balanced and unbalanced antenna arrangements, where 3.2 (a) is the
simplest example of a balanced dipole antenna, 3.2 (b) represents a monopole having a single
radiating element by using one arm of the antenna as ground plane and 3.2 (c) demonstrates
an integrated balanced antenna/amplifier structure, eliminating the need for connecting

unbalanced transmission line to the antenna.

A
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£l Balanced
ok Amplifier - L
o Ef Balanced Amplifier T gl
[ . i
g1 Amplifier | S p—
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(a) Ideal Dipole (b) 1deal Monopole (¢) Balanced Antenna / Amplifier

Figure 3.2: Balanced and unbalanced antenna arrangements
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Centre fed dipole with symmetric arms and loops are the most commonly used balanced
antennas. Balanced antennas possess various benefits over their unbalanced counterparts,
especially in mobile handheld devices. A balanced antenna with balanced feed keeps the
ground plane almost free of induced current [12], hence any degradation of the antenna
performance due to the influence of the human body can be largely eliminated. The maximum
SAR values have been shown to be substantially reduced using balanced antennas when
placed next to the human head, compared with conventional unbalanced antennas [13]. There
is almost no influence on balanced antenna impedance when it comes near to a big lossy
medium such as human body. The dimensions of the device have nearly no effect on antenna
performance and a balanced antenna does not need to be sited at any particular place of a

handheld device because its operation is independent of any ground plane excitation [14].

3.4 Unbalanced — Balanced Operation Using Balun Circuit

A balanced antenna must be fed in a balanced way in order to attain its advantages. Balanced
antenna fed by unbalanced transmission line (such as a coaxial cable) can produce common
mode currents, which can radiate and distort the radiation pattern. To prevent this, dipoles fed
by coaxial cables have a balun between the cable and the antenna, to eliminate the unwanted
portion of the transmission line current and to provide a balanced state at the input terminals
of the antenna [15]. A balun is an unbalanced to balanced transformer used to connect two
different types of transmission lines. By using balun, most of the imperfections introduced by
the unbalanced feeding can be eliminated. A schematic diagram of a two-terminal balanced
antenna fed by a balun is shown in Figure 3.3. The balance is characterized by nearly zero
current on the outer surface of the coaxial cable (I; = 0), equal impedances looking into each
terminal (Z,g = Zyg), the equal driving voltages that are in opposite direction (V, = -V}) and

equal terminal currents (I, = -I,) that are opposite in phase.

a bh = g

a A b

Coaxial Cable —3 v
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Figure 3.3: Dipole antenna system showin he effect of balun (Reproduced from [16])
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Many circuits benefit from balanced inputs and outputs in order to reduce noise and harmonic
distortions as well as improve the dynamic range of the circuits. Thus, it is a common practice
to assign balanced-unbalanced transformer to convert between single-ended and differential
signals and perform the measurement in a balanced way. However, there are some drawbacks
of attaching a balun in a circuit. Researchers have already reported and proved that balun
affects the gain and efficiency of a device in the measurement process, which has been
discussed in the previous chapter. It also increases the size of the device and limits impedance
bandwidth. Avoiding this loss is a challenge for researchers in the field of measurement

techniques of active balanced antenna.

3.5 Impedance of Basic Unbalanced and Balanced (Dipole) Antenna

The dipole antenna is one of the most important and commonly used types of RF antenna. As
the name suggests the dipole antenna consists of two terminals into which radio frequency
current flows. This current and the associated voltage cause an electromagnetic signal to be
radiated. A dipole is a balanced antenna, meaning that the two poles are symmetrical and the
currents on both arms are equal in magnitude and opposite in phase [17]. The most common
form of dipole has an electrical length of half a wavelength. As the total length of the dipole is
a half wavelength, this makes each similar section of the dipole a quarter wavelength long. The
input impedance of an infinitely thin dipole of exactly one half wavelength is Zdipole = 73 +
j42.5Q. The length of a dipole is the principal determining factor for the operation frequency of
the dipole antenna. Although ideally the antenna may be an electrical half wavelength, or
multiple of half wavelengths, it is not exactly the same length as theoretically calculated for a
signal travelling in free space. A dipole antenna will be slightly shorter than the length

calculated for a wave travelling in free space [18].

A monopole antenna is a class of radio antenna consisting of a straight rod-shaped conductor,
often mounted perpendicularly over some type of planar conductive surface, called as ground
plane. The electrical properties of such antennas are dependent upon the geometry of both the
monopole elements and ground plane. The typical feed of a monopole antenna is an unbalanced
coaxial cable and the monopole antenna is an example of unbalanced antenna. Monopole

antennas are half the size of their dipole counterparts, and hence are attractive when a smaller
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antenna is needed. So, when placed over a conducting ground plane, a quarter-wave monopole
antenna excited by a source at its base exhibits the same radiation pattern in the region above
the ground as a half-wave dipole in free space. The phenomenon is explained by image theory
[17], where the conducting plane can be replaced with the image of a A/4 monopole, as shown

in Figure 3.4. However, the monopole can only radiate above the ground plane.

~~
ﬁ ‘ -

I 4 <— Radiating element

7 T

A Sy
Conducting plane i Ideal infinite
I}
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Image —>
(a) Monopole (b) Equivalent dipole

Figure 3.4: (a) Quarter-wave monopole fed against a large solid ground plane, (b) Equivalent

half-wave dipole model

The currents and charges on a monopole are the same as on the upper half of its dipole
counterpart, but the terminal voltage is only half that of the dipole. Therefore, the relation

between the input impedance of a monopole and a dipole can be realized as,

1
Vamono __ EVA,dipole 1

ZA,mono -

-_ _ZA d' l 3.1
Iamono Iadipole 2 TAadtpote G.1)

So, the input impedance of a monopole is half that of its dipole counterpart [17], which means

Zmono = 36.5 +j21.25Q.
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3.6 Investigation of Simple Wire Antennas using CAD Simulation

Wire antennas are one of the simplest antennas and the most versatile for many applications.
The practical analysis of antennas was set out by considering these most basic configurations.
A half-wavelength wire dipole was designed in Computer Simulation Technology (CST)
Microwave Studio software for 1.9 GHz. The return loss and radiation patterns were analyzed
which agreed to the theory of basic antenna design. Although half wavelength dipole is the
most common of its kind, the length can be multiple of half wavelength for different
applications. If the length of the dipole antenna is changed from a half wavelength then the
radiation pattern is altered. Simulations were carried out to analyze the difference of radiation
pattern of dipole antennas of different wavelengths. The 3D radiation patterns are shown in
Figure 3.5, where it can be seen that changing the length of the antenna creates few side lobes
in the pattern along with the main lobes. The main lobes move progressively towards the axis

of the antenna as the length increases. / is indicating the length of both arms of the dipole.
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Figure 3.5: Radiation pattern of dipole antenna for different wavelengths.

Following that, a quarter wavelength monopole was designed in CST and the performance
was analyzed. Theoretically, if a quarter wavelength monopole antenna is placed on an

infinite ground plane, the total antenna length can be regarded as half wavelength due to the
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image current induced on the ground plane. However, because an infinite ground plane does
not exist in reality, the antenna must be installed on a finite sized ground plane. The
impedance and radiation pattern are influenced by the size of the antenna [19]. The effect of a
large ground plane for monopole antenna has been examined in CST as a basic investigation.
The size of the ground plane was varied to see the change of radiation patterns accordingly.
The radiation patterns of a quarter wavelength monopole antenna (~38mm) working at the

frequency of 1.9 GHz for different size of ground plane are shown in Figure 3.6, where r is

representing the radius of the circular ground plane or dimension of a square shaped one.

(d)r=2x (e) r=3% ) r =61

Figure 3.6: Radiation pattern of monopole for different sizes of ground plane

It can be seen from this figure that for a larger ground plane, the resulting power radiates in a
‘skewed’ direction, away from the horizontal plane. The radiation pattern for this monopole
antenna is still almost omnidirectional for all the cases for azimuth plane. However, the peak
radiation direction has changed from the x-y plane to an angle elevated from that plane. As the
radiation starts shifting towards one direction, the gain increases as all power starts radiating in
one direction. The antenna radiates maximum in the x-y plane when the ground plane

approaches infinite size, as in Figure 3.6 (f).
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3.7 Characterization of Simple Printed Dipole and Monopole

Printed circuits have drawn the maximum attention of the antenna community in recent years
with the development of high frequency semiconductor devices. It has become the primary
choice on many applications because of its various attractive features like light weight, low
cost, ease of fabrication and so on. In an AIA, antennas are typically implemented on the
same PCB as the circuitry. To comply with, balanced and unbalanced antennas on FR4
substrate was designed. It is well known that the wavelength of a radiator in air is set by A =
c/f where c is the speed of light and f'is the resonant frequency. But adding a substrate has the
effect of lowering the impedance and the wavelength since the wavelength is a function of
media and air [20]. The wavelength slows down when waves travel through a media rather
than air only, so setting the antenna parameters on PCB involves determining the corrections
for the new media. The length of the dipole arms on printed board for 900MHz was
determined by using CST simulations. A monopole counterpart was also designed with a Im
X 1m metal ground plane. These practical antennas will be used in measurement with the

amplifiers later in this study. Figure 3.7 shows both dipole and monopole antennas.

M4 = 62.5mm
\

(b) Monopole with ground plane

Figure 3.7: Fabricated balanced antenna (a) and its unbalanced counterpart (b)
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Slight extended width of the substrate was left on the dipole design considering the effect of
an antenna designed on a same substrate along with active circuitry. The simulated and

measured return loss (S;;) for both antennas are shown in Figure 3.8 and the radiation patterns

in both azimuth (horizontal) and elevation (vertical) planes are shown in Figure 3.9.

Return Loss (dB)

Return Loss (dB)

5
— Simulated
= = = Measured
0 ——
- SEAGS
5 ‘,’ N\‘ /
. [+ \ s
% \V/4
-10 !/ \\//
i \V "
I 1 h
15 ! N
u
-20 v
-25
305 5 1 15 2 25 3
Frequency (GHz)
(a) Balanced Antenna
5 — Simulated
- = = Measured
0
L Bk~
\ =
5 \\\‘ /- \\\ .
\ / \ \ -
10 \./7 \ /
\ ) v’ 1 Y 4
LI [} [}
1 1 I
-15 ] 7
Y V]
1
-20 1 I
]
]
-25 g-
805 0.5 1 15 25 3
Frequency (GHz)
(b) Unbalanced Antenna

Figure 3.8: Simulated and measured return loss for balanced and unbalanced antennas
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o (b) Monopole 180

Figure 3.9: Simulated (solid line) and measured (dashed) radiation pattern for the balanced (a)

and unbalanced (b) antenna in azimuth (left) and elevation (right) plane.

It can be observed that both antennas possess a good return loss at 900 MHz. The antennas
have a stable omnidirectional radiation pattern in its azimuth plane as expected from simple
monopole and dipole antennas. The simulated and measured results are showing good
agreement between them. A slight discrepancy in dipole antenna measurements can be
realized as the balanced antenna was fed by unbalanced coaxial cable in these measurements.
These simple antennas will be used in measurements to compare conventionally and

differentially fed active antenna performances.
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3.8 Investigation into Reducing Radiation from Ground Plane Currents

After investigating the initial exercise of the ground plane effects on monopole antenna
radiation pattern, a challenge was taken to introduce a way of controlling ground plane
current on a mobile handheld device. In order to achieve this, the effects of a choke-slot on
solid ground plane of a mobile antenna fabricated on FR4 substrate has been investigated.
Techniques have been discussed to control the ground plane current and reduce any
degradation. The simulations and measurements show that introducing a slot on a
conventional solid ground plane can significantly improve the radiation pattern of an antenna.
Good performance at the Personal Communication Service (PCS 1900) band promises the use
of this antenna on personal mobility, advance cellular phone services and wireless
communication services. Achieving the maximum gain towards the expected direction for
mobile phone application with the help of a choke-slot on the antenna’s ground plane

demonstrates the effectiveness of this technique.

3.8.1 Background

The boom in consumer wireless devices has driven designers to seek smaller and more
compact antennas. The solutions are generally successful but can suffer a pitfall to the unwary
designer. The usual design approach places emphasis on tuning the ‘element’ for VSWR and
makes the assumption that the other half of the antenna is realised by image currents in the
ground plane. Once the ground plane becomes finite, this may cause severe distortion to the
radiation pattern. Studies on the effects of ground plane on antenna performance had been
discussed in open literature back in late 1960s [21-23]. Most of these works focused on the
characteristics of a monopole antenna mounted on a finite circular ground plane, as
investigated in Figure 3.6. Later, the effects of the ground plane on other antenna types
including microstrip antennas were also studied [24-25]. Current applications require
antennas to be mounted on small ground planes as found in handheld communication devices.
The most popular model for a ground plane assumes to be perfectly conducting, planar, and
infinite in extent. But real ground planes are finite in size and can be in the plane of the
element rather than orthogonal as in those literatures. The finite extent is responsible for
results that deviate from those for a perfect ground plane. Thus, models for antennas on a

ground plane of infinite extent are not sufficiently accurate for most of these applications.
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Generally, when the ground plane is comparable to a wavelength, electrical performance can
be different from that of an infinite ground plane [26]. In this experiment, the effects of finite
ground plane current have been studied for handheld applications. Simulated and
measurement results show that the antenna radiation pattern possesses significant distortion
due to ground plane effects. Techniques to compensate for the finite ground plane effect for

maintaining good electrical performance are investigated.

3.8.2 Measuring Ground Plane Effects

An early example of the reduced size antenna element for mobile phones is the pinpatch
antenna proposed in [27]. Even though this design offered significant reduction in antenna
size at that time, careful examination of the polar diagram shows a significant problem. In
principle the pin-patch element operates like a reduced size monopole if placed above an
infinite ground plane, with maximum radiation uniformly radiated in the azimuth plane. In the
example of [27] the radiation pattern actually exhibits a significant 10 dB null in this plane,
with major lobes at oblique angles. For a mobile phone application this is far from ideal as
this would be in the principal direction towards a base station. The finite sized ground plane
causes the problem. In the example, the ground plane is in fact 3A/4 at the operating
frequency; hence the entire structure is operating like a 1A dipole, hence the nulls on azimuth.
While the antenna is essentially defined by the antenna element, the ground plane structure
must be included as this is very much part of the antenna. It is seen that while the antenna
element appears to provide the desired bandwidth and impedance, the ground plane currents
can dominate the radiation pattern. To compound the problem, the size and shape of the
ground plane is often outside the remit of the antenna designer (i.e. overall structure).
However, it is proposed here that the antenna designer can apply techniques to control the

ground plane current and limit any degradation.

An antenna with finite ground plane similar to [27] was considered for this experiment.
Instead of using a metallic case, a planar form of that antenna had been introduced with
similar dimensions. The ‘Tee’ antenna was fabricated on FR4 substrate with relative
permittivity of 4.3 and a thickness of 1.6 mm. The antenna element line width is 1.5 mm.

Because of the trend for smaller handheld devices a second design was considered with a
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smaller ground plane. Here, the overall length of the structure has been reduced from 137mm

to 88.5mm, which would easily fit in contemporary mobile devices.

To illustrate the effects of ground plane current, the radiation properties for the design
assembly was computed using CST MWS. The radiation patterns of fabricated antennas were
also explored in azimuth plane inside the anechoic chamber at the frequency of 1.9 GHz. In
the simulation an ideal source was used at the feed point but for measurement a physical cable
was attached. This is indicated in Figure 3.10(a), although in experiments the cable extends
along the x-axis and a balun arrangement was used to reduce currents on the outer braid of the

cable.
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72.5
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A
4

42 mm

(a)
Figure 3.10: (a) Planar antenna with solid ground plane, similar dimensions to [27],

(b) Similar antenna printed on PCB with smaller ground plane.
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Patterns were taken for E, polarization in the YZ plane, such that any cable radiation effects are
minimized. The results of the antennas with solid ground planes of different lengths are plotted

in Figure 3.11.
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Figure 3.11: Radiation pattern for Ey polarization in the YZ plane (a) antenna of Figure 3.10
(a) and (b) antenna of Figure 3.10 (b) (reduced size)

Results show that the test antenna with bigger solid ground plane suffers from a 10dB null
along the z-axis, similar to [27]. But this is the direction we would expect maximum gain if the
Tee element were acting as a reduced height monopole. The radiation pattern of a second
design with smaller ground plane was examined and it was found that the power distribution
was even worse if it is to be used as a communication device antenna. This is due to the
radiation pattern being dominated by the ground plane current. The unwanted influence of
ground plane currents is not a new problem and solutions that have been applied by antenna
designers to other antenna installation problems can be adopted here. A coaxial cable ‘choke’
balun can be used to feed the antenna in order to reduce the effects of currents flowing on the
external surface of the feeding cable. Similarly choke—slot technique can be applied to the

ground plane surrounding an antenna such as in [28].

3.8.3 Compensation Techniques

The presence of the ground plane, necessary for RF circuits, suggests the antenna must always
be unbalanced; however it is possible to modify the ground structure to limit the regions
where antenna currents flow. A few methods have been investigated as discussed in this

section.
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(i) A/4 truncated ground plane:

One possible solution is introducing a transverse slot cut at a distance of A/4 on the ground
plane. The dimensions of the upper part Tee antenna and the overall size of the antenna are
same as the smaller solid ground plane antenna. The width of the slot is 1.5mm, which is a
simple line across the X axis. The feeding cable is along the X-axis such that any currents on
this cable have minimal effect on the YZ pattern. The overall design has been shown in Figure
3.12 (a). This approach gives an approximating ‘doughnut’ shaped radiation pattern, shown in
Figure 3.12 (c) but the maximum radiation is not exactly on the direction it should be for a
good mobile communication antenna. The return loss graph (Figure 3.12 (b)) is showing a

better matching at around 1.1 GHz, which is not near our desired frequency of 1.9 GHz.
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(a) Antenna with truncated ground plane
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Figure 3.12: (a) Structure of antenna with truncated ground plane, (b) Return loss and (c)

radiation pattern of the antenna with truncated ground plane
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(ii) Fragmented ground plane

Another solution is shown in figure 3.13. The ground plane is split into three parts. Part A
forms one half of the antenna, while ‘B’ and‘C’ create a A/4 slot-line that ‘chokes’ off the
ground plane current, limiting this to the top area. Section A can be the unbalanced ground
plane for the RF circuitry, which compensates for the ground plane effect on the radiation as
illustrated in figure 3.14(b). Although it compensates the ground plane effects, the impedance

matching remains a concern as it is not matched to our desired frequency band. Figure 3.14(a)

116 mm

A

shows the return loss of this modified design.

40 mm

—__1.5mm

+—>
9.5 mm

Figure 3.13: Modified ground plane to compensate radiation effects.
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Figure 3.14: (a) Return loss and (b) radiation pattern of the modified ground plane antenna
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(iii) /4 Choke-Slot Configuration

Another alternative solution using a ‘choke-slot’ was considered on the same design. Here a
slot is cut in the ground plane to create a longitudinal slot line that can be used to create a /4
transformer. The width of the slot cut is kept 1.5mm. The antenna ‘ground’ currents then flow
on the outer section of this slot line but the inner section, connected to the lower portion of
ground plane is then isolated. The design configuration is illustrated in Figure 3.15(a) below:

Test Cable

— Simulated
m Measured

6 mm

3 mm

40 mm

| 90

180

9.5 mm

(a) (b)
Figure 3.15: (a) Structure of the ground plane compensated antenna with A/4 choke-slot

(b) Simulated and measured radiation pattern of the antenna

To demonstrate the effect of a A /4 choke slot the radiation pattern of the antennas with slot cut
was simulated using CST MSW. The power distribution of the fabricated approach has been
measured with the same experimental setup as solid ground plane antennas. Again E,
polarization in the YZ plane has been considered. The results are presented in Figure 3.15 (b).
From the figure it is clear that after introducing the choke-slot the null and degradation is
completely eliminated and the radiation characteristic has appeared as an ideal doughnut
shaped pattern. One of the reasons of this might be the fact that on the antenna without any slot,
the electric currents are mainly concentrated around the feeding strip. Thus, the ground plane
significantly affects the impedance and radiation performance of the antenna. As a result, the
performance of the slotted ground plane antenna has the advantage of the suppressed ground

plane effects over the conventional designs without choke-slot.
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Computed and experimental results show good agreement between them. The slight
discrepancies are due to the interaction of the essentially ‘balanced’ antenna being fed by an
unbalanced co-axial connection cable. Thus, the experiments results evaluate that there is a
significant effect on the antenna’s radiation performance due to the change in ground plane

structure.

3.8.4 Current Distribution on Antenna Surface for Different Configuration

The current distribution for different configurations is shown in Figure 3.16. It can be seen
that more currents are flown on the balanced structure, where the part isolated from the
ground plane is working as one part of a dipole antenna. Currents on the isolated ground plane

are very low, which will not affect the antenna radiation pattern.
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Figure 3.16: Current distribution at 1.9 GHz on the surface of antenna with (a) solid ground
plane, (b) A/4 truncated ground plane, (¢) Fragmented ground plane and (d) A/4 choke-slot

configuration
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3.8.5 Return Loss Comparison

The return loss of the solid ground plane antenna (Figure 3.10(b)) and the choke-slot ground
plane antenna (Figure 3.15(a)) were simulated in CST Microwave Studio Suite. The impedance
performance of the slotted ground plane antenna shows its efficiency at PCS band as we can
see a resonance at 1.9GHz from Figure 3.16. While the ‘Tee’ antenna with solid ground plane
is tuned to 1.7GHz. Though there is no significant impact of ground plane size and pattern on
the resonance frequency, still we can observe noticeable change in the impedance performance
after the slot has been put on the antenna. The return loss of the fabricated antenna was also
measured by using an Agilent Vector Network Analyser. The simulated and measured return
loss of both the antennas is demonstrated in Figure 3.17. Reasonable agreement is observed
between simulated and measured results. There are a number of ripples in the measured return
loss plots due to the inefficiencies of the Balun used on the connecting cable at higher
frequencies. The antenna structures are essentially ‘balanced’ antennas whilst the connecting
coaxial cable and related measurement system is unbalanced. The return loss is in effect the
sum of reflection from the antenna and from the Balun. Closer agreement would be obtained

using an improved Balun.

Simulated Solid GP
Simulated Slotted GP
--------- Measured Solid GP
Measured Stotted GP

Return Loss (dB)

-30

1 1.2 14 1.6 18 2 2.2 2.4 26 2.8 3
Frequency (GHz) x 10°

Figure 3.17: Return loss of antenna presented on Figure 3.10 (a) and Figure 3.15 (b)
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3.9 Summary

In this chapter, the balanced and unbalanced antenna arrangements have been discussed.
Simple printed dipole and monopole antennas have been constructed and analysed, to be used
later on for experimental works. The ground plane effect on a planar, reduced height monopole
antenna has been studied using simulations from CST MWS and measurements of the
prototypes. It has been seen that the finite ground plane can cause significant distortion in the
radiation pattern, creating unwanted nulls. It was then demonstrated that these effects can be
compensated by introducing ‘choke-slots’ to limit the flow of current on the ground plane,
resulting in more desirable dipole like radiation patterns. Introducing the choke-slot also
affected the impedance, causing a small shift in the resonant frequency. This provides more
evidence that design of antennas for small portable devices needs to encompass the whole

structure — and cannot simply introduce a ‘radiating’ element — whilst also providing a solution.
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Chapter 4

Novel Method to Measure Wireless Devices Using

Injection Locking Technique

4.1 Introduction

A major number of applications of radio, and hence antennas, are for portable devices.
However, modern antenna test methods require a cable to be attached to the antenna. Often
this cable can distort the antenna characteristics. In Chapter 3, it has been shown that the
ground plane current and the cable effect can be a significant parameter contributing to the
radiation pattern. So to avoid these unwanted effects, the antenna should be measured in a
‘wireless’ condition. This chapter presents measurement method with practical results
enabling antenna measurements to be made in a modern anechoic chamber, overcoming the
need to connect a cable to the device under test. Injection locking technique has been used to

synchronize the local oscillator on a wireless device.

4.2 Background

The usual approach to measure the radiation pattern of an antenna is to use an anechoic
chamber. Early systems used a microwave source connected to the antenna with a detector to
measure the radiated field via a suitable receive antenna. To provide a generalized
measurement system the detector used was usually a broadband device. This resulted in a
high noise floor so early measurement systems were often limited to 20-30 dB of dynamic
range. Modern systems use a Vector Network Analyzer (VNA) such that the received signal
is synchronized to the transmitted signal [1], allowing narrowband reception and achieving
significantly higher dynamic range. Using a VNA has the limitation that the antenna is
connected by cable to the VNA. Whilst this is not a problem for large antennas, attaching a

cable to a small device containing an integrated antenna can lead to erroneous results. The
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cable can change the flow of current on the ‘ground plane’. Indeed it has been already
reported [2] that the ground plane current can be an important factor while measuring
radiation pattern and for correct characterization the complete device should be measured
with no cables attached. One solution is by using optical fibre connection to the antenna as
reported in [3]. Another solution is to use a local oscillator (LO) on the device under test
(DUT) to provide the radiating signal, such that no cables need to be attached. However, this
LO must be synchronized to the VNA signal for measurements. Oscillators are well known
for their coupling, locking and synchronizing capability and have been extensively used in the
literature [4-6]. It has been proposed to use injection-locking technique to accomplish this
wireless measurement and initial results have been presented demonstrating the feasibility of

this method.

4.3 Measurement Method using Injection Locking

When two oscillators with different but close frequencies are weakly coupled, they
synchronize each other such that in the steady state they both oscillate at the same frequency.
This incident is known as injection locking [7-9]. Since injection locking can synchronize the
frequency of an oscillator to that of its locking signal of small amplitude, it has been widely

used as a power efficient means for clock recovery and phase locking In RF circuits [10].

An outline of our proposed measurement technique using this phenomenon is presented in
Figure 4.1. Usually a signal from port 1 of the VNA is attached directly to the test antenna
and the radiated signal is received by a second receive (RX) antenna and fed back to port 2 of
the VNA. The VNA calculates the required scattering parameter that can be passed to a
pattern controller, providing both amplitude and phase of the radiated pattern. It is proposed
that the antenna being tested is integrated into the wireless device under test (DUT) such that
the signal radiated is from an internal LO. To synchronize this LO to the VNA, a locking
signal from port 2 is fed to a second ‘transmit’ (TX) antenna inside the chamber that couples
the locking signal to the LO via radiation. In principle, this method should be straightforward,
but there are some potential problems that are investigated here. As the locking signal is
radiated, it can also be received by the RX antenna — forming an interfering signal that will

distort the measurement. Secondly for pattern measurement the DUT is rotated in the
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chamber, presenting a practical problem of ensuring there is sufficient coupling between the

DUT and the TX antenna to confirm the LO remains locked.

RX
DUT Signal
[ . >

X

Locking 1@ VNA 02
Signal |

Figure 4.1: Proposed injection locking measurement system
To evaluate the proposed method, measurement of a simple 2.4 GHz dipole antenna of 62mm
length was undertaken. For injection locking, a commercially available 2.4 GHz oscillator (Z-
communications SMV2490L) was used for the LO. A short cable fed the antenna from the
locking oscillator as shown in Figure 4.2. This feed cable included a simple twin-wire A/4
balun. With this arrangement the co-polar radiation pattern of the antenna (Ey) around the x-
axis could be measured either with the LO or independently attaching a cable directly to

antenna, with no expected significant distortion of the radiation pattern.

?

Antenna

Figure 4.2: 2.4 GHz voltage controlled oscillator and dipole antenna

The setup of the experiment inside the anechoic chamber is shown in Figure 4.3. To provide a
locking signal from the VNA, a directive horn antenna was placed facing towards the DUT.
The horn antenna was mounted on the rotating platform of the anechoic chamber so that it

rotates with the DUT during pattern measurement. The horn radiates a linearly polarized
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signal and the arrangement in Figure 4.3 ensures a maximum coupling. A horn was chosen as

it has a directive pattern such that direct radiation to the received antenna is minimized.
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Figure 4.3: Experiment setup inside the anechoic chamber

4.4 Locking Bandwidth and Measurement Results

The locking bandwidth or lock range of an injection-locked oscillator is the difference
between the frequency of the local signal at which the oscillator is locked and the natural
frequency of the oscillator under injection. Clearly, the larger the locking bandwidth, the more
reliable the operation of injection locked oscillators. The lock range of an injection-locked
oscillator is therefore a measure of the ability of the oscillator to adjust its oscillation
frequency to that of an external locking signal [11]. The injected reference frequency has to
be in the locking range of the oscillator to be injection locked, as illustrated in Figure 4.4.
Otherwise, the frequency of the local oscillator will only be disturbed by the injection and no
injection locking will take place [10]. It can be observed that when injection locked within the
locking range, the signal has stable amplitude with respect to time. In the figure, wi,; is the
frequency of the local oscillator and m, is representing the frequency of the injected signal. If
the frequency moves behind or beyond this locking bandwidth, the oscillator loses lock with

the injected signal [12].
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Figure 4.4: Variation of frequency when the injection locked oscillator is within the locking

range (left) is outside the locking range (right) of the injected signal [10].

So, it is important that the signal remains locked throughout the whole radiation pattern
measurement. To confirm the LO was injection locked to the VNA signal, the received signal
was also connected, via a splitter, to a Spectrum Analyzer and was under observation
throughout the process. If it loses lock for any period of the measurement the signal will be
attenuated by the VNA filtering, distorting the radiation measurement. Typical spectra are
shown in Figure 4.5, illustrating locked and unlocked signals. The spectra are centred on
2.407GHz with 10dB/div and 20 kHz/div scale (a narrow frequency span). There are three
traces shown on each plot. This is for the same condition, but with the spectra recorded 10
seconds apart. This clearly shows the free-running LO drifts (and this in a ‘stationary’
position) such that the VNA bandwidth would need to be greater than 100 kHz in order to
track the signal. When injection locked the spectrum in Figure 4.5(b) exhibits a stable sharply
defined peak (tracking the phase noise of the VNA) such that the VNA could use IF
bandwidths below 1 kHz, gaining full benefit from the VNA system.

00 dBn #Atten 0 dB e .00 dBm  #Atten O dB

YBW 300.0 Hz 0 3 0 - VB 300.0 Hz
(a) Unlocked (b) Locked
Figure 4.5: Spectrum of received signal confirming injection locking
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The locking bandwidth mostly depends on the power of the injected signal. In 1966, Hakki et
al. [13], Shaw and Stover [14] and Midford et al. [15] showed experimentally that the locking
range of oscillator is proportional to the square root of the injection power. In other words, the
frequency locking range is expected to fall off approximately one decade per 20 dB in the
power ratio. The square-root relation is held by a wide variety of circuits as long as the
injection power is kept sufficiently low [7]. Figure 4.6 below shows the relation between the
VNA power level and locking bandwidth achieved in this set-up. It can be observed that the
results are maintaining the trend of approximately one decade change in locking frequency
range per 20dB change in input power. In this experiment, a minimum of -20 dBm is required
to achieve injection locking, although due to the narrow locking bandwidth the LO could
easily lose lock (i.e. with frequency drifts caused by vibration and temperature). In practice
for this set-up a minimum signal of -10 dBm was determined. A higher level could be used,
but this could potentially introduce an interfering signal in the chamber. The LO power level

was +13 dBm, hence VNA levels of +10 dBm are comparable to the LO level.

4
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Lock Bandwidth (MHz)
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Figure 4.6: Injected power vs locking bandwidth

4.5 Radiation Pattern Measurement

The radiation pattern of a 2.4 GHz dipole antenna was measured conventionally by attaching
a cable and then by using the proposed injection locking technique. The measurement was

carried out for different power levels of injected signal, ranging from the minimum of -10dbm
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to +10dbm. The measured patterns are presented in Figure 4.7. It can be observed from this
normalized polar plot that there are discrepancies between the measurement data when the
injection locking signal is at +10dbm. At this level the leakage signal from the horn antenna
to the receive antenna is about -10dB below the radiated signal from the DUT, causing
interference. This is particularly apparent at 330° in Figure 4.7(a) — as the test platform rotates
the horn antenna is facing towards the receive antenna (in Figure 4.3 it is shown at 180°,
pointing directly away from the receive antenna). This clearly demonstrates a potential
problem with the proposed method. However, reducing the locking signal power to -10dbm
reduces the interference. The -10 dBm measurement is seen to be close to the ‘conventional’
measurement in Figure 4.7(b). Indeed the injection locked measurement is closer to the ideal
‘doughnut’ shape suggesting that the attaching cable for the conventional approach is causing

some minor issues.

Antenna connected directly by cable to VNA
DUT Injection Locked to VNA

180

(a) Injecting signal Power 10dbm (b) Injecting signal Power -10dBm

Figure 4.7: Measured radiation patterns using injection-locking technique
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As said earlier that if the signal loses lock during the measurement, it will cause distortion in
the radiation pattern. To examine, the injected frequency was set at the edge of the locking
bandwidth so that it loses its lock few times during the radiation pattern measurement. Figure
4.8 shows the radiation pattern where there are clear evidence of distortion especially at

around 150-180 degree and 260-300 degree of the polar graph.

300 /

270 |

240

180

Figure 4.8: Distorted radiation pattern due to the oscillator losing its lock

4.6 Summary

A new method of measuring antenna radiation patterns of wireless devices has been proposed.
A small dipole antenna, along with a voltage-controlled oscillator has been used as an
example to demonstrate the usefulness of this method. The measured result has validated that
this technique gives similar or even better radiation pattern avoiding a cable attached to the
DUT. Hence, the difficulty to measure a battery operated wireless device by conventional
method in anechoic chamber can be performed by using this alternative method for antenna

radiation pattern measurement.
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Chapter 5

Differential Amplifier Design and Characterization

5.1 Introduction

Amplification is an essential and prevalent microwave circuit function in modern RF and
microwave systems. This function is performed in a RF system by using amplifiers.
Amplifiers are one of the fundamental components in wireless communications, broadcasting
service, and in audio equipment of all kinds. They can be primarily categorized as low noise
amplifiers, high gain amplifiers and medium to high power amplifiers. Due to the drastic
improvements and innovations in solid-state technology, the industry seeks very high efficient
RF power amplifiers to fulfill the demand of modern communication system. Therefore, RF
power amplifiers must satisfy a broad set of applications requirements including but not
limited to power, linearity, gain, efficiency, thermal management, reliability, ruggedness and
cost effectiveness. These requirements create opportunities for further refinements in the RF

power transistors to extract peak performance from the architecture [1].

A differential power amplifier with symmetrical transmission to a balanced antenna offers
promising performance compared to traditional single-ended concept. This idea will be
investigated by using the same amplifier in single-ended and differential form and by
analysing their performances. The balanced and unbalanced antenna forms have already been
studied as reported in the previous chapter. This chapter focuses on designing and
characterizing amplifiers starting with a single ended conventional design followed by a
differential, RF single stage, RF partial differential and RF fully differential amplifiers. These
RF amplifiers were designed and simulated using AWR Microwave Office simulation
software and were fabricated on PCB using microstrip technology and surface mount
components. Effects of inductors, RF track line and current mirror were also investigated. It is
a real challenge to design a RF fully differential amplifier and plenty of complications arise

during the design process at higher frequency. These complications have been reported and
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finally a differential RF amplifier with both differential and single ended output
configurations was investigated and their performances were analyzed. This analysis has

demonstrated that the differential one provides better performance in almost every aspect.

5.2 Single Ended vs Differential Amplifier and Its Benefits:

A single ended signal, unbalanced by definition, is measured by the difference between the
node of interest and a constant reference node, which is normally known as ground. Single-
ended signals are more prone to noise and electromagnetic coupled interference. Any error
source or signal variation introduced in a single-ended configuration will be difficult to
remove without using overly complex cancellation techniques [2]. In contrast, differential
signals are made up of pairs of balanced signals moving at equal but opposite amplitudes
around a reference point. The difference between the positive and negative balanced signals
corresponds to the composite differential signal as presented in Figure 5.1. The symmetrical
configuration of differential amplifier cancels common-mode noise voltages, voltages that
tend to appear on each of the signal lines as equal voltages to ground. By maintaining
symmetry on the circuit construction it can be assured that the majority of undesired noise

pickup will be common-mode noise and will be attenuated by the differential amplifier [3].

Vee Input Voltage: (Vin+t) — (VIN-)
Vin , Vours Output Voltage: (Vout+) — (Vout-)
i(f) Input Common Mode Voltage: CYIND) * (ViN-)
Vine + Vour- p ge: 5
Voem Output Common Mode Voltage: Vour+) er (Vour)
VEE

Figure 5.1: Fully differential amplifier voltage definitions.

In a differentail amplifier two outputs flow in the opposite directions in reference to the
ground, thus the difference of them will be two-fold in comparison to that of its single ended
output counterpart as shown in Figure 5.2. This increased output swing leads to increased
signal-to-noise ratio and also lowers distortion. So it is possible to get doubled output voltage

from differential amplifier by using the same component and power source. Alternatively a
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lower supply voltage can be used to provide the same signal swing, lowering power

dissipation [4]. This makes them ideal for low voltage applications as well.

Ve
0\ I
1
Vin Vour, Vin- ) > Your: \/:4\_\/0+ = 1-0=1

0 ___________
B tl=-=-=-ax--7---
(SE Output) Ving :ﬂ Vour. /\4/— Vo.=0-1=-1
1
Vocm 0==7====7=="
VEE VOD (Peak-Peak) = 1 - ('1) = 2 X SE Outpu'[
(a) (b) (c)

Figure 5.2: (a) Single Ended and (b) Differential topology; (c) Differential Output [5].

A differential topology ideally cancels even-order harmonics and thus improves linearity
performance [6]. By taking Taylor Series expansion for both outputs of a nonlinear

differential device with respect to its inputs, we get:
Vour = @1Vins T @2Vini® +asVins® + ... (5.1)
Vout— = al(_Vin-)+ aZ(_Vin- )2 + a3(_Vin-)3 +... (52)

In a fully differential amplifier, the odd-order terms retain their polarity, while the even-order
terms are always positive. The input-output relationship is an odd function of the input
difference voltage Viq and thus only odd terms appears in the Taylor series expansion of Vg

in terms of Vjq [4]. Taking the differential output (Voqa = Vouts - Vour ) We get,
Vad =a1Via t a3V1d3 S (5.3)

where a1, a, and a3 are constants. This harmonic termination at the common source shows a
significant improvement on linearity without degrading output power and PAE and the

excellent linearity is maintained across a broad frequency range.

Differential amplifiers also feature improved linearity, better common mode rejection ratio
(CMMR) and higher immunity to electromagnetic coupling [7]. Moreover, if an error is
introduced to a differential system path, it will be added to each of the two balanced signals
equally. Because the return path is not a constant reference point, the error will be canceled in
the differential signal. Consequently, differential signal chains are less susceptible to noise

and interference. Scientists and researchers have been intrigued by diverse and
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multifunctional benefits of using the differential amplifier and this is why it has been the
center of research attention since the beginning of its invention. Differential approach is the
preferred standard in modern RFIC design to utilize the advantages of it, but the antenna
industry still has not embraced this potential approach. Using a differential amplifier to feed a
balanced antenna is one of the major implications of a differential amplifier, which has many

research opportunities.

5.3 Small Signal Single Ended Amplifiers

Initially single ended conventional common-emitter amplifier for lower frequency range was
designed. A NPN 2N2222A Bipolar Junction Transistor model was used in ISIS circuit
simulation software. The amplifier was biased with basic electronics components by using
appropriate biasing formulas. The goal of biasing a transistor is to establish a known Q-point
in order to work efficiently and produce an undistorted output signal [8]. Correct biasing of
the transistor also establishes its initial AC operating region with practical biasing circuits

using either a two or four-resistor bias network.

The transistor is said to be "Cut off" where Vcg = Ve and I 1s almost zero and the cut-off
point almost touches the lower end of the load line. The point with the maximum value of
Ic (where Ic = Vee/Rr) and Ve = 0, is called "Saturation point" as no further increase in
collector current will occur. The collector-emitter voltage drops to approximately zero in this
point. The saturation point tells us the maximum possible collector current for the circuit [9].
To bias the transistor, first the value of Vg, Ic and hg was found from the datasheet of
transistor 2N2222A [10]. Ig was calculated by using the relation hg = I¢/Ig. For a silicon
transistor, Vg is fixed as 0.7V and the voltage drop across the emitter resistor is 1v. Emitter
current Ig is the sum of Ig and I¢ and the value of R4 was achieved by using Ohm’s law.
Resistors R; and R, values are found from the potential divider network. Using the supply
voltage V¢c and base voltage Vg values [11]. The single ended amplifier was then designed in
ISIS by using these calculated values. DC blocking capacitors C, and Cs; were used to pass
only AC signal. Also a bypass capacitor C; was included in the emitter leg circuit to prevent
any AC appearing on the emitter without changing any of the DC condition. Figure 5.3

illustrates the circuit diagram and Figure 5.4 shows the simulation results.
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Figure 5.4: Simulation result of the single stage amplifier for small signal analysis.

It can be observed that the peak to peak voltage for this single ended amplifier is about 3.8V
for an input sinusoid signal of 200mv. This implies that there is a good amplification at low

frequency with this transistor.

75



Chapter 5: Differential Amplifier Design and Characterization

5.4 RF Single Ended Amplifiers

It was relatively easier task to design and simulate amplifier at lower frequency but the
complexity comes into play towards the higher frequency RF circuitry design. AWR
Microwave Office circuit modelling software was used to design and analyse RF amplifiers. To
meet the RF criteria of higher frequency applications, an amplifier was designed using BFP520
transistor. This transistor is suitable for higher gain with lower noise at 1.8 GHz and has a high
transition frequency of 45GHz [12]. The transistor was biased with resistors and capacitors
using proper biasing methods. The value of Vg, Ic and hy. was found from its datasheet. Iz was
calculated by using the relation hg. = I¢/Ig and Iz was found from the formula Ig = I¢ + Ig. Then
the values of resistors were calculated using KCL and voltage divider formula. The RF Single
Stage amplifier was then fabricated on 0.8mm FR4 substrate using surface mount devices.
Microwave signals are very sensitive to noise and reflections and must be treated with great
care. That is why conductors’ width, thickness, spacing, turn shapes and routing was carefully
designed according to the PCB design rules [13-14]. The tracks have been designed in a
manner so that the RF signal propagates through the tracks with less noise and distortions. High
frequency components were placed first to minimize length of each RF route. A minimum
distance was maintained between RF lines to prevent unintended coupling. It is reported that
two parallel conductors should be separated by at least 0.015mm and the length of conductors
should be the shortest possible in RF circuits [14]. The trace corners were curved avoiding any
sharp angle to comply with the design rule. Figure 5.5 shows the circuit diagram and the

fabricated amplifier.

RES
ID=R1
R=1300 Oh

+)

cAP DCvs
ID=C4 ID=V1
C=1ed pF - V=5V

PORT
P=2

Z=50 Ohm
CAP

2=50 Ohm ID=C1
Pwr=-30 dBm C=1ed pF

| -~ suBckT
@‘}D—”—{ I — 1D=81
B [~ NET="BFP520"

PORT1
P=1
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Figure 5.5: (a) Circuit diagram and (b) fabricated layout of RF single stage amplifier.

The S-parameter was simulated in Microwave Office Software and was measured using a

network analyzer. The measured gain is bit lower as the track lines generate some inductance

to ground in emitter circuit design. It can be realized that the amplifier is showing good gain

and return loss from lower frequency till 2.5 GHz. It can also be noticed that, performance

degrades as frequency increases. The simulated and the measured results are plotted in Figure

5.6.
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Figure 5.6: Simulation and measurement results of RF single stage amplifier.
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5.5 Current Mirror Technique:

A current mirror is a circuit block which functions to generate current in one active device by
replicating the current in a second active device. Hence, we can consider that the collector
current at one transistor is the mirror image of that at the other transistor. This technique is
often used to provide bias currents and active loads in amplifier stages [15]. They simplify the
circuit design and offer a considerable flexibility in designing circuits, especially for
differential amplifier. Figure 5.7 shows a basic BJT current mirror, where Q; and Q, are
realised as two identical transistors. Here Q, together with R determine the reference current
Irer. The reference current is passed through the diode-connected transistors Q; and
establishes a corresponding voltage Vgg. This voltage is applied between base and emitter of
Q.. Now, if Q, is matched to Qy, then the collector current of Q, will be a mirror image to that
of Qy; that is Ip = Irgr [15]. |

I
Rpais EWO

i

IREF
V()

VBE

1

Figure 5.7: A Basic BJT Current Mirror [15].

This phenomenon is known as current mirror. The main function is to regulate current
through the load resistor by conveniently adjusting the value of Ry There are few
conditions, which need to be considered to make the current mirror work appropriately. The
ratio of the collector current to the base current () has to be sufficiently high so that the base
current becomes negligible. This is because the finite g or the nonzero base current of the BJT
causes error on the current transfer ratio of the bipolar mirror. And the transistor must be
operating in the active mode, which in turn is achieved as long as the collector voltage Vo is

0.3V or higher than that of the emitter [15].

This is an example of simplest current mirror. The reduced dependence on B can be achieved
by introducing another transistor Qs, as illustrated in Figure 5.8. Here the emitter of Qs

supplies the base current of Q; and Q,. The sum of the base currents is then divided by (s +
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1), resulting in a much smaller error current that has to be supplied by Irgr. It is based on the
assumption that Q; and Q, are matched and thus have equal collector currents, Ic. This extra

transistor offers tremendous improvement in reducing the error caused by finite S [15].

W() =Ic

2l¢
B (pr1)

*24/?
I
Ql I - Q2
Ic/B  Ic/B

1

Figure 5.8: A current mirror with base current compensation [15]

5.6 Differential Amplifier Design Using Transistor Array and Current Mirror

A differential amplifier needs to be designed with completely identical pairs of transistors. In
this research work several differential amplifiers were designed using two similar transistors
have been discussed but their properties are not completely identical. Using a transistor array
in differential amplifier design can fulfill this demand. Transistor arrays are a combination of
multiple transistors in a single package, which are often used in log amplifiers, differential
amplifiers and current mirrors. A HFA3046B ultra high frequency transistor array was used to
design a differential amplifier with an implementation of current mirror technique. Each array
of HFA3046B consists five dielectrically isolated NPN transistors on a common substrate
[16]. Two transistors were used for differential output and one for current mirror. One
transistor was used for a completely isolated single ended amplifier design using the identical
transistor of the same package. Another similar array for low frequency applications,
LM3046M, was also used for a similar low frequency amplifier design. Both amplifiers were
fabricated and tested and once again acceptable result was obtained from the lower frequency
design but not from RF differential amplifier using HFA3046B. Again it is proved that a
differential amplifier design for higher frequency range is not as easy as single ended ones.

Figure 5.9 presents the fabricated amplifier with transistor array.
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Figure 5.9: Fabricated model of the amplifiers using transistor array and current mirror

technique.

5.7 Broadband and Highly Linear Differential Amplifier Design

The impedance of a differential amplifier plays a significant role in its performance. As
discussed earlier, the differential impedance is not an industry standard 50€2, rather the total
differential impedance is 100Q. To measure a differential amplifier either it should be
measured differentially with a 4-port network analyzer or the output impedance should be
matched with the standard 50Q interface. It is a common practice to use ‘balun’ as a
converting feeding mechanism between a differential circuit and an unbalanced circuit
structure. But use of a balun introduces losses and bandwidth restrictions. To demonstrate the
performance of a fully differential amplifier the LMH6881 RFIC from Texas Instruments [17]
was chosen as it provides a high power and gain up to 2.5GHz, which is essential to measure
the second and third order harmonic distortions for a fundamental frequency of 900 MHz. A
broadband highly linear differential amplifier was then designed using the LMH6881 RFIC
with single ended output interface with a balun and as well as one with fully differential
output interfaces. These designs will be used to examine the benefits of differential amplifier

and a true differential interface.

The LMH6881 has 100Q2 input impedance and a very low (0.4Q) output impedance. Benefit
of such low-impedance output is that they are less likely to be influenced by the pad
capacitance or trace inductance [17]. Also matching load impedance for proper termination is

as easy as inserting the proper value of resistor between the load and the amplifier. Therefore,
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two 51Q (nearest available to 50Q) load-matching resistors were deployed to match the
output impedance to 100Q. These resistors were placed close to the output pins in order to
ensure output stability. DC-blocking capacitors were placed on both the input and output
signal traces. To match with the 50Q single ended test equipment, two 2:1 impedance ratio
RF transformers from mini-circuits [18] were added adjacent to the input and output ports.
Another differential amplifier was also prototyped with fully differential output configuration.
Here the expected load impedance is no longer the usual 50Q2 to ‘ground’, but a true balanced

100Q. A block diagram presented in Figure 5.10 represents the configuration of both these

amplifiers.
+5V
@ [0
e o
o— 85 11000 T 1000 |85 ¢

50 Q e ', Differential | & & 50 Q
— l — .

SingleT - . ) o ~ TSmgIe

ended N 500 N ended

o

1

Figure 5.10: Proposed amplifiers configuration.

Figure 5.11 demonstrates the schematic diagram of the amplifier with associated biasing and
decoupling components. The differential form was designed by simply removing the balun

from the output to provide two 50 ports for circuit testing, which are balanced with respect

to ground.
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Figure 5.11: Schematic diagram of the LMH6881 amplifier with single ended output interface

The layout for fabrication was designed by maintaining PCB design rules [13-14] while
designing conductor’s width, thickness, spacing and turn shapes. All the components were
placed on the top layer of the board. The bottom layer was mainly used as ground. A
conductor line was also used at the bottom layer to connect the power supply pins together.
C20 — C23 capacitors were used to maintain the ground continuity on either sides of this line.
The amplifiers were prototyped on a 0.8mm thick FR4 substrate with 35-micron thick copper.
The track widths of the input and output transmission lines are calculated using microstrip
design formulas [19]. The ratio of the track width and board thickness, (W/d), was found
using the formula (5.4) considering the characteristic impedance is equal to 50Q and the

dielectric constant of the FR4 substrate is 4.3.
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w 8e4
4 e2d_ 7 for W/d <2 (5.4)
Where,
_Zo |ert1l | &-1 0.11
A= s 2 T e +1 (0'23 + €r ) (5.5)

W = Width of the microstrip line

d = Thickness of the substrate

Zy = Characteristic Impedance

e, = Relative dielectric constant of the substrate

The track width W was calculated as 1.556 mm. The desired characteristic line impedance
(Zo) has to be 50Q to be matched with the 50Q2 measurement standards. The value of Z; was
double-checked using the obtained calculated track width value in equation (5.6) and (5.7).

The effective dielectric constant of a microstrip line is given approximately by

e+1 € -1 1

T2 2 1+ 12d/W (5:6)
and as W/d ratio is less than 1, the characteristic impedance can be calculated as
1201
Zy = (5.7

[€ers[W/d + 1.393 + 0.667 In(W /d + 1.444)]

The effective dielectric constant and then the characteristic impedance were calculated as
3.2662 and 50.224Q respectively using W = 1.556 mm. Figure 5.12 represents the layout
design of both amplifiers. The chip LMH6881 RFIC was mounted using reflow oven and
soldering of all other surface mount components were carefully carried out by hand. The

constructed prototypes on 0.8mm thick FR4 substrate are shown in Figure 5.13.
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(a) LMH differential amplifier with single ended output configuration
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(b) LMH differential amplifier with differential output configuration

Figure 5.12: Design layouts of the LMH6881 differential amplifiers
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(a) LMH differential amplifier with single ended output configuration

(b) LMH differential amplifier with differential output configuration

Figure 5.13: Prototypes of the LMH6881 differential amplifiers
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5.8 Measurement of Differential Signals at RF Frequency

5.8.1 Conventionally Measured Frequency Response of LMH6881

The return loss and gain of the LMH6881 prototypes was initially measured using Agilent
N5230A 2-port network analyser. While measuring the amplifier with differential output,
measurement was carried out on one output port while the other output port was terminated
with a 50Q load. The frequency responses of these measurements are presented in Figure
5.14. Theoretically, the differential gain of the amplifier (with balun in this case) should be
double (3dB higher) compared to the gain at each port of the differential amplifier. But we
can see that the gain is less than 2dB higher compared to the gain at each port till around
1GHz. So more than 1 dB gain is lost because of the balun effect. Moreover, the gain rolls off
after 1GHz, as this balun is restricted to work till 1GHz. It can be observed that the balun is
affecting the bandwidth.
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Return Loss and Gain of Amplifiers (dB)
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= = = Differential Output- (2-port NWA)
Differential Output (SE output interface)
Return Loss (SE output interface)
0 0.5 1 1.5 2 25
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Figure 5.14: Return Loss (S11) and Gain (S21 & S31) of differential amplifiers measured by

2-port network analyser.
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5.8.2 Differentially Measured Frequency Response of LMH6881

A differential device should be measured differentially in order to appropriately characterize
the performance. A 4-port Agilent N5230A PNA-L network analyser was used to measure the
amplifier fully differentially. The network analyser was properly calibrated for 4 ports using
the provided calibration kit. As the input is single ended and the output is balanced, SE-BAL
topology was chosen. The single input port was considered as the input logical port and two
output ports were considered as output logical port. The response of this true differential
measurement is illustrated in Figure 5.15. It can be observed that the differential gain (Sds21)
of the amplifier is giving double gain (~3dB higher) compared to the gain at each port
throughout the frequency range. Gains of the two ports are also more stable at higher
frequency. So it can be established that just by using true differential interface, it is possible to
achieve higher and more stable gain from same device using same components. It can also be

confirmed that a differential device must be measured in a differential way.
30
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Return Loss and Gain of Amplifiers (dB)

-40

Figure 5.15: Measured return Loss (S11) and Gain (S21, S31 & Sds21) of differential

amplifiers measured by 4-port network analyser

5.9 Phase Response of LMH6881 Differential Amplifier Design

It is well known that the output signal of a balanced circuit comprises two signals with the

same magnitude but 180-degree out of phase. It can be seen from Figure 5.15 that the fully
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differential amplifier comprises almost similar magnitudes (Red & Black) in its two output

ports. Figure 5.16 shows that the ports were also maintaining around 178-180 degree phase

difference throughout this measurement range.
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Figure 5.16: Phase difference of the LMH6881 differential amplifier.

5.10 Gain Compression and Linearity of Differential Amplifier

Linearity is one of the primary concerns in power amplifiers. An amplifier is called linear
when the output power increases linearly with the input power and the resultant transfer curve
appears as a straight line with a slope of unity. But a practical amplifier is not perfectly linear.
The nonlinearity of practical amplifiers sets a realistic power range, or dynamic range, over
which the amplifier will perform as desired [19]. If the output power is plotted against the
input power and the input power is continuously increased, it will reach at a stage where the

output power does not increase with the input power. A typical amplifier P;, vs Poy response

is explained in Figure 5.17.
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Figure 5.17: 1 dB Compression point for a nonlinear amplifier (Reproduced from [19]).
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As the output power begins to saturate, it deviates from the ideal linear characteristics. At one
point the actual output power is 1dB less than the ideal power level and this point is known as
1dB compression point of that amplifier. This power level is usually denoted by P45, and can
be stated in terms of either input power (IP14g) or output power (OP14g) [19]. When the
amplifier is set to operate at a higher power than P4g, it will result in distorted performance or

even may cause damage to the device itself.

The LMH6881 amplifiers with single ended output and with differential output configurations
were measured for Pj, vs Py, and the measurement results are plotted in Figure 5.17. Both
amplifiers were measured using a 4-port network analyzer and only the single ended output
amplifier was measured using a synthesizer at 900 MHz. A sudden small increase in the gain
can be seen on the measurements using VNA, just before the amplifiers go into saturation.
This might be because of the swept response of power sweep is not being able to capture the
output power from both ports simultaneously. But the effect is completely gone when the
output power was captured from a spectrum analyzer and the input power was increased
manually from a synthesizer. The key point to notice here is that the differentially measured
LMHG6881 is providing about 1.5dBm more power, eventually more linearity, compared to the
same amplifier with single ended output configuration. The output referred compression point
(OPyg) is 5.9dB for the SE configuration and 7.55dB for fully differential output

conﬁg1uration.

= SE output using Synthesizer
= Fully Differential using NWA
10 = SE output using NWA

N

5 //
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o
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Figure 5.18: Pi, vs Py curves of LMH6881 differential amplifiers
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5.11 Common Mode Rejection Ratio of the LMH6881 Amplifier

Another important figure of merit of a differential amplifier is the common mode rejection
ratio (CMRR). When same voltage is applied in the inputs of a differential amplifier, the
amplifier is considered to be operating in a common mode configuration. Many disturbance
and noise signals appear as a common input signal to both the input terminals, which should
be rejected by the differential amplifier. The ability of a differential amplifier to reject these
common mode signals is called common mode rejection ratio (CMRR). CMRR is the ratio
between the differential gain and the common mode gain. The ideal common-mode gain of a
differential input amplifier is zero; hence the ideal CMRR value is infinite [20]. However, in
practical circuit there will be a common-mode gain due to the asymmetry in the circuit and
due to the effects of resistance mismatches [21]. The value of CMRR is usually expressed in

dB and described as CMR,

dm

cm

(5.4)

A high value indicates more rejection of common mode, which is desirable in all devices. At
lower frequency CMR values are usually very high but it deteriorates at higher frequency
[22]. The CMR of the LMH6881 differential amplifier was measured using fully differential
measurement technique. Figure 5.19 shows the measurement result where it can be noticed
that the amplifier is showing almost 30dB CMR at a frequency as high as 1IGHz. The CMR is

almost stable in different input powers until the amplifier goes to saturation.
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Figure 5.19: Common Mode Rejection Ratio of the LMH6881 differential amplifier.
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5.12 Summary

The design and characterization of a differential amplifier has been the main focus in this
chapter. Small signal and RF single ended and differential amplifiers were assembled using
BJT technologies. Amplifier design steps were followed to design and simulate and then
measure the real fabricated amplifiers. Simulated results verified the theory of superior
performance of differential amplifier over its single ended counterpart. Then it was
comprehended that constructing a RF differential amplifier to operate at higher frequency is
not as easy as designing a single ended form. The current mirror technique was also

demonstrated and was implemented is a circuit construction using a transistor array.

Afterwards, LMH6881 RFIC from Texas Instruments was adopted to develop a broadband
differential amplifier. Careful process of design and fabrication delivered a high gain
broadband differential amplifier with single ended output formation as well as one with fully
differential output configuration. The measured frequency response, phase response,
compression point and common mode rejection ratio confirmed high performance and
broadband differential amplifier realization. The comparison of performance between two
equivalent amplifiers has suggested that the fully differential output arrangement provides
higher and more stable gain without compromising the operating bandwidth and delivers

higher linearity compared to the design with single ended output configurations.
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Chapter 6

Characterizing Effective Radiated Power and Distortion

From Differentially Fed Narrow Band Antennas

6.1 Introduction

RF power amplifiers play an important role in modern telecommunication systems.
Telephone, internet, email, radio broadcast, gaming, online television all are merged together
in a same device in contemporary communication devices. The design of such multitasking
single mobile device requires a high level of integration with low power consumption and low
production cost, which demands more linear amplifiers. Designing linear and efficient RF
power amplifier presents one of the most challenging aspects in the RF industry. Careful
optimization must be performed to obtain the required gain, efficiency and linearity. One
solution to meet this demand is to use linearization techniques without compensating gain and
bandwidth. Recently a great deal of attention has been directed towards the design of
amplifiers employing special distortion correction methods. Researchers have proposed
several linearization techniques recently [1-3] but most of them were accomplished by

considering complex design techniques or by adding extra components in the circuit.

In this chapter, the nonlinear distortion characteristics of the LMH6881 will be analysed.
Techniques to achieve higher gain and linearity from same device by changing output
impedance will also be investigated. Following that an experimental proof is presented
confirming that differential feeding configuration can provide higher gain and greater
linearity compared to its single ended counterpart. The adjacent channel leakage ratio
(ACLR) of both active antennas will be presented to compare the distortion characteristics of
differential and single ended interface. The chapter concludes with a proposal of the best

approach for achieving higher gain and greater linearity for present communication system.

94



Chapter 6: Characterizing Effective Radiated Power and Distortion From Differentially Fed Narrow Band Antennas

6.2 Methods to Quantify Distortion

An ideal perfect linear amplifier is a completely linear device regardless of the input power
level. It is just a theoretical concept that does not exist in reality. All practical components
possess a small amount of loss and nonlinearities. Devices become nonlinear at a certain
power level while operating out of its dynamic range. This nonlinear characteristics lead to
undesirable noise and distortion and generates spurious frequency components. As a result,
the amplifier experiences increased loss and possible interference with other radio channels.
These possible effects of nonlinearity in RF circuits can be quantified by some distortion
measures mainly by 1dB compression points, harmonic generation, intermodulation distortion
and spectral regrowth [4]. Evaluating these figures of merit plays a vital role on the correct
specification of power amplifiers. The 1dB compression points or gain compression has
already been discussed in the previous chapter and the harmonic distortion topic will be
reviewed in the next chapter. In this chapter, the intermodulation distortion and spectral
regrowth or adjacent channel leakage ratio will be considered as an approach to demonstrate

the distortion characteristics of the LMH6881 differential amplifiers.

6.2.1 Intermodulation Distortion (IMD)

When the input signal interacting in a non-linear device consists of two closely spaced
frequencies, additional spurious components will be generated at the sum and difference of
integer multiples of the original frequencies [5]. These unwanted signals are known as
intermodulation products of the device. If the input signal comprises of two fundamental
frequencies f; and f5, distortion products will occur at frequencies af; + bf,, where a and b are
integers > 1. Only the odd order mixing products creates distortion close to the main signals.
Specially, the third order intermodulation products (2fi-f> & 2f>-f1) remain very close to the
fundamental frequencies and cannot be easily filtered out [6]. The even orders do not affect
the transmitting signal as much as the odd order harmonics as they can be easily filtered out
because they are generated at a greater distance from the original signal. The two-tone
stimulus is a better representation signal distortions than the pure sinusoid one-tone test such

as gain compression.

Two-tone test was carried out on the LMH6881 differential amplifier to compare the IMD
level with a true single ended amplifier. A commercially available high gain broadband single

ended amplifier ZFL-2500+ [7], as shown in Figure 6.2(a), was acquired and measured along

95



Chapter 6: Characterizing Effective Radiated Power and Distortion From Differentially Fed Narrow Band Antennas

with the differential amplifier. Synthesizer and network analyser were used as two signal
sources of frequencies 900 MHz and 905 MHz. The signals were then summed into a power
combiner and then fed into the amplifier. An attenuator was also used between the DUT and
the spectrum analyser. Though attenuator is optional in two-tone measurement process, it
gives some flexibility in changing the input power levels of both the signal generators
simultaneously. It can also be used in testing whether the instruments themselves are creating

some spurious signal or not. The measurement setup is shown in Figure 6.1.

Signal Generator #1
(Farnell PSG1000)

Spectrum Analyser

(Agilent N9320A)

Combiner 2 DUT /?4 |
Attenuator i

Nt fo 2k i o 2

Signal Generator #2
(Agilent N5230A PNA)

Figure 6.1: Block diagram of the measurement setup on the bench.

The measurement result of two-tone intermodulation test of the single ended and differential
amplifier for -15dBm input power is presented in Figure 6.2. The fundamental signal
magnitude of the single ended amplifier was normalised to the level of the differential one by
changing the degree of attenuation. It can be observed that with a similar fundamental power
the differential amplifier has almost 10.5 dBc lower third order intermodulation distortion

product (IMD3).
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Figure 6.2: (a) Single Ended and Differential Configurations for IMD test (b) Two-tone IM
test of ZFL single ended and LMH differential amplifiers.

Another significant figure of merit for characterizing the IMD in nonlinear devices is the third
order intercept point or IP3. IP3 is a fictitious point that is obtained when the extrapolated 1-
dB/dB slope line of the output fundamental power intersects the extrapolated 3-dB/dB slope
line of the IMD power [8]. In practical case both fundamental and third order IM product go
under compression, but if the lines are extended for the idealized response, the hypothetical
intersect point is then measured as IP3. It can be expressed either with respect to input power

(ITP3) or with respect to output power (OIP3). The concept of IP3 is explained in Figure 6.3.
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Figure 6.3: Third-order intercept diagram for a nonlinear component [9].
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IMD3 and IP3 measurement tools are widely used by researchers to measure the linearity of
RF amplifiers. The IP3 measurement results for both test amplifiers are shown in Figure 6.4,
which illustrates that the IIP3 of the ZFL single ended amplifier is about 2dBm and the IIP3
of the differential amplifier is around 12dBm. So, the differential one is providing ~10dBm
IIP3 improvement at similar power consumption. It should be noted here that this
measurement is not with same differential amplifier with different output configurations.
Rather, one is a true single ended amplifier and another is a differential amplifier with single
ended output configurations. The response of the single ended amplifier was normalized to
the fundamental of the differential one to plot on the same graph for IIP3 measurements.
From these measurement results it is evident that differential amplifier demonstrates higher

linearity compared to the single ended amplifier.
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Figure 6.4: IP3 measurement of single ended and differential amplifier (measured frequency

is around 900 MHz)

6.2.2 Adjacent Channel Leakage Ratio (ACLR)

With the increasing expansion of digital economy, the second generation cellular technology
which supports voice call, SMS, and a slower data rate can no longer satisfy mobile users'
demand. Users these days want access to high speed data, video, images and other multimedia

information in a single portable unit. To satisfy these demands the third and fourth generation
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communications technology have been developed, which use digital modulated signals. At
present, the Wideband Code Division Multiple Access (W-CDMA), Long Term
Evolution (LTE) and Evolved Universal Terrestrial Radio Access (E-UTRA) or Advanced
LTE are the most commonly used 3G and 4G communication networks. These technologies
need to satisfy stringent performance requirements as large dynamic range, low noise, high
sensitivity and particularly high linearity [10]. When the linearity behaviour of an amplifier
has to be evaluated, the two-tone third order intercept point (IP3) is usually used as a
standard. But as the modulation becomes more complex, the standard two-tone distortion
measurement does not really capture the complete distortion characters of a device. Therefore,
the transmission standard requires more accurate analysis of nonlinear effects on complex
modulation techniques such as Adjacent Channel Leakage Ratio (ACLR). ACLR is usually
defined as the ratio of the average power in the adjacent frequency channel to the average
power in the transmitted frequency channel as shown in equation (6.1) [11]. ACPR gives the
indication on how a signal may interfere with a neighbouring channel in a wideband
communication application. It characterizes the spectral re-growth of the modulated signal

caused mainly by non-linearity.

oOWwWer, i
ACLR = 10 log,, ( POWeTad channet ) (6.1)

powermain_channel

ACLR measurements are done in the relative power at + 5 MHz and + 10 MHz frequency
offsets with a reference channel bandwidth. These different frequency offsets specify the
distance from the centre frequency of the main channel to the centre frequency of the
neighbouring channels. The measurement with + 5 MHz frequency offset are referred to as
the upper and lower adjacent channels and with + 10 MHz offsets are referred to as the upper
and lower alternate channels [12]. Different criteria exist for adjacent channel power
measurements depending on the technology standard to be measured. For example, (W-
CDMA) wireless standard requires transmissions to fit within a 3.84 MHz measurement
bandwidth for SMHz offset bandwidth, but 4G Advanced LTE (E-UTRA) requires to occupy
different measurement bandwidth in its six different channel bandwidth ranging from +1.4
MHz to +20 MHz, specifically 4.515 MHz for a 5 MHz offset [13]. Table 6.1 below

represents the measurement carrier bandwidth of E-UTRA for all six LTE channel bandwidth.
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Table 6.1: Channel measurement bandwidth of E-UTRA for different LTE channels.
1.4 MHz 3 MHz 10 MHz 20 MHz

Channel BW/Offset

5 MHz 15 MHz

Channel Meas. BW | 1.08 MHz | 2.7MHz | 45MHz | 90MHz | 13.5MHz | 18 MHz

The ACLR concept is illustrated in the Figure 6.5 below which is a response from LMH6881
amplifier with an E-UTRA (4G) digital modulated signal generated from Agilent M9381A
PXle Vector Signal Generator.
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Channel BW
=4.515 MHz
-101~ ﬁ
-20 |- -
Reference
’g 30 Channel .
m <>
k=3
©
o 40k -
-
—
2
[e) 50 Lower Adjacent Upper Adjacent
o [ Channel Channel 7
<>
<>
-60 - ﬁ
Lower Alterlnate Upper Alternate
Channe Channel
< >
-70 ,m WbMH NS
-80 [ [ [ [ [
890 MHz 895 900 MHz 905 910 MHz
< " > <«€<———>
Ref. and Alt. Ref. and Adj.

Channel Offset = 10MHz Channel Offset = SMHz

Figure 6.5: Illustration of Adjacent Channel Leakage Ratio

Various ACLR requirements are set for different devices used in base station equipment and
user equipment (UE). The acceptance levels are also diverse for different signal standards.
For example, the ACLR of W-CDMA should not exceed -33dB and -43dB at £5 MHz and
+10 MHz respectively [12]. But these requirements will not be scrutinised in depth in this

thesis because the main intention is to compare the level of ACLR of a same LHM6881
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amplifier in similar operating condition with different output interfaces. The ACLR
measurement should be carried out close to the maximum output capability of the amplifier.
Therefore, all measurements were carried out at a power level before the amplifier goes into
its saturation region. The ACLR in this region are usually very high so even a small

improvement with fully differential output interface is crucial.

To measure the level of ACLR, the LMH6881 amplifier with single ended output was fed
with a 4G Advanced LTE (E-UTRA) test signal from the vector signal generator. The
measurement was carried out considering the centre frequency at 900 MHz. As (E-UTRA)
has a channel measurement bandwidth of 4.5 MHz for 5 MHz offset, the main channel and

adjacent channels were allocated as shown in Table 6.2.

Table 6.2: Allocation of main and adjacent channels for ACLR measurement with 4.5 MHz

channel measurement bandwidth and 5 MHz offset.

Channel Name Channel Measurement Frequency Range
BW
Main Channel (900+2.25) MHZ 897.75 MHz to 902.25 MHz
Lower Adjacent Channel (895+2.25) MHz 892.75 MHz to 897.25 MHz
Upper Adjacent Channel (905+2.25) MHz 902.75 MHz to 907.25 MHz
Lower Alternate Channel (890+2.25) MHz 887.75 MHz to 892.25 MHz
Upper Alternate Channel (910+£2.25) MHz 907.75 MHz to 912.25 MHz

This measurement and calculation setup will be maintained in all of the ACLR measurements
presented in this thesis. Figure 6.6 shows the modulation spectrum of LMH6881 amplifier
and Table 6.3 represents the calculated ACLR values. It can be seen that at lower input power
level, the ACLR is showing quite good performance. As the amplifier moves towards the
saturation level, power leakage increases. Here, the ACLR of only one amplifier is presented.
Comparisons of both configurations in different measurement conditions will be shown in

following sections and chapter.
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Figure 6.6: Spectral plot of LMH6881 amplifier for different input power level.

Table 6.3: Measured and calculated ACLR for LMH6881 differential amplifier.

Channels -25dBm -22dBm -20dBm -15dBm

Main Channel -21.6 -18.7 -16.1 -11.4

Lower Adjacent Channel (dBm) -71.2 -68.9 -43.7 -27.4
Upper Adjacent Channel (dBm) -71.4 -69.9 -40.1 -25.6
Lower Alternate Channel (dBm) -71.4 -71.6 -50.1 -35.1
Upper Alternate Channel (dBm) -71.5 -71.5 -48.2 -33.9
ACLR (5 MHz Offset) (dBc) -49.7 -50.7 -25.8 -15.1
ACLR (10 MHz Offset) (dBc) -49.8 -52.8 -33.1 -23.1
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6.3 Effects of Changing Load Impedance of Differential Amplifier

A power amplifier generally forms the final stage of an RF front-end. It demands stringent
requirements compared to those of small signal low profile amplifiers. Power amplifiers must
deliver a considerable amount of power while avoiding distortion products in the output
signal at the same time [14]. To obtain the maximum power from a BJT or FET, the input and
output impedances of the device should be conjugate matched, which means the resistive
parts must be the same and the imaginary parts must be of same magnitude with opposite
polarity [15]. Similarly, matching is also needed to efficiently drive an antenna by the

amplifier.

The purpose of the impedance matching network is to convert the load impedance into the
impedance required to produce the desired output power at a specified voltage and operating
frequency [16]. Typically the conjugate matching does not really produce the possible
maximum output. Instead, the load is designed such that the amplifier has the correct voltage
and current to deliver the required power, which is often the maximum power [17]. To
illustrate this concept, a generator with an internal resistance Rg feeding a resistive load is
shown in Figure 6.7. This internal resistance tends to dissipate some of the power as heat
when a load Ry is connected to its output terminals. So the full power fed into the amplifier

can’t be drawn out of it as some power is wasted in Rs.

Output Resistance (Rg)

| |
1 ~
Load E When Rg= Ry,
Vi Resistance :
(Ry) | VRs= VrL =V;/2

ol

Figure 6.7: A generator with internal resistance Rg and load resistance Ry
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The amount of power in the load reaches a peak when the load resistance matches the output
resistance. But at the same time the actual power being dissipated in the amplifiers internal
resistance is identical to the power reaching the load. That means only half of the power
produced by the generator is delivered to the load (the other half is lost in Rg) for a
transmission efficiency of 50%. This efficiency can only be improved by making Rg as small
as possible [9]. For similar reason in terms of voltage transfer, Rg and Ry, acts as a voltage
divider across the generators so that only half of the output voltage appears across the load,
causing a 6dB loss. It is well known that if an output voltage is a sinusoid with the peak

voltage value V¢, and a load resistance Ry, the load power is determined as [14,18],

2
VCC

P =
2R,

(6.2)

It can be seen from the equation that the power increases as the load resistance Ry, decreases.
The load impedance Ry is often considered as 50Q2 because of the conventional load or
coaxial cable impedance being 50Q2. So it would be investigated whether we can get higher
power by changing that Ry value to the smallest amount possible. It has already been stated in
this thesis that the conventional 50Q approach for all kind of devices may not be ideal,
especially when using differential amplifier. Therefore, the effect of changing load impedance
of LMH6881 differential amplifier has been explored. The output resistors were changed to
provide differential output of 0Q2, 100Q (2*50Q) and 300Q (2*150Q). These values have
been chosen to provide different impedances for different antennas used in subsequent
sections. The frequency response, power sweep and ACLR were measured for all these
different configurations. However, this was not an ideal measurement technique as the
amplifier with different output impedances were measured using conventional 50Q
terminated equipment. Still those were investigated ignoring that small loss caused by
unmatched impedance. In later part of this chapter, these configurations will be examined

with antenna with different output impedances and different load impedances.
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6.3.1 Frequency Response for Different Qutput Impedance

The gain (Sz;) and return loss (S;;) of LMH6881 amplifier was measured with 3
configurations having different output impedances. It can be observed from Figure 6.8 that
arrangement with the lowest value of resistors (0Q) has the highest gain, as expected
according to theory [18]. In this configuration the circuit output only has the internal RFIC
resistance of 0.4Q. When the output resistors (R6 and R7 in Figure 5.11) were replaced by
higher values of 50Q2 and then 100Q2 resistors, the gain decreased. This proves that by making
the output impedance as small as possible, higher gain can be realised. The increment of gain
is not equal throughout the measured bandwidth. It maintains almost stable increment till
around 1GHz and after that it has uneven changes in gain. This might be because of the balun

effects after 1GHz as this balun is rated to provide better performance until 1GHz.
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Figure 6.8: Return Loss (S;;) and Gain (S;;) of the LMH6881 single ended output

configuration with different resistor values at the output.
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6.3.2 Power Sweep for Different Output Impedance

The Pin vs Pout measurements were carried out with different output resistances at 900 MHz.
The measurement approach has been shown in a simplified circuit level model in Figure 6.9
to define the setup more clearly. Here the internal resistance of LMH6881 differential
amplifier R; is fixed as 0.4Q), which is very low and negligible. The load resistance RL is also
fixed to 50Q. The output resistance Rg was changed with 0Q, 50Q and 150Q resistors. The
change in power according to Ohm’s Law (P = V*/R) for these different resistors is illustrated
in Table 6.4.

R=04Q Rg (0Q/50Q/150Q)
 —

| IS | ~

V xR
TV R TVL:R +RLL
S

O

Figure 6.9: Circuit level model of LMH6881 with different output resistances.

Table 6.4: Change of load voltage (Vi) and power (P) for different output resistance.

150 50 14 V2
4 16R,

0 + 0.4 50 0.992V = ~V V2

R,

Now if we take Rg = 50Q as the standard we get
Po = 4P5() = +6dB

P150 =Y P50 =-6dB
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The real measurement result is illustrated in Figure 6.10. The simple solid line shows the
response of the amplifier, which is matched to the 50Q load impedance of coaxial cable. The
solid line with square boxes and circles represent the responses with very low impedance and
high impedance, respectively. A significant improvement in OP,4g, hence, linearity can be
observed for smaller output impedance which is 0.4 Q in this particular instance. It can also
be seen that the measured output power is about 6dBm more and less for 0Q and 150Q
resistors respectively, which is coordinated with the theory explained above. Though the
output resistance wasn’t matched to the load resistance in the case of 0Q resistors, this still
gives us an important indication. We can expect substantial improvement in linearity and
power by using same differential amplifier with very low output impedance and by matching
that with a similar low impedance antenna. But again, this is not an easy task. As amplifier
goes into saturation, the reactive effects get stronger for the impedance with very low resistive
part and as a result the 6dB power difference is not maintained after the saturation point. If it
is connected to an amplifier with high reactance the effects can be more significant. This
active antenna approach for different impedance value will also be demonstrated in a later

section of this chapter.
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Figure 6.10: Pin vs Pout measurement of LMH6881 differential amplifier with different

output impedance.
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6.3.3 ACLR for Different Output Impedance

The generated spectral plot of LMH6881 for different resistor values at the output is shown in
Figure 6.11 and the ACLR results obtained from this is presented in Table 6.5. It can be seen
that unlike the gain and power sweep measurements discussed above, changing output
impedance hasn’t really caused any significant difference in ACLR. Though the power level
of main channel has increased for smaller impedance but the ACLR ratio is almost similar.
This indicates that for generated advanced LTE signal, lower output impedance increases the
main channel power level as well as the IMD products in adjacent channels. The
measurement was carried out at various input power level and the results for only -20dB input

power are presented here.

——— O Ohm Resistors
—— 50 Ohm Resistors
—— 150 Ohm Resistors

Power Level (dbm)

r r r [
885 890 895 900 905 910 91t
Frequency (MHz)

Figure 6.11: Spectral plot of LMH6881 differential amplifier with different output impedance.

108



Chapter 6: Characterizing Effective Radiated Power and Distortion From Differentially Fed Narrow Band Antennas

Table 6.5: ACLR measurement of LMH6881 amplifier with different output impedance.

Channels 0Q 50 150

Main Channel -10.6 -16.1 -21.9

Lower Adjacent Channel (dBm) -37.6 -43.7 -49.2
Upper Adjacent Channel (dBm) -34.7 -40.1 -45.3
Lower Alternate Channel (dBm) -43.9 -50.1 -55.6
Upper Alternate Channel (dBm) -43.1 -48.2 -53.6
ACLR (5 MHz Offset) (dBc) -25.6 -25.8 -254
ACLR (10 MHz Offset) (dBc) -32.9 -32.9 -32.7

6.4 Radiated Power Measurement of Active Antennas

Feeding a balanced antenna with a balanced amplifier can imply numerous benefits for 4G
mobile applications, which has already been discussed in Chapter 2. Despite these benefits,
this area has not been thoroughly explored, mainly due to the eccentricity of the approach and
complex measurement techniques. Researchers have tried several approaches, which have
been) reported in Chapter 2, but a balanced transmit antenna fed by the true differential
amplifier hasn’t been demonstrated yet. In this section, the benefits of differential feeding
technique are presented. The radiated power of the LMH6881 with balun was measured and
compared with the bench test results. The same amplifier was then investigated using a true
balanced feed arrangement with no balun at the output terminal. It is shown experimentally
that this technique provides higher power & efficiency using the same component and power
supply. Therefore, there is motivation to apply this balanced technique and develop antennas

for future mobile devices applications.

The antennas used for this experiment are the simplest form of wire monopole and dipole
operating in the frequency range of 855MHz-945MHz. The PCB versions of these antennas,

as shown in Chapter 3, are also used for same experiment. As they provided almost identical
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results, measurement results with printed antennas will be presented here. It is well known
that the impedance of a monopole (~37Q) is half that of the corresponding dipole (~73Q)
which conveniently provides matching to the corresponding amplifier (the differential
amplifier also having double the impedance). The A/4 printed monopole was mounted on a
metal ground plane, which is a few wavelengths in size around the monopole to keep the
impedance of the antenna minimally affected. Two identical conductive elements were
selected to construct the dipole form. These simplest forms were chosen to keep the

measurement simple and make sure nothing else is affecting the measurement.

Following this, the radiated test was done inside the anechoic chamber. The minimum
distance between the two antennas were calculated by Fraunhofer and Rayleigh formula,
where the minimum distance, R > 2D?*/A, where D is the largest dimension of either antenna
[19]. In this case, D is the height of the Rx dual polarized horn antenna (ets-3164-03). The
amplifier with single ended output was connected to the monopole antenna using a 50Q
coaxial cable whilst dipole was soldered directly to the differential output terminals. These
active antennas were placed 2.5m away from the receive horn antenna inside the chamber,
which is connected to a spectrum analyzer to observe the output signal. A signal generator,
generating 900 MHz signal, was connected to the input port of the amplifier. Figure 6.12

shows the measurement setup of both active antennas.

Figure 6.12: Measurement setup of conventionally fed monopole antenna (left) and

differentially fed dipole antenna (right)
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A cross-polar radiation pattern was obtained for both antennas to compare the radiated gain
towards the direction of the receive antenna and to adjust the effective antenna gain to the
actual output power from the amplifier. It is difficult to make direct comparison for balanced
and unbalanced antennas. Although unbalanced monopole and balanced dipole antennas are
‘complementary’, but in practice patterns can be significantly different. In case of monopole
with a ground plane, the energy tends to radiate into one direction so we get 3dB more peak
power compared to same dipole configuration. Figure 4 shows the radiation pattern of the
monopole and dipole and the direction of AUT towards the receive antenna during radiated
power measurement setup (as Figure 6.12). It can be observed that the dipole radiated 1.4dB
more gain during the Pi, vs Py, measurement (at 90 degree on Figure 6.13), which must be
taken into consideration while calculating the actual radiated power. The dipole radiation
pattern is not ideal as it wasn’t measured in a balanced way and due to this the cable is

slightly affecting the radiation pattern.

330 i 30

Dipole
= = = = Monopole

270 |

210 150

180

Figure 6.13: Radiation pattern of the simple monopole and dipole antenna and antenna

direction during Pj, vs Py, measurement in principle plane.

To measure the Pj, vs Poy, the power level of the input signal was varied from -40dBm to the

saturation of the amplifier. Figure 6.14 shows the results of the bench and radiated power test.
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The actual radiated output power was calculated by adding the free space path loss (FSPL)
and adjusting the antenna gain and cable loss, according to Friis transmission equation

[19,20]. The received power level was estimated using this Friis formula as below:

)\ 2
Pr = GtGr (m) Pt (63)

Where,

Pr and Pt are the received to transmitted power respectively,
Gr and Gt are the respective power gains of the two antennas,
R is the distance between two antennas (m) and

A is the wavelength.
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Figure 6.14: Pi, vs Py results of the conventionally fed and differentially fed active antennas.

Good agreement is observed between the bench test result and the radiated one for the
amplifier with single ended output and this verifies the accuracy of this measurement method.
More than 1dB higher gain throughout the entire range and higher output power from the

differentially fed active antenna can be realized due to eliminating the balun loss. A dip can
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be observed near the saturation region of the balanced active antenna, which might have been

caused by the impedance change as it goes into saturation.

6.5 AIA Radiated Power Measurement for Different Antenna and Impedance

The radiated power test of LMH6881 differential amplifier for different output impedance
was carried out inside the anechoic chamber. For each impedance varieties, one antenna will
be a matched load having similar impedance. The idea is to investigate the received output
power with standard 50Q impedance (100Q differential), then with almost 0Q2 and then with
300Q differential output impedance feeding a standard half wavelength dipole antenna, then a
very low impedance loop antenna and a folded dipole antenna with higher impedance of
almost 300Q. But the small loop antenna possesses a very low resistance and a high reactance
resulting in very low efficiency. They are therefore poor radiators and normally are used only

in the receiving mode [21].

To provide a 300Q differential output impedance, a folded dipole antenna was designed and
fabricated. The folded dipole antenna consists of a standard half wavelength dipole with an
added transmission line connecting the two ends together to make a complete loop. The feed-
point impedance is four times as large as for an unfolded dipole of the same length [21].
These antennas are usually fed by using a 300 Q twin-lead transmission line. The two active

antennas used in this radiated test are shown in Figure 6.15.

Figure 6.15: AIA configurations of half wavelength dipole and folded dipole

It has already been illustrated in bench tests (section 6.3.2) that amplifier with lower output

impedance provides higher output power and greater linearity. But those measurements were
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carried out using 50Q coaxial cable. In this section, those measurements have been done
using active antennas by radiated measurements. Besides verifying the bench test results, this
experiment indicated that the amplifier delivers the maximum power and gain when the
output impedance is matched to the load impedance, which is the input impedance of
antennas for an active antenna. As we can see from Figure 6.16, curves with very low
impedance have higher gain but as the output impedances and the load impedances are not
matched, they are not stable near the saturation region. The LMH6881 differential amplifier
feeding a standard dipole antenna provides higher gain with 100Q differential output resistors
compared to the folded dipole antenna with ~300Q2 impedance. And the folded dipole antenna
is performing best when fed by a differential amplifier with 300Q differential output
impedance. The outcome suggests that a differential amplifier with very low impedance
feeding a matched low impedance antenna can deliver substantial improvement in output
power and linearity. Attempts were taken to design a low impedance resonant loop antenna by
compensating its high reactance by using lumped elements. But because of time constraints, it

couldn’t be investigated any further.
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Figure 6.16: Radiated Pin vs ERP measurement of LMH6881 differential amplifier with

different output impedance.
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6.6 ACLR Comparison of Active Integrated Antennas

The radiated measurement for ACLR was carried out for active unbalanced/monopole
antenna and differentially fed balanced/dipole antenna. The spectral plot of both active
antennas for -15dBm and -18dBm is shown in Figure 6.17 and the ACLR results obtained
from that is shown in Table 6.6. It can be observed that the differentially fed dipole has
provided ~1.35dB higher ACLR compared to the unbalanced active antenna with simple
monopole. It might not be a significant improvement but more than 1.3 dB increase in ACLR

for the same device with different interface is worth reporting.
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Figure 6.17: Spectral plot of monopole active antenna with single ended interface and dipole

antenna with fully differential output interface.
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Table 6.6: ACLR of AIA with single ended interface and differential output interface.

Channels Single Ended | Differential Single Ended | Differential
-18dBm -18 dBm -15 dBm -15 dBm

Main Channel -57.1 -56.3 -55.1 -53.5

Lower Adjacent Channel (dBm) -83.1 -83.4 -77.1 -76.5
Upper Adjacent Channel (dBm) -82.1 -82.6 -74.3 -74.3
Lower Alternate Channel (dBm) -85.8 -85.5 -83.1 -81.6
Upper Alternate Channel (dBm) -85.6 -85.1 -81.4 -80.3
ACLR (5 MHz Offset) (dBc) -25.5 -26.7 -20.6 -21.9
ACLR (10 MHz Offset) (dBc) -28.6 -28.0 -27.2 -27.4

6.7 Summary

A thorough analysis of the third order distortion behaviour of the nonlinear LMH6881
differential amplifier by investigating two-tone and multi-tone spectrum has been presented.
The effect of different output impedance in the gain, linearity and distortion behaviour has
been comprehensively investigated. Techniques to feed a balanced antenna by differential
amplifier has been discussed and it has been demonstrated experimentally that higher gain
and output power is achievable using the same RFIC and same power supply by interfacing
balanced antenna with a differential RF amplifier. The antenna doesn’t always need to be
matched to 50Q to be fed differentially. It has also been suggested that a substantial
improvement in linearity can be realized by feeding a low impedance antenna with a
differential amplifier comprising low output impedance. The most accepted test parameter for
characterizing distortion of amplifier, the ACLR test, confirms that in addition to provide
higher gain and linearity the balanced interface also keeps the distortion level lower.
Moreover, by eliminating balun its physical size on small devices and costs can also be
avoided. It is believed that this approach can become the key in developing more power
efficient devices offering higher linearity and eventually greater battery life for modern

wireless communication systems.
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Chapter 7

Measurement of Radiated Harmonic wusing Broadband Active

Balanced Antenna

7.1 Introduction

The extensive implementation of latest digital wireless services has confronted researchers
and designers with more restricted linearity specifications. In an ideal situation, an amplified
output signal is completely linear or scaled replica of the input signal. But the unpleasant truth
is that almost all physical devices exhibit some form of nonlinear behavior. Any nonlinearity
in the amplitude and phase of an output signal must be minimized to preserve the shape and
spectrum of the signal. To measure nonlinear effects on various signals, few methods have
been devised such as harmonic distortion, gain compression, intermodulation distortion,
adjacent channel interference and so on [1]. The 1dB compression point of LMH6881 has
been investigated in Chapter 5 and the intermodulation distortion and ACLR have been

explored in Chapter 6.

This chapter treats the characterization and measurement of harmonic distortion of the
LMH6881 differential amplifier. The concentration will be on measuring the harmonic
distortion of single ended amplifier, differential amplifier with single ended output and
differential amplifier with fully differential output configurations. Measurement results for
both bench tests and radiated harmonic tests will be assessed and finally results will be
compared to recommend the best approach for lower level of harmonic distortions. The
design requirement of balanced broadband antenna elements for radiated harmonic tests will

also be presented.
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7.2 Reduced Even Order Harmonic from Differential Amplifier

Distortion on a device can either alter the amplitude and phase or can create spurious
frequencies that are not present in the main signal. Harmonic distortion is one form of the
latter types of distortion. Harmonics are unwanted frequencies generated by system
nonlinearities. They are multiples of the fundamental test frequency and generally the higher
the multiple, the less the amplitude of the harmonic. The second and third harmonics possess
the largest amplitude and hence these are the harmonics that are considered in the analysis of

nonlinear distortion [2].

If a single-frequency sinusoid input v; = V; cos wyt is applied to a general nonlinear network,

the output response can be expressed as a Taylor series in terms of the input signal voltage as

[3],

v, = ag+ a,Vycoswyt + anozcosszt + a3V03cos3w0t+ ............
1 2 3 3 1 2 1 3
= (ao + EaZV0 ) + (a1V0 + ZagV0 )coswot + EaZVO cos2wyt + Za3V0 cos3wyt + -+
(7.1)
Here, the DC Component = % a,
Fundamental Component at wy, = a1V, + %a3 Vo

2" Harmonic Component at 2wy = -a,V,

3" Harmonic Component at 3w, = ia3VO3

By taking Taylor Series expansion for both outputs (v,, & v,_) of a nonlinear differential
device with respect to its inputs, we get the simplified differential output (v,q = v,y — V,_)

equation as,

Voq = 105wyt + azcos3wyt + ascosSwyt + -+ (7.2)

This is because in the series expansion ofv,_, the odd-order output terms retain their polarity,

while the even-order terms are always positive. So, the input-output relationship is an odd
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function of the input difference voltage v;; and thus only odd terms appears in the Taylor
series expansion of v,4 in terms of v;4 [4]. This suggests that in an ideal fully differential
circuit, the even order harmonics get cancelled. But this is not that perfect case for real-life
circuits. However, differential topology significantly reduces even order harmonics and thus
improves linearity performance. This will be verified experimentally in subsequent sections.
Also radiated harmonics will be measured and compared using a single ended amplifier and
same differential amplifier with single ended output and differential output interface. Radiated

harmonic measurement comparison of this kind hasn’t been reported in literature until now.

7.3 Choice of Antenna Element for Radiated Harmonic Measurements

One of the key factors to measure the radiated harmonic distortions is the requirement of a
broadband antenna that has a stable radiation pattern at least from the fundamental frequency
to the frequency of third harmonic. Also, balanced antenna is essential for the true differential
feeding. To fulfil these demands, this measurement requires a broadband dipole/balanced
antenna configuration. The antenna should have a minimum bandwidth of 900 MHz to 2.7
GHz in order to respond to at least the 3rd harmonic. A dipole-type element is sought to
provide an omni-directional pattern in the x-z plane. Out of many kinds of dipole structures,
the bow-tie element offers the desired omni-directionality but has a limited bandwidth [5,6].
On the other hand, a disc-pole element offers good matching but can suffer from pattern
distortions at higher frequencies [7]. These two dipoles were designed and analyzed for
900MHz to investigate the theory. The structures are presented in Figure 7.1 and the
simulated results are shown in Figure 7.2. It can be seen that the printed bow-tie antenna has
an excellent omnidirectional pattern but possesses a very narrow bandwidth of about
100MHz. In contrast, the circular dipole is showing a very wide bandwidth but has very poor
radiation pattern just after 2.7 GHz.

‘ ‘ ‘ ‘ [ [ [ [ [ [ [ [ [ [

Figure 7.1: Bow-tie antenna (left) and circular dipole antenna (right) software model
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Figure 7.2: Simulated return loss and radiation pattern of bow-tie antenna and circular dipole

antenna

Thus, for the radiated harmonic experiment a Modified Bow-Tie (MBT) element was
considered as it offers a reasonable compromise between impedance and radiation pattern.
Therefore, a compromised shape of both bow-tie antenna and disc dipole was designed. Each
arm of the MBT dipole is half of an ellipse. The antenna was fabricated on 0.8mm thick FR4
substrate. The designed and fabricated model of the balanced MBT antenna is shown in

Figure 7.3.
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(a) - )
Figure 7.3: (a) Design model of the MBT antenna and (b) Fabricated MBT antenna

A monopole counterpart was also designed by putting one arm of the dipole on a large metal

ground plane. The simulated and measured return loss (S;;) and impedance on smith chart for

both antennas are shown in Figure 7.4.

e BT Monopole (Simulated)
==« = : MBT Monopole (Measured)
== BT Dipole (Simulated)
=== : MBT Dipole (Measured)

Return Loss (dB)

-50
0

1 2 3 4 5
Frequency (GHz)

(a) Simulated and measured S1lof MBT

(a) Simulated impedance view of MBT monopole (left) and dipole (right)
Figure 7.4: Simulated and measured return loss and simulated smith chart of MBT antennas
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It can be noticed that the MBT monopole and dipole antennas show an acceptable return loss
from around 900 MHz up to high frequency. Smith charts show that the impedance of the
MBT dipole is shifted around ~100Q from ~50Q impedance of the monopole MBT, as
expected according to theory discussed in Section 3.5. The radiation pattern of MBT dipole is
presented in Figure 7.5, which shows an omnidirectional pattern at 0.9GHz, 1.8GHz and

2.7GHz.
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Figure 7.5: Simulated radiation pattern of MBT dipole antenna at different frequencies.

7.4 Harmonic Measurement for Single Ended and Differential Amplifiers

The single ended ZFL-2500+ amplifier and the LMH6881 differential amplifier with single
ended output (similar to Figure 6.2 (a)) was measured in the bench using synthesizer and
spectrum analyser. A 900 MHz signal was generated and the input power level was increased
gradually from a low level till the amplifier went into saturation. The amplitude of the output
fundamental signal along with 2™ and 3™ harmonics was captured from the spectrum

analyser.

The Figure 7.6 shows the obtained results from this test. It can be noticed that the ZFL single
ended amplifier generates —36.7 dBc (decibels relative to carrier) 2™ harmonic while the
LMH differential amplifier is showing —53.35 dBc 2™ harmonic for an input power level of -
25 dBm. But these 2™ and 3" harmonics captured for LMH6881 differential amplifier were
almost similar to the harmonics generated by the Signal Generator itself until the saturation
point. Also it is well known, as shown in equation (7.1), the amplitude of 2" and 3"

harmonics increase by 2dB and 3dB respectively for 1dB increase in fundamental power.
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Harmonics of ZFL single ended amplifier shown in Figure 7.6(a) in almost maintaining the
trend as they are harmonics actually generated from the amplifier. But for the differential
amplifier, the harmonics are not increasing according to what is expected. The measurement
of harmonics generated from signal generator shows that those plots are actually harmonics
generated by the signal generator and the real harmonics generated by differential amplifier
are even lower. Even with these results, it can be seen that LMH differential amplifier
possesses better 2™ order harmonic distortion characteristics. In the next section, the
harmonic distortion level of LMH6881 amplifier with fully differential output configuration

will be compared along with these two amplifiers.
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7.5 Radiated Harmonic Measurement of Single Ended and Differential

Amplifier

In an audio or RF system, amplifiers are usually the major source of harmonic generation.
However, to measure the full system distortion, it is preferable to measure harmonics of
amplifiers while connected with antenna by the radiated harmonic measurement technique. In
order to measure at least the third radiated harmonic, the antenna and the spectrum analyser
both should have a minimum bandwidth from fundamental frequency to the frequency of
third harmonic. The broadband Modified Bow-Tie (MBT) antenna was designed to fulfil this

demand.

In this section, the radiated harmonics of the ZFL-2550+ single ended amplifier, LMH6881
differential amplifier with single ended output and the same LMH6881 amplifier with
differential output interface were measured. Amplifiers with single ended interfaces (ZFL and
LMH with balun) were connected to MBT monopole antenna and amplifier with fully
differential output interface (as shown in Figure 5.18(b)) was connected to MBT dipole
antenna. The dipole was placed right after the output resistors of the differential amplifier to
eliminate any transmission effect. Figure 7.7 presents the complete broadband active balanced

antenna configuration.

Figure 7.7: Broadband active antenna with balanced MBT antenna differentially fed by
LMH6881 amplifier.

The radiated power measurement was carried using the same procedure described in Section
6.4. Active antennas were placed 2.5m away from the receive horn antenna inside the

chamber, which is connected to a spectrum analyzer to observe the output signal. The output
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power levels for the fundamental frequency (900 MHz) and for the harmonic frequencies (1.8
GHz & 2.7 GHz) were captured from the spectrum analyzer. Figure 7.8 shows the

measurement setup of active antennas, with an inset on each showing the feeding technique.

(b) Differential amplifier feeding balanced antenna differentially (inset: feeding point)
Figure 7.8: Measurement setup of radiated harmonics using broadband (a) MBT

monopole & (b) MBT dipole antenna.
127



Chapter 7: Measurement of Radiated Harmonic using Broadband Active Balanced Antenna

Radiation pattern of both MBT antennas were measured to adjust the effective antenna gain to
the actual output power from the amplifier. Figure 7.9 shows the radiation pattern of the MBT
monopole and dipole and the direction of AUT towards the receive antenna during radiated

power measurement setup.
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Figure 7.9: Radiation pattern of the MBT monopole and dipole antenna in principle plane

The effective radiated power was calculated for each frequency using the Friis transmission
equation. The FSPL for 0.9GHz, 1.8GHz and 2.7GHz were calculated as 39.49dB, 45.51dB
and 49.03dB respectively. The harmonic distortions (HD) were measured by the difference
between fundamental and harmonics power levels. Figure 7.10 presents the fundamental and

radiated harmonic distortion power level for all three different active antenna configurations.
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(c) Radiated HD of LMH6881 with fully differential output interface feeding MBT dipole

Figure 7.10: Radiated harmonic distortion measurements of single ended and differential

amplifier feeding unbalanced and balanced antennas.
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7.6 Does Differential Approach Reduce Even Order Harmonics?

From the measurement results presented in Figure 7.10, it can clearly be seen that the
harmonic distortion level of LMH6881 feeding an unbalanced antenna was lower than the
single ended ZFL amplifier feeding the same unbalanced antenna. This radiated harmonic
measurement matches with the bench test illustrated in Section 7.4. Theoretically, it is also
anticipated that differential amplifier would have lower second harmonics but the interesting
part of this radiated measurement is that when the same LMH6881 differential amplifier fed a
broadband dipole antenna differentially, the distortion was even lower. The 3" radiated
harmonic before 1dB compression point (Plg,) was below noise floor of the spectrum
analyzer. In the same time, the gain of the fundamental signal was about 2 dB higher. Another
fact to be noticed here is that the sudden dip occurred near the saturation point in the radiated
power test with narrowband antenna in Chapter 6 (Figure 6.14) is not present in this
measurement with broadband antenna. Thus, it is evident that harmonic distortions in a
system can be significantly reduced by using fully differential interface. Figure 7.11 illustrates
the 2™ harmonic components in dBc for these different active antenna configurations. The

figure is clearly demonstrating lower 2" harmonic for amplifier with differential interface.
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Figure 7.11: Radiated harmonic distortion comparison of single ended and differential

amplifiers feeding unbalanced and balanced antennas.
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7.7 ACLR of Amplifiers Using Broadband MBT Antennas

The ACLR experiment was also conducted with the broadband MBT antennas. The radiated
measurement for ACLR was carried out for active unbalanced/monopole antenna and
differentially fed balanced/dipole antenna. The spectral plot of both active antennas for -
15dBm and -18dBm is shown in Figure 7.12 and the ACLR results obtained from that is
shown in Table 7.1. It can be observed that the ACLR with broadband antennas are providing
slight better performance than that with narrowband antennas with same amplifier and
configurations. LMH amplifier with fully differential output feeding MBT dipole antenna is
giving ~1.8dB higher ACLR compared to the LMH amplifier with single ended output

interface feeding a monopole MBT antenna.
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Figure 7.12: Spectral plot LMH6881 amplifiers with broadband MBT antennas, for single

ended interface and differential output interface.
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Table 7.1: ACLR of Broadband AIA for different output interface.

Single Ended | Differential Single Ended | Differential

Channels -18dBm -18 dBm -15 dBm -15 dBm

Main Channel -62.7 -60.6 -59.7 -56.4

Lower Adjacent Channel (dBm) -84.9 -84.8 -79.9 -78.4
Upper Adjacent Channel (dBm) -85.0 -84.4 -78.9 -76.5
Lower Alternate Channel (dBm) -85.7 -86.2 -84.0 -83.9
Upper Alternate Channel (dBm) -85.7 -86.1 -84.3 -82.8
ACLR (5 MHz Offset) (dBc) -22.2 -24.0 -19.7 -214
ACLR (10 MHz Offset) (dBc) -23.0 -25.6 -24.5 -27.3

7.8 Summary

In previous chapter, characterization of in band distortion of amplifier was considered using
narrowband antennas. In this chapter, the harmonic distortion characteristics of LMH6881
amplifiers feeding broadband antennas have been explored. A broadband balanced antenna
was designed with stable impedance and radiation pattern to satisfy the requirement of
measuring radiated harmonic distortion. Harmonics of the single ended amplifier and
differential amplifier with single ended output were measured in the bench. Then, these two
configurations and the differential amplifier with fully differential output interface were
measured with radiated measurement techniques. It has been experimentally proven that a
differential amplifier generates lower harmonic distortions compared to a single ended
amplifier. It has also been demonstrated that harmonic of same differential amplifier was
reduced just by using differential interface, rather than single ended interface with a balun.
The measurement results presented in this chapter have confirmed that differential amplifier
feeding a balanced antenna differentially can significantly reduce harmonic distortion of a

system.
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Chapter 8

Conclusion and Future Works

The research outline was set to explore the benefits of differentially fed active balanced
antenna and the potential of this approach in future communication system. The study began
with a comprehensive literature review into active antennas. To underpin the study of active
antennas, an investigation into practical antennas for wireless applications resulted in a novel
method of compensating ground plane effects followed by a novel approach of antenna
measurement technique. Broadband differential amplifiers were then reviewed with a view to
feed balanced and unbalanced antennas for demonstrating the potential of differential feeding
technique over the conventional one. A detailed summary of the contributions of this research
study is presented in Section 8.1. The discussion is concluded with some remarks in Section
8.2. Besides the key contributions, this study has also identified several interesting areas for

future work, which is explained in Section 8.3.

8.1 Key Contributions of This Thesis

Empirical study of differential amplifiers and antennas has answered the fundamental
research questions arose in the process of this research. Those questions will be reviewed in
this section, summarising the answers provided by this thesis. These answers are the

reflection of the key contributions of this research work.

(i) Why does differentially fed balanced antenna approach need to be explored?

A comprehensive literature review on active integrated antenna has been presented in Chapter
2. It can be noticed that researchers and circuit designers have always been giving efforts to
minimise losses from microwave circuits. Their efforts in early 1960s projected that

integrating active elements directly into the antenna significantly compensates transmission
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losses and substrate losses while providing better antenna bandwidth [1-2]. Due to their
compactness and better performance active antennas are extensively used in communication
industry. In 1965, Kurokawa reported balanced amplifier with various advantages [3]. The
improved linearity and distortion characteristics made balanced amplifier a prominent
research topic amongst researchers and the technology advanced in a distinct surge. This
technology has now reached in a stage where differential circuits are the preferred choice for
CMOS RFIC designs [4] due to their relatively lower loss and excellent noise immunity. In
the other sector of RF industry, antenna researchers have demonstrated superiority of
balanced antenna over its unbalanced counterpart. It has been proven by plenty of
experiments that balanced antenna reduces the unintended user effects when users hold the
handset adjacent to their body [5-7]. It also offers higher efficiency and stable radiation

pattern in the vicinity of human head or hand [8].

After this review, it is evident that an active balanced antenna fed by differential amplifier
would offer considerably better performance in RF circuit design. Despite all these advantages,
recent published works [9-11] show that researchers still tend to avoid balanced circuits and
antennas. Although the RFIC industry widely uses differential interface, but they use single
ended PAs and LNAs for the feeding part because the antenna industry still wants to stick to
the idea of conventional 50Q interface. Several research works have been conducted in recent
years [12-14] on this topic but almost all of them were either not with a true differential feed or
included balun. The benefits of using a true differential amplifier fed by a balanced antenna as
a receiver have been demonstrated recently [15]. Thus this promising research area of

differentially fed balanced transmit antennas needs to be explored.

(i) Does ground plane of an antenna have any effect on its performance and can

it be compensated?

The modern wireless devices demand smaller and compact antennas, where the metallic body
of the device usually acts as a ground plane. Conventional design approach is therefore for an
‘unbalanced’ antenna with a finite ground plane. An ideal ground plane is perfectly
conducting and infinite in extent. But real ground planes are finite in size and can be
responsible for distorted radiation pattern [16]. In Chapter 3, the ground plane effects on a
planar and reduced height monopole antenna have been studied. Simulation and measurement

results suggested that antenna radiation pattern could be significantly influenced due to the
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current flow on its ground plane. At the beginning of the experiment, a substantial change was
observed just by reducing the height of the ground plane of a designed planar antenna. It was
then demonstrated that ground plane effects can be compensated by introducing slot cut to
limit the flow of current on the ground plane. A truncated slot line in the ground plane at
quarter wavelength distance from the antenna triggered some alteration in the radiation
pattern and impedance matching of the antenna. After that a ‘choke-slot’ was introduced and
that completely eliminated the null and degradation the antenna had with a solid ground plane
structure. This provides evidence that antenna ground plane can affect the radiation
performance of an antenna. Therefore, design of antennas for small portable devices needs to
encompass the whole structure — and cannot simply introduce a ‘radiating’ element avoiding
ground plane structure. However, it has been proposed in this thesis that the antenna designers

can apply techniques to control the ground plane current and limit any degradation.

(iii) Is it possible to measure wireless devices ‘wirelessly’ in modern anechoic

chamber?

Modern antenna test methods inside the anechoic chamber require a cable to be attached to
the device under test (DUT). But attaching a cable to a small device containing an integrated
antenna can lead to erroneous results. To avoid these unwanted effects the antenna should be
measured in a ‘wireless’ condition. In Chapter 4, a novel antenna measurement method has
been demonstrated overcoming the need to connect a cable to the DUT. Radiation pattern of a
simple 2.4 GHz dipole antenna was measured using the proposed injection locking technique.
To provide a locking signal from the VNA, a directive horn antenna was placed facing
towards the DUT. A local oscillator on the device under test was synchronized to the injected
signal. The test setup was arranged in such a way that the injected signal remains locked
throughout the whole radiation pattern measurement. The radiation pattern of the DUT was
measured conventionally by attaching a cable and then by using proposed injection-locking
technique without any cable attached. The measured radiation pattern for a low power
injected signal was seen to be close, or even better, compared to the conventional
measurement. This result indicates that it is possible to measure a battery operated wireless
device in anechoic chamber without any cable connection by using this alternative novel

method for antenna radiation pattern measurement.
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(iv) Can higher power and linearity be achieved by adopting differential feeding

technique?

A differential amplifier, LMH6881, used in active antenna investigations was characterized in
Chapter 5. Two different output interfaces were developed using the same commercially
available RFIC and biasing components. The single ended output interface consisted a balun
to transform differential signals into single-ended signal to carry out measurements using
standard measurement equipment. Another LMH6881 amplifier was designed with fully
differential output interface without balun at its output port. The frequency response and
power of these two amplifiers were measured and compared. Amplifier with single ended
output was measured with 2-port VNA and same amplifier with differential output interface
was measured with 4-port VNA. The frequency response showed that the 2-port measurement
does not possess a stable differential gain, introduces loss and the gain rolls of after 1IGHz
(Figure 5.19). In contrast, the fully differentially measured amplifier provided double gain
(~3dB higher) compared to the gain at each port throughout the measured bandwidth up to 2.5
GHz (Figure 5.20). In the case of power sweep measurement, differentially measured
amplifier also demonstrated ~1.5dB higher output power and higher linearity (Figure 5.23).
The amplifiers showed similar performance in the radiated power measurement in Chapter 6
(Figure 6.14). Differential amplifier feeding balanced antenna showed higher gain, output
power and greater linearity. These measurements were carried out to relate the performance of
a same amplifier having single ended and differential output interfaces. Empirical analysis has
demonstrated that higher power and linearity can be achieved using same components by

adopting differential feeding technique.

(v) Is it possible to achieve further improvement in power & linearity by lowering

the load impedance?

After some promising results from differential output interface, an investigation was carried
out to find whether further increase in linearity is achievable by this promising technique. The
Ohm’s law was implemented and the output resistance was changed. Measurement was

carried out in the bench and as well as in the anechoic chamber with different antennas
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integrated to LMH amplifiers. A significant improvement in OPlg4g, hence, linearity was
observed for smaller output impedance (Figure 6.10). In the radiated measurement, it was
noticed that the amplifier delivers the maximum power and gain when the output impedance
is matched to the load impedance (Figure 6.16). The outcome suggests that a differential
amplifier with low output impedance feeding a low impedance transmit antenna can deliver

substantial improvement in output power and linearity of the system.

(vi) Does active balanced antenna produce less distortion than its unbalanced

counterpart?

The excellent distortion characteristics of LMH6881 with differential output are another
reason to look into the potentiality that differential interface can offer. The distortion level of
LMH differential amplifier with single ended output and differential output was explored in
Chapter 6 and Chapter 7. The IMD test of amplifier with single ended output was performed
in the bench and the result was compared with a commercial single ended ZFL-2500+
amplifier. More than 10dB decrease in IMD; product was realised for the differential
amplifier (Figure 6.2). The input third order intersect point was also excellent for the

differential one.

In Chapter 7, the radiated harmonic distortion measurement was performed using three
different amplifiers; ZFL true single ended, LMH differential with single ended output and
LMH differential with differential output interface. The LMH differential with single ended
output showed lower harmonic distortion compared to ZFL single ended one, which is
expected from a differential amplifier. But the exciting part of this radiated measurement was
that when the same LMHG6881 differential amplifier fed a broadband dipole antenna
differentially, the harmonic distortion was even lower. Thus, it can be assured that
differentially fed active balanced antenna can be the best choice for applications demanding

lower harmonic distortions.
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(vii) Does this differentially fed balanced antenna approach possess any benefit for

future mobile communication system?

To satisfy the ever increasing demand of mobile consumers, RF components have to maintain
incredibly high performance with minimal distortions. In 4G technology such as LTE or
WCDMA, the modulation becomes more complex and the nonlinear effects have to be
measured by Adjacent Channel Leakage Ratio. The ACLR of the LMH amplifier with both
output configurations were measured and analysed. In Chapter 6 the measurement was carried
out inside the anechoic chamber while the amplifiers were attached to narrowband antennas.
The differentially fed active antenna provided ~1.3dB better ACLR in that measurement
(Table 6.6). In Chapter 7, the ACLR measurement was done with broadband antennas and the
differential interface illustrated about 1.8dB improvement (Table 7.1). It might not be a
substantial improvement but about 2dB increase in ACLR for the same device with different

interface is noteworthy.

8.2 Conclusion

The research work has been conducted to ascertain the benefits of differentially fed active
antennas over the conventional feeding techniques. Empirical study has demonstrated the
superiority of differential feeding in every aspects of performance characterizations. But the
RF industry is still stuck at the ‘bottleneck’ of a 50€2, unbalanced interface. After analyzing
all the measurements on differential interface carried out in this thesis, it can be concluded

that is it time to re-evaluate the industry standard interface of antennas and RF circuitry.

8.3 Suggestions for Future Work
This thesis has consolidated an extensive amount of measurement data and provided adequate

evidence of better performance of differential amplifier with fully differential interface.

Throughout the course of this research few areas of further research work were identified.
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In Chapter 3, ground plane effect of a mobile antenna with finite ground plane was
investigated. It was realised in the measurement that even after compensation the
measured radiation pattern was a little distorted as the essential balanced antenna
(Figure 3.15 (a)) was fed by conventional coaxial cable. Ideally if that antenna could
be measured with a differential amplifier feeding, that distortion could be eliminated.
The slotted ground plane antenna was initially designed to work at PCS 1.9 GHz
frequency and the LMH6881 amplifier adopted in active antenna work had a poor
impedance matching and gain at that frequency. Therefore, the measurement was
discarded. Further investigation could be pursued by designing an antenna with finite
ground plane matched within the frequency bandwidth of the differential amplifier and

the ground plane effect of a fully differentially fed mobile antenna can be investigated.

In Section 6.5, a significant improvement in linearity was perceived for an amplifier
with low output impedance (Figure 6.16). The outcome suggested that a differential
amplifier with low output impedance feeding a matched low impedance transmit
antenna can deliver significantly improved linearity and higher power. Attempts were
taken to design a low impedance resonant loop antenna by compensating its high
reactance by using lumped elements. But because of time constraints, it couldn’t be

investigated any further. This can be an excellent direction of future work.

A limitation of this work is that it has been mostly a measurement based research
work. To compare the measured data with simulations, the amplifier can be modelled
in Agilent Advanced Design System (ADS) software or AWR Microwave Office.
Then by importing the antenna data from CST Microwave Studio the integration can
be realised in ideal software environment. This will validate the measured data more

strongly.

It was noticed that in the harmonic measurements conducted in Section 7.4, the
harmonics generated by the differential amplifier were almost similar or even lower
compared to the harmonics generated by the signal generator itself (Figure 7.6). Thus
the real harmonics generated by the amplifier was not possible to measure. This can be
overcome by designing a RF filter for those harmonic frequencies and then using that

to filter out harmonics generated by the signal generator.
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A commercially available voltage controlled oscillator (VCO) was used to measure
device wirelessly in Chapter 4. The Z-communications SMV2490L oscillator has a
buffer amplifier, which might have caused a poor locking bandwidth. A VCO can be
designed in order to achieve a better locking bandwidth to gain greater flexibility in
cable less radiation pattern measurement. Also a VCO with differential output can be
constructed to measure balanced antenna and differential circuit by this novel

measurement technique.
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