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Abstract— The manufacturing industry is regarded as one
of the most demanding verticals with respect to URLLC
requirements. A Device-to-Device (D2D) communication
system is a key enabler that has been introduced to support
URLLC. To enhance spectrum utilisation, D2D links can
share access of radio spectrum resources occupied by cellular
users. Spectrum reuse may result in performance degradation
due to mutual co-channel interference of co-existing cellular
and D2D users. Resource sharing in a D2D-based cellular
network for wireless industrial applications is investigated in
this paper. The presented schemes aim to maximise the overall
system throughput while maintaining the Quality of Service /
Experience (QoS/ QoE) requirements. Interference is managed
by jointly considering admission and power control based on
the relative distance between devices. A priced-Deferred
Acceptance (p-DA) scheme with an incentive-based stability
is developed to match D2D wusers to cellular resources.
Numerical simulations show that the p-DA scheme is able to
achieve better performance than the conventional DA
algorithm and is close in performance to the presented
centralised optimisation approach.

Keywords— URLLC, Distributed Algorithm,
Theory, Radio Spectrum Management, 5G and beyond.
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L INTRODUCTION

Ultra-Reliable Low Latency Communication (URLLC) is
one of the important use cases for 5G and beyond technologies
in addition to massive machine-type communication (mMTC)
and enhanced mobile broadband (eMBB) [1]. URLLC systems
support real-time communications and mission-critical
applications such as factory automation and control for
Factories of the Future (FoF), autonomous vehicles and
remote surgery. These applications have strict Quality of
Service (QoS) and Quality of Experience (QoE) requirements
in terms of latency and reliability. Reliability in this context
refers to guaranteed message delivery within the maximum
allowable latency value and is typically expressed as a target
maximum block error rate (BLER) or packet error ratio (PER)
depending on the layer of the communication protocol stack.
5G and beyond wireless technologies are expected to provide
performance improvements to enable these applications and
services [2].

The manufacturing industry is regarded as one of the most
demanding URLLC use cases with latencies typically in the
order of milliseconds and a reliability figure of at least
99.999% (translated as a PER not higher than 107) [2]. The
inconsistency between the growth in the number of smart
devices and constraints on bandwidth for industrial wireless
networks is becoming increasingly apparent in smart factories
[3]. Achieving ultra-high reliability and ultra-low latency pose

challenges in terms of bandwidth requirements. The scarcity
of radio resources and the limitations on the available system
bandwidth make spectrum sharing a necessity [4].

Device-to-Device (D2D) communication systems have been
introduced a promising solution for URLLC uses-cases,
especially for proximity communication (e.g. machine-type
communication within a factory [5]). Factory automation
typically involves closed-loop control systems that comprise a
number of sensors and actuators (e.g. a robot) and a central
controller (e.g. programmable logic controller, PLC).
Typically, a sensor sends its measured data to a PLC, which
then instructs an actuator to implement a certain action [6].
These devices have the potential of benefiting from direct
device-to-device communication because they usually operate
in proximity to each other. With a D2D system, proximal
devices can bypass the network infrastructure and
communicate directly. Integrating D2D into future industrial
wireless networks and next-generation manufacturing (also
referred to as Industry 4.0, smart industry or FoF), can support
the creation of massive machine-type connections [7]. In
addition to supporting URLLC communication requirements,
a D2D communication system can improve spectrum and
energy efficiencies as well as the overall network capacity [8].

D2D communication links deployed in the licensed
spectrum bands have gained a lot of attention because of their
reliability in terms of QoS guarantees that can be attained in
comparison to the case of unlicensed bands which are
unregulated and uncoordinated. Spectrum access by D2D links
in a licensed band can either be implemented using shared
channels with cellular users or alternatively using dedicated
channels. Spectrum sharing is receiving increased interest due
to the high cost associated with the license fees and the
scarcity of dedicated radio resources [9]. Furthermore,
spectrum efficiency in 5G systems will depend on developing
sharing techniques to offload the already congested network
and expand capacity. The main challenge to spectrum sharing
schemes is how to deal with mutual (co-channel) interference.
Therefore, new spectrum sharing schemes are essential to
satisfy target QoS / QoE requirements of coexisting users. To
maximise user density while mitigating interference in a
wireless industrial network, appropriate radio resource
management solutions need to be developed for such ultra-
dense wireless industrial networks.

Centralised optimisation methods have gained popularity
over time and have been widely explored by researchers to
address the above-mentioned D2D challenges in many
wireless networks. Radio resource management for D2D-
based vehicular communications was considered in [10] and
[11]. In [13]10, the authors proposed a heuristic centralised
scheme for maximising the sum rate of cellular users by
transforming the reliability and latency requirements of



vehicle-to-vehicle communication (V2V) into computable
optimisation constraints. The authors in [11] designed a
minimum vehicle-to-infrastructure (V2D capacity
maximisation framework to improve the overall throughput. A
joint mode selection, power and spectrum allocation were
proposed in [12] with the aim of maximising the total sum
rates for varying network load.

The large-scale nature of the target environments and the
introduction of increased numbers of Internet of Things (IoT)
devices such as in smart factories pose a limitation on the
adoption of a centralised approach because a large amount of
information exchange is often required leading to increased
complexity and signalling overheads [13]. Since IoT
environments are characterised with some level of
intelligence, a distributed resource management mechanism
that supports self-organisation and more specifically self-
optimisation is required.

Game theory approaches such as "matching game", also
known as the stable matching problem or the stable marriage
problem (SMP) provide a framework that allows devices and
entities to make some form of interdependent choices. SMP
has the potential of achieving a distributed resource allocation
scheme resulting in an efficient self-organising network
(SON). In SMP, each player (i.e. in our context a user
equipment (UE) in a wireless network) can define their own
utility function based on the local information they have from
other players [14]. The deferred acceptance (DA) algorithm is
often used to solve SMP [15]. The DA based algorithm can be
implemented as a distributed solution with local information
without requiring a centralised controller or coordinator [14].
Matching game algorithms have been applied to address
resource allocation problems in D2D-based networks [16-21].
In [16], the authors used the DA algorithm to associate D2D
pairs to cellular resources and introduced the concept of
‘cheating’ to allow further improvements for D2D pairs. The
authors in [17] developed a proximity-based matching game to
maximise system rate but did not consider the actual channel
condition. A constrained-DA algorithm was proposed in [18]
to assign pre-allocated macrocell users subchannels to
multiple D2D users and remote radio head (RRH) users. The
authors in [19] proposed a decentralised spectrum allocation
scheme to maximise the D2D sum-rate but only focused on
protecting the cellular users from interference posed by the
D2D transmitter. The interference from a base station to a
D2D receiver was not considered. In [17-19], no power
control was implemented.

In this paper, we investigate and compare centralised and
distributed resource allocation schemes for a D2D-enabled
cellular network with the aim of maximising the overall
system throughput in an industrial environment targeting
factories of the future (FoF). We present a model consisting of
D2D users (DUEs), which are industrial devices enabled for
direct D2D communication, and cellular users (CUEs). The
D2D links are to share channel resources with the cellular
users given that the target QoS requirements are satisfied. The
CUE and DUE links are characterised by minimum Signal-to-
Interference-plus-Noise-Ratio  (SINR)  requirements  to
guarantee a minimum data rate. Additionally, the DUEs have
minimum reliability requirements which are ensured by
maintaining the outage probability below a certain threshold.
The resource allocation problem is first formulated using a
centralised optimisation approach namely a Mixed Integer
Non-linear Programming (MINLP) problem which is NP-hard
and cannot be solved directly. A distributed approach is then
introduced based on the SMP framework. The problem is
formulated as a one-to-one two-sided matching game and the

DA algorithm is used to find a stable matching between
admitted DUEs and CUEs. We then develop a priced DA (p-
DA) algorithm with incentive-based stability to improve
resource-sharing and D2D access rate. The centralised
approach assumes the knowledge of channel state information
(CSI) of all links at the base station. Therefore, the centralised
optimisation algorithm is considered to be the upper-bound in
terms of signalling overheads. The centralised approach can,
however, give an optimal performance compared to the
distributed approach [12] and is therefore used as the reference
scheme for comparison. The main contributions of the paper
can be summarised as follows:

e We jointly consider admission and power control to
determine the feasible sets of CUE-DUE pair that meet
the minimum QoS requirements. To guarantee the
minimum SINR requirement, co-channel interference of
the CUEs and DUEs is mitigated based on the distance
between the signal link and interfering link so that those
users resulting in large interference are avoided. To
increase the feasibility of obtaining potential sets of CUE-
DUE pair, the set of power pairs that satisfy the distance
metric for potential reuse partners are first obtained.
Subsequently, the set of power pairs that guarantees the
reliability requirement of the DUESs are then obtained. The
optimal power allocation that maximises the sum
throughput of the CUE and DUE is finally identified.

e To assign DUEs to cellular resources with guaranteed
minimum QoS, we present a matching game solution
using the priced-DA (p-DA) algorithm with an incentive-
based stability to improve the resource sharing. A
centralised approach is developed and used as a baseline
for comparison as well as DA and random resource
allocation algorithms.

e Numerical analysis is used to compare and evaluate the
performance of the different presented schemes in terms
of computational complexity and signalling overheads

The rest of the paper is organised as follows: In Section II,
we present the system model and formulate the problem. In

Section III, we discuss the resource allocation problem and

present different schemes. Examples of numerical analysis and

simulation results are presented in Section IV. Finally, the

main conclusions are presented in Section V.

II. THE SYSTEM MODEL

We consider the uplink of a D2D-enabled cellular network
for an industrial factory scenario as shown in Fig. 1. The
network is composed of N cellular users (CUEs) and M D2D
users (DUEs) deployed randomly. The DUEs are
sensors/actuators which are enabled for direct D2D
communication and are deployed along the production lines or
placed on the robots. The UEs are considered to be static or
quasi-static. € = {cq, ..., ¢;, ...cy} denotes the set of CUEs
with minimum SINR threshold values to guarantee the data
rate requirements. The DUEs are URLLC links denoted by
the set D = {dl, o, dj, ...dM} with minimum SINR and
reliability requirements. The reliability constraint is
guaranteed by controlling the outage probability through
setting the received SINR to a minimum target value.

The network is served by a set of orthogonal sub-channels
which are pre-assigned to the CUEs but can be reused by the
DUE links once the minimum QoS requirements of CUEs and
DUEs are jointly satisfied. We assume one-to-one spectrum
reuse between DUEs and CUEs in uplink frequency division
multiplexing (FDD). Interference generated by DUE
transmitters in the uplink resource-sharing mode only affects
the base station.



The propagation channel gains for the different links can be
expressed as follows:
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Fig.1. An Illustration of a D2D-enabled cellular network

where h.p, is the channel gain from CUE ¢; to the macro-
base station (MBS), B. The channel gain from DUE link d; of
transmitter dy to the receiver dp is hg,. q,, the channel gain of
the interference link from dy to the base station is hy, 5 and
from CUE ¢; to DUE d; receiver is hcg,. Gy is the pathloss
constant determined by system parameters, y,, is the small-
scale fading gain due to multipath propagation and assumed to
have an exponential distribution with unit mean. The large-
scale fading is composed of pathloss with exponent a; and
shadowing which has a slow fading gain x4, with a log-
normal distribution. Lg, is the distance from terminal g to
terminal 7 .

The received SINR at the base station B from CUE c; and at
the DUE d; receiver dp is as follows:
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where F; and de are the transmit powers of CUE c¢; and DUE
d; respectively, o2 is the variance of additive white Gaussian
noise of each channel. }\]"- € {0,1} is the resource reuse

indicator, }\} = 1if DUE d; reuses CUE ¢; subchannel and
otherwise is 0.

D2D links have the potential to enhance spectrum utilisation
and increase network capacity however proper interference
coordination must be ensured to harvest these benefits. For
efficient D2D communication, the minimum SINR and
reliability requirements of a DUE must be satisfied while
guaranteeing the minimum SINR of a coexisting CUE. The
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tolerable outage probability, pg,. The outage probability
constraint, pg, is given in (4) where Pr{.} denotes the
probability of the input and Fdj’mm is the minimum target
SINR for d;.

pr = Pr (Fdj < l—‘dj,min) < PR, 4

For a D2D-enabled cellular network with a fixed number of

subchannels K, the optimisation objective is to maximise the
overall system throughput 7. This is formulated as follows
using Shannon capacity:
maxyp p, T = Wil Zeyec(loga(1+Te,) + L, epshjlogz (1 +

Ta;)))

&)
subject to

Iy, = Teymin v¢ €C (5a)
Ta; 2 T min vd; € DE (5b)
AXpg < pg, vd; € DF (5¢)
P, < P, max v¢ €C (5d)
Pu; < Pu;max vd; € DE (5e)
Yeecki <1 vd; €DE (56
zdjEDEA;i <1 v¢ €C (52)

where W; is the bandwidth, DE (D® € D) denotes the set of
admissible DUEs, T, i, is the minimum SINR for ¢;. P, max
and de’max denote the maximum transmit powers of ¢; and d;

respectively. Constraints 5(a) and 5(b) are the minimum SINR
requirements for ¢; and d; respectively. Constraints 5(c) is the
outage requirement for a valid matching between ¢; and d;.
Constraints 5(d) and 5(e) are to guarantee that the transmit of
powers of ¢; and d; lie within the acceptable limits.
Constraints 5(f) and 5(g) ensure a one-to-one assignment
between CUEs and DUEs.

The optimisation problem in (5) is a Mixed Integer Non-
linear Programming (MINLP) which is NP-hard. Direct
solution to this problem is difficult to obtain. The problem is
therefore solved by decomposing it into sub-problems as
described in the following section

III. THE RESOURCE ALLOCATION PROBLEM

The network throughput optimisation problem presented
above is solved by dividing it into two sub-problems. In the
first step, the admission and power control are jointly solved
to determine whether ¢; and d; are potential resource-sharing
partners. The optimal power allocation that maximises the sum
throughput is then obtained. Subsequently, the matching
between the CUEs and DUEs is implemented to find optimal
reuse partners.

A. Joint Power and Admission Control

The optimisation problem in (5) is solved by first
determining whether a DUE is admissible by a CUE.
For a DUE dj to share resources with a CUE c;, constraints
5(a) to 5(e) must be satisfied. Relaxing the channel assignment
constraints, we have the following:
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PciZc,BLC’Bl
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I, o2+ desz_BLd?’ZB 2 [eymin 6(a)
Py lardglasy
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Pr = Pr (Tg; < Tg;min) < Pr, 6(c)
Pci < Pci,maxr de < de,max 6(d)

Equations 6(a) and 6(b) indicate that the received SINR at
the base station B and at d; must be greater than minimum



target threshold values. Considering the relative distances

between all participating devices and base station:
a1

LdT.B =N (Lc,B)“_z
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where
Al _ derczi,minZdT,B )(Iiz
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a
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= 4
2 PCi(dT,dR
Setting a; = a, and a3 = ay, (7) becomes:
{ Lyrp = ALcp @)
LC,dR = AZLdT,dR

From (8) we can infer that the distance of the interfering link
should be greater than the distance of the intended signal link.
Therefore, to mitigate interference and guarantee the minimum
SINR requirements of ¢; and d;, the relative distance between
DUE d; transmitter dy and the base station B should be
greater than the distance between the CUE c; and the base
station B. Similarly, CUE c; should be at a larger distance
from DUE d; compared to the distance of the DUE link.

We next determine the power allocations for which (7) is
valid. The power pair extrema values that can be allocated to
¢; and d; while satisfying (7) are given in (9). For [,y to be
satisfied, the minimum transmit power of ¢; and the maximum
transmit power of d; are expressed in 9(a) and 9(b). Similarly,
for the SINR threshold
minimum transmit power of d; and the maximum transmit

power c; are expressed in 9(c) and 9(d).
Fci,min(o'2 + th,Bde,max)

l"dj,min to be guaranteed, the

Pci,min = heg ()
pe _ h¢,BPcjmax — UZFci,min 9(b)
djmax — h r .
dr,B! cjmin
I‘dj,min(ﬁz + he,dpPe;max)
de,min = hed 9(c)
TAR
hardgPd ;max = 0Td; min
d — TR % i
Peimax = 9(d)

hc,dRFdj,min
P and Pp denote the set of transmit extrema power values for
¢; and d; respectively.

Pc= {Pci,maxr Pc?,maxr Pci,min} 10(a)

Pp = {de,max: Pt;‘j,maX' de,min 10(b)
The possible set of power pairs for ¢; and d; to share the same

sub-channel is the Cartesian product of P. and P, and
expressed in (11) as

Pep =Py X P. =
{(Pci,max ’ de,max) ’ (Pci,max ’ Pdcj,max) [ (Pci,min ’ de,min)}
11

The invalid power pairs are eliminated from P;p so that 6(d)
can be satisfied. A power pair is invalid if any of the transmit
powers in the pair exceed P, maxs de,max. This is due to the
dependence of the transmit powers in (9) on the channel
conditions. For example, if the interference power is higher
than channel gain, P, i, tends to rise to compensate for the
poor channel condition in order to meet the minimum SINR
requirement [22].

Let P;p denote the set of invalid power pairs, Pcp C
Pepi ¥ (P, de) € Pep, Pe; > Peymax Or de > de,max or both
and P denote the set of valid power pairs.

P> = Pep = Pip 2 {(P P )us s (P P )i} (12)
where F = |Pgp|.

Having obtained the set of valid power pairs, we proceed to
obtain the set of power pairs for which the minimum SINR
threshold values for ¢; and d; are guaranteed as described in
Lemma 1.

a
Lemma 1. Denoting f; (P, de) 2 Ay(L,p)* and

az
f2(Pe,, Pd].) 2 Ay (Lgg,ap)% Pep is the set of power pairs for
which the minimum SINR of ¢; and d; are satisfied, where

G =|P (,,'Dl-

Poo 2 {(FePay), o (P Pi) ) =

Lars 2 fi(Pey Pa)
Lc,dR = fz (Pci' de)

(P, Pa)) € Pip

(13)

The reliability constraint 6(c) is next evaluated. Reliability is
expressed in terms of the outage probability. The outage
probability of DUE d; is defined as the probability that the
received SINR Fdj, falls below the minimum SINR, Fdj,min
and expressed as [23].

Td;min

Pr(Ty, < Tapmin) = J, 7™ £y Ca)dTa; = Fy(Taymin) (14)
where f,(.) and F,(.) denote the probability distribution
function (PDF) and cumulative distribution function (CDF)
respectively. The outage probability of DUE d; conditioned on
the selected CUE c; is expressed as:
Pr = Pr(Ta; < Tuymin)

Tg . min®”

Py .gdr,dgexp (= 7
_ j74T AR Pa;9dr.dg

—1- < i, (15)

Pa;gar.dg +Ta;minPc;gc,dg

where gg4,.q4,=G3 )(dT'dRL;:de and gcq.=Gy )(C,dRL;;‘;. It is
assumed that y.p and Y4, 4, are independent and identically
distributed (i.i.d) exponential random variables.

Having obtained the set of power pairs, P/, for which the
minimum SINR of ¢; and d; is satisfied in (13), the solution to
the reliability constraint of d; is expressed using the following
Lemma.

Lemma 2. Denoting f3(P,, de) 2 pp, the set of power pairs,

P§, that satisfies the minimum outage probability of d;, for a
pairing between ¢; and d; with minimum SINR requirement
can be expressed as

P.,Py) <
Ph 2 {(PEPE) .. (PEPE) }= {fg( o Fay) Pay
/1 L 7/ H (Pci' Pd]) € PCD
(16)
where H = |P&,|. The minimum QoS of ¢; and d; can be
satisfied from (16) and expressed using Lemma 3.
Lemma 3. CUE ¢; and DUE d; are potential resource-sharing
partners if P&, # @.

Having addressed the admission and power control to satisfy
the minimum QoS requirement for a pairing between c; and
d;, we then proceed to evaluate the optimal transmit powers
for CUE ¢; and DUE d; that maximise the sum throughput.
This can be expressed as follows:

(B, Pi) = arg max [W;(loga(1 +T,) + l0gy (1 + Ty, )]
: a7
subject to (6a) — (6d)

The optimisation problem in (17) aims at finding the power
pairs within the set P%), that maximise the sum throughput of
¢; and d; and expressed in the following Lemma.



Lemma 4. Denoting f,(P,, Pd].) 2 Wi(logo (1 + ) +
log, (1 + Fdj) ), the optimal power pair (F7, Pd*]_) in (17) is:
(Pc*i, Péj) =arg max o f4(Pcir de) (18)
PeyPa;) € PEp
From the above Lemma, it is shown that for a pair (7, P;J.),

either the CUE or DUE has to transmit at peak power to
maximise the sum throughput as will be also shown in the
example simulation results below.

B. Matching Between CUEs and DUEs

After identifying the resource-sharing pairs satisfying
minimum QoS requirements and the optimal power allocations
to maximise sum throughput, we now aim at finding the
optimal reuse partner for the CUEs ¥ ¢; € C  with multiple
reuse candidates. Let R,‘_{. be the set of reuse (or admissible)
DUEs for CUE c; and Réj be the set of CUEs that d; can

share resources with.

We refer to CUEs (DUEs) with RZ # @ (jo #0 ) as
eligible CUEs (admissible DUEs). The set of all admissible
DUEs, D®={R UR{U..URLY2{d,....d},...,dp}
where m = |DE| whereas the set of all eligible CUEs,
C*={RG, U RG, V..U RG,}2{c1,,Cpymr, Cp} where
n = |CE|.

The resource allocation constraint for multiple eligible CUEs
and admissible DUEs is given as

Zdjenmx} <1 v¢; €CE

YeecEN <1 vd; € DE

To identify the optimal resource-sharing partners, we present
two main approaches: centralised and distributed. In the
centralised approach, the base station requires the full
acquisition of channel state information (CSI) of all links and
the minimum QoS requirement of each user equipment (UE).
For CUE-BS and DUE-BS links, the CSI is measured at the
BS while for UE-UE links, the parameters can be estimated at
the DUE receivers and reported to the BS via a control
channel. This increases the amount of signalling overheads.

The distributed approach is device or user-centric. The UEs
are capable of making resource management decisions based
on local information without relying on a centralised
controller. The DUEs measure their received SINR values
based on local information. There is, therefore, no requirement
for feedbacks to the BS. The BS only measures the received
signal and interference power from the CUE c¢; and DUE
transmitter dy.

The joint power and admission algorithm to determine the
set of eligible CUEs and admissible DUEs with guaranteed
minimum QoS requirements is described in Algorithm I.

We now present and compare the different approaches for
resource allocation namely centralised, random and game
theoretic schemes.

19

1. The centralised algorithm:

The optimal resource sharing partner for CUE ¢; is DUE d;
that achieves the highest sum rate. When DUE d; € DE
reuses the resource of ¢; € CE is the sum throughput and
expressed as

x Py .h
PcihC,B ] 10 [ d} dr,dRp
62+ Py ha.p 82 62+ P.heg
dj T cjtcdR

TCi’dj = Wi (lng[ ]) (20)

where (F;, P;J,) is optimal power as obtained in Lemma 4.
Thus, the optimal partner of c¢; when there multiple D2D is

d; = argmax ajerd Te,a
21
For multiple DUEs and CUEs, the resource allocation
procedure becomes complicated as different CUEs can have
the same optimal partners and may have varying size of Rfl..
The resource allocation problem can be formulated as:
max,, €CE,d; enk }\]l'Tci’dj
(22)
Xajep® A<1 (22a)
YeecEl <1 (22b)
The centralised solution for optimal resource allocation for
multiple CUEs and DUEs is presented in Algorithm II. with
| .| indicating the cardinality of the set.

2. The Random allocation algorithm:

Random matching uses the centralised approach presented
above. However, no optimisation is required for the matching
process which results in a reduced complexity.

Algorithm I. Joint Admission and Power Control (JAPC) to
determine the set of eligible CUEs and admission DUEs with
minimum QoS requirements.
L: IHPUt: C D, Fcl-,min’ Fdj,min' Pci,max and de,max
2: Set up the set of admissible DUEs for ¢; ,RE, , R&, =@,
Y¢ €C
3: Set up the set of eligible CUEs for d; , Ré},, R;j =0,
vd; €D
:forc; eC 1<i<N do
fordi €D 1<j<Mdo
compute valid set of power pair Pz, as in (12)
compute set of power pair P¢p, for which I, in
and Fd]._min is satisfied as in (13) «<Lemma 1

AN

8: if P{p # O then
9: compute set of power pair PE, for which py is
satisfied as in (16) «<Lemma 2
10: if PR, # @ then «Lemma 3
11: d; is a reuse candidate for c;
13: R;j: R;j +¢;
14: compute optimal power allocation (Fy, P(;],)
15: end if
16: end if
17: end for
21: end for

22: C® ={R§ U Rj, U ..U Ry}

22: DF = (R U REU ..U RY}

22: Output C¥, D¥, RY, ¥ ¢; € CF, RG, v d; € DE and
(R, P;i) for potential (c;, d;) pairing

3. The Stable Marriage Problem (SMP):

The resource allocation problem is modelled using the
framework of Stable Matching Problem (SMP), a one-to-one
two-sided matching game theoretic approach. The players in
the game are a set of eligible CUEs CE and a set  of
admissible DUEs DE with preference profiles that allow them
to build their

Algorithm II. Centralised resource allocation

1: Input C¥, D¥, RY, ¥¢; €CF, Rgvd; € DE and
(Fz, P;)_) for potential (c;, d;) pairing from Algorithm I.
2: Set up a set of unmatched CUEs, Uy = {c;: V¢; € CE}
3: while Uy, # 0



Sort Uy, in ascending order of | R?l.l
Start with ¢; € C® with least | R%|

6: if dc, c{EC[E,ci¢c{:|R§i|=|RZ{|=1,
Teya; > Tl then

7: Uy = Uy — ¢

8: endif

9:  df =maxy ¢ga T q;
j ¢ LY
10 Uy=Uy—c¢
11: R¢=R:—dj ¥c; €Uy
12: end while
13: Output matching

preference list. The output of the game is the matching of a
CUE channel to a DUE. The definition of matching is given as
follows [24]:

Definition 1: A matching ubetween eligible DUEs and
eligible CUEs is a function that maps the set of DE DUEs to
set of CE CUEs such that:

1. u(d;) € CEu{@}and |u(d;)| € {0,1}

2. u(c) € DE U (B} and |u(c)] € {0,1)

where u(d;) = {c;} © u(c;) =1{d;}, vd, € DE, vc; € CE
and |u(.)| indicates the cardinality of the outcome. Definition
1 states that p is a one-to-one matching which implies one
eligible DUE can reuse only one eligible CUE subchannel and
an eligible CUE can share its resource with only one eligible
DUE to satisfy (19). u(c;),u(d; ) = @ implies there is no
resource-sharing between an eligible CUE and eligible DUE.
For any DUE d; € DE and ¢; € CE such that ¢; € u(dj ), c;
and d; prefers to be matched to each other than being
unmatched.

3.1. Utility function and preference profile
The utility c; € CE obtains from sharing its subchannel with
DUEs d; € Rfi from is the CUE’s throughput and defined as

Pc;hep ) 23)

4j _
U, = W;log, (1 t 2 P g
while the utility of any eligible DUE d; € DE obtains from
reusing subchannel of CUE ¢; € Réj is the DUE’s throughput

when matched to the CUE and defined as
Pg.h

j TR ) 24)

2 *
0%+ Pcihedp

u;; = W;log, (1 +

Definition 2: A preference relation > is a complete, reflexive
and transitive binary relation between the set of CUE ¢; € CE
and DUEd; € DE. V¢; € CE define a strict preference
relation >, over a set of DUEs R¢ € D such that any two
DUEs d,, d, € RZ . d, # d,.

dy >, dy © US> UL (25)
This implies that c; prefers d; to d,. Vd; € DE, we define a
strict preference relation >, over a set of CUEs Réj € such
that any two CUEs ¢4, ¢, € jo c1 # Cy,

€1>a; 6 © U;J% > U;]% (26)

This implies that d; prefers ¢; and c,.

With the preference relation, Vc; € C® and vd; € D can
build their preference list PL., and PLdj by ranking R‘Zi and
Réj respectively, giving priority to ones that provides higher
utility. The solution to the game is a match u defined on the
set CE and DE that assigns a DUE to a CUE.

Definition 3: A matching u is stable if there does not exist any
pair of CUEs c;, ¢} € CE assigned respectively to DUEs

d}, d; € DE, although c¢; prefers d; to d]f ie., d; > d]f and
d; prefers ¢; to ¢; ie., ¢ >q; ci. (c;,d;) are said to be
blocking pairs.

3.2. Deferred Acceptance (DA)

The deferred acceptance (DA) algorithm is often used to
solve the SMP, in which each of x men and y women rank the
members of the opposite side in order of preference.
Conventionally, DA is used to solve SMP for which x =
v (i.e. equal sets of men and women). In DA, each x proposes
to y on an x preference list, starting with the most preferred y
and ceases when a proposal is considered, but continues if a
proposal is rejected. When y receives a proposal, it is rejected
if there is a more preferable proposal, and otherwise agreed to
be held for consideration. The algorithm terminates when no x
needs to propose [15], [16].

We assume the CUEs to be x and DUEs to be y. In contrast
with the classical SMP, where there are two equally sized sets
of elements with ordering of preferences for each member of
the opposite side, the size of sets in our problem under
consideration depends on n = |CE| and m = |DE|. Moreover,
Ve; € CE (vd; € DF) we rank only the members of
Rfl. (jo) and not set D (set C) to construct its preference
list.

Definition 4: For n # m, 3¢; € CE for which |PL,|=1=
{dj} and ¢; # max PLg;, then u(c;) = @. This states that if

there exist a CUE c¢; € H. with only one potential DUE
partner d; in its preference list, and ¢; is not the highest
ranked (most preferred) by d; thenc; will certainly be
unmatched at the output u. Therefore, the output of the
matching may not be optimal from a resource sharing point of
view using the DA approach as some eligible CUE(s) might
not be matched. To overcome this challenge and maximise
number of eligible CUEs sharing their channels, we introduce
a ‘priced’ Deferred Acceptance (p-DA).

3.3 Priced Deferred Acceptance (p-DA)

We assume that each connected UE is charged with fees
corresponding to the achieved data rate. Let m. and Tg;
represent the price charged per connection for the CUEs and
DUE:s respectively.

e, = YW log, (1 + Fci)

{nd,. = YW, log,(1+Ty)
where 1) is the price per unit rate and assumed to be uniform
for all the UEs. Therefore, the total revenue generated by the
BS is given by (28).

Up(m) = Y, ecTe; + Zdj eDETq; (28)
with 1 <i <N and 1 <j < D,,, where D,, is the number of
admitted DUEs.

To increase the number of CUE-DUE pairing and DUE
access rate (or reuse gain), d; € DE considers the size of the
preference list PL., of V¢; € C E that proposes at each iteration
round and gives priority to the most preferred CUE with the
least size of PL.,. This is because the larger the size of PL, ,
then ¢; € CE will have more DUEs to propose to after being
rejected in a previous round of proposals and vice versa. In
particular, at iteration k, Vd; € DE will consider the proposal
of the most preferred CUE with least size of preference list at
iteration k + 1, |PLCi(k+1)| , defined in (29)

|PLci(k+1)| — |PLci(k_1)| _ d]gk) (29)
¢, ¢, ¢ €CE, ¢;#c] #c/, that

! n
Ci Ci Ci
such that Ugl > Ugl > UG, |PLg

27

Definition 5: For
>

proposes to  d;



|PL.,J,|PLey| and |PL| = |PLy
CUE, while c; is the most preferred CUE with the least size of
preference list, then d; will consider the proposal of ¢; and
reject the rest. However, (c;,d;) will form a blocking pair at
the matching output y, if c; is the highest ranked CUE that
proposes to d; when the algorithm terminates.

To ensure stability, we present a monetised incentive-based
mechanism to balance the utility loss of d;. Since utility is in
terms of the achieved rate, d]- will demand from the BS, a
reduction in its price which is equivalent to its rate loss from
being paired with c; rather than c{ else d; will deviate from the
matching.

Ty [c;] and Tq; [c;] denote of the achieved rate from (c; d;)

, ¢ is the most preferred

and (c; d;) pairing respectively. The rate loss of d; is given in
(30).

T= Taj’[Cf] - de_[Ci] (30)
where

0, ¢ =¢f

= {de’ [cl<st< de’[cl-], otherwise
The price of the rate loss is given as follows:

=Y (€2Y)
The new rate price for d; for (c; d;) pairing for that balances
its rate loss and new revenue for the BS is expressed in (32)
and (33) respectively.

7T§j=7faj -1, (32)

Ug(m) = Zci ecT¢; T Zdj epE ”;j (33)

We analyse the characteristics of the output of the p-DA

matching with respect to classical DA matching in the CUE-
DUE pairings. In what follows, we denote c; as the most
preferred CUE and c; as the most preferred CUE with least
preference list at iteration k. Let Dy, be set of admitted DUE,
where D,, = |Dy|. Dy is characterised by subsets of DUEs
denoted by Dp,, D_ and D,. Let c; be the matched partner of
d; under p-DA and c;* be the matched partner of d; under
DA. Without loss of generality, we assume that ¢ is
matched (or makes it final proposal) at iteration k.
1. Dp, is the set of DUEs under p-DA with CUE partners
identical with the matching in DA: This implies d; € u(c;) =
d; € u(c;™), hence U;? = Ujlf*. This happens if DUE d;
accepts ¢; because ¢; = ¢; = ¢; under DA and ¢; " = c;, thus
¢ =c "
2. D_ is set of DUEs under p-DA with CUE partners with
utilities lower than the matched partners in DA: This implies
d; € u(c;) under p-DA will generate lower utility for d; than

d; € u(c;™) under DA, hence, U:%j < Ui_j* .IfCUE ¢;" =c,
then DUE d; will consider the proposal of ¢;* under DA, and
reject ¢;* under p-DA if ¢;* # ¢; and be matched to ¢; = ¢;
while the BS incentivise d; with rate loss price, 7, to remain
matched to c;.

3. D, is the set of DUEs with CUE partners with utilities
higher than matched partners DA (d; € u(@) in DA inclusive):
This implies d; € u(c;) under p-DA generate higher utility for
d; than d; € u(c;™) under DA, thus Uj;j > U:_j*. This happens
if ¢; " has been held for consideration by d; because ¢; " = ¢;
while c; is rejected by a DUE d; under p-DA but ¢;" = ¢;
under DA at some previous iteration k — [. At iteration k, d;
will be reject ¢;* and be matched to ¢; = ¢; = ¢;.

Based on the above analysis, the rate loss price, m; paid by
the BS as incentive to d; € D_ is offset rate price gain due to
rate increase by d; € D,

The p-DA algorithms are summarised in Algorithms III.
Proposition 1: The matching y returned by the p-DA
algorithm is stable
Proof: The p-DA algorithm will converge to stable matching
after finite number of iterations since m and n is finite. The
stable matching for SMP under DA always exists [15].
Proposition 1 is proved by contraction. Assume that the p-DA
algorithm produces a matching p with a blocking pair (c;, d;)
then 3c; € u(d;): ¢; >q; ¢; and d; >, u(c;). Thus, ¢; must
have proposed to d;. Since ¢; has proposed and not matched to
d;, it means that (i) ¢; has been rejected because it not the
most preferred CUE with the least preference list. Since ¢; was
rejected, ¢ will also be rejected as ¢; is ranked higher than c;.
Hence ¢ & u(d;), which contradicts the assumption or (ii) c;
is the most preferred CUE but d; is matched to c; because the
rate price of d; has been reduced by the rate loss ratio from
being matched to ¢;. If d; rejects ¢/, then it is matched to ¢;
and stable by the DA algorithm and so a contradiction to the
assumption.

Algorithm III. p-DA Algorithm

1: Input C*, D, RZ v ¢; € CF, RG v d; € DE and
(R, P(;j) for potential (c;, d;) pairing from Algorithm L.
2: Set up the preference list of eligible CUEs, PL., ¥ ¢; € C E
3: Set up the preference list of admissible DUEs, PLd],,
v d; € DE
4: Set up a list of unmatched CUEs U,, = {c;: V¢; € CE}
5: while Uy, # @ do
6: c; proposes and sends |PL,:1.("+1)| to its most preferred
d; € DF that it has not proposed to in its preference list,
¢ €Uy
7. if vd; € DE that receives a proposal from ¢; € Uy, c;
is the more preferred CUE with the least preference list,
|PL,:i(k+1)|, compared to its current match ¢;’ and ¢; is
the most preferred CUE then

8: d; accepts ¢; and rejects ¢ and c;';
9: Uy =Uy —c;
10: Uy =Uy +c;
11: Uy =Uy +¢/;
12: d; obtains its rate loss as in (30);
13: else
14: d; rejects ¢; and remain matched to c;’;
15: end if

16: end while
17: output matching

In the following section, we investigate and compare the
performance of the different algorithms presented above.

IV. PERFORMANCE ANALYSIS

A.  Signalling overhead and Complexity

The information required to evaluate parameters C E DE,
R¢ (¥c; €CF), R, (vdj € DE) and implement matching
include the maximum transmit power levels for ¢; and
dj, Peymax and de,max respectively, the minimum SINR
requirements and the channel gains between the links.
Centralised optimisation and random approaches have large
overheads as they require the CSI of all the links available at
the BS, which increases as the number of UEs grows. This
information includes the CSI of N CUE-BS links, M D2D



links on N channels, and interference CSI of M d;-BS links
on N channels and M CUE-dy links on N channels making a
total 3NM + N links. For the DA and p-DA, each DUE needs
to acquire the channel gains of its communication and
interference link on N channels. Thus, the information needed
by each D2D link is 2N. The DUE obtains Réj and constructs

the preference list PLdj based on the local CSI at its receiver.

The received signal and interference power from N CUEs and
M DUE transmitters respectively are measured at the BS and
sent to the CUEs to evaluate Rgi and build PL.,. Few bits are
exchanged to send proposals and receive acknowledgements
with an accept or reject. No additional signalling is required
for p-DA as the PLCl.(k“) is sent with the proposals at each
iteration. We also note that each CUE or DUE has no
knowledge of the received SINRs and preference lists of other
CUEs and DUEs.
We compare the algorithms in terms of computational
complexity. The complexity of Algorithm I for the JAPC
algorithm has an upper bound set by O(NM). For the
centralised optimisation matching algorithm, with n eligible
CUEs, the while-loop will be executed n times. Within the
while-loop, the number of eligible CUEs decreases as a CUE
is assigned at each round of iteration in the sequence n,n —
1,...,1. The sequence is dominated n and has a sorting
complexity of O(n?). Thus, Algorithm II has a worst-case
complexity of O(n3). The random matching algorithm has a
worst-case main runtime complexity of O(n). For DA and p-
DA algorithm, the complexity to construct the preference
profile for standard sorting algorithm for CUEs and DUEs is
O(nm?) and O(mn?) for worst case scenario respectively.
The complexity for the matching subroutine is O(nm). The
overall computational complexity for DA and p-DA matching
algorithm is O(nm? + mn? + nm) in the worst case. For
scenario N = M = 50, with n =12 and m = 10, the DA
algorithm was approximately 10% faster in run-time on our
platform compared to the centralised matching approach.

In the following section, we investigate and compare the
performance of the different algorithms presented above.

B. Example Simulation Results

We present examples of simulation results carried out to
validate and compare the presented algorithms. We simulate
an industrial environment with a factory floor dimensions of
300m x 300m. We consider the uplink of a single-cell LTE-
A wireless network. The base station has a 400m cell radius,
positioned at the center of the factory layout. N CUEs are
randomly distributed within the cell coverage and the M DUEs
or factory devices (i.e. sensors and/or actuators enabled for
D2D communications links) are also randomly distributed
within the factory floor. For communication between the
DUE:s, the channel is modeled using the Al-Indoor scenario of
the Winner II project [25]. The main simulation parameters are
summarised in Table I and the summary of the channel models
for the CUE and DUE links are given in Table II.

We assume that each CUE has been pre-allocated at most
one sub-channel. The metrics for evaluating the performance
of the algorithms are the achieved throughput and number of
admitted DUEs, D,,, which corresponds to the number of
shared channels. The admitted DUEs can reuse cellular radio
resources with a guaranteed reliable communication. The
centralised approach is used as a reference or baseline
algorithm for comparison with the other approaches.

First, we evaluate the impact of varying the outage
probability of the DUEs, pg,, on the number of admissible
DUEs, n using full CSI. As seen in Fig. 2, n gets larger as

higher pp, is allowed. This can be attributed to the fact higher
outage probabilities of the DUEs make them more tolerant of
interference from the CUEs, thus enabling more CUEs to find
potential partners for resource sharing.

In Fig. 3, we compare the number of admitted DUEs, D,,,
for the four algorithms with N = 50 and varying M from 10%
to 100% of N (5 to 50). D, remains constant when resource-
sharing is not possible due to the violation of QoS
requirements as illustrated at M = 10 and M = 20 for all four
algorithms. D,, increases as more valid pairings are
established. Using DA or random allocation algorithms result
in a reduced performance. For the DA algorithm, Vc¢; € H,,
will have p(c;)= @, resulting in a reduction of D, while the
random approach does not consider any optimisation
objectives in the matching process and hence also results in a
reduced performance. The p-DA algorithm performance is as
good as the centralised algorithm because the length of the
preference list is considered and priority is given to CUEs
with smaller preference lists at every round of the iteration
process. The p-DA algorithm achieves 12% to 14% increase
in D,, for M > 30 in comparison to the DA and random
algorithms. As more

TABLE I. MAIN SIMULATION PARAMETERS

Parameter Value
Carrier frequency, f. 2GHz
System bandwidth 10MHz
Number of resource blocks (RB), K 50
RB bandwidth 180 kHz
Maximum CUE transmit power, P, max 23dBm
Maximum DUE transmit power, Py max 23dBm

D2D distance, Lgr 4z 10m < Lgr g < 20m

CUE SINR Threshold, I, min 7dB
DUE SINR Threshold, Iy, min 3 dB
Noise power density -174 dBm/Hz
Number of CUEs, N 50
Number of DUEs, M 50
Reliability for DUE, pg, 107°
TABLE II. CHANNEL MODEL FOR LINKS [25], [26], [27]
Parameter In-factory UE-UE link BS-UE link
DUE link
Path loss 36.8log,o(d[km]) | 40log,o(d[km]) | 37.6log,,(d[km])
model +94.2 +49 +58.83
+20 loglofc(l\gHZ) + 30log,, f,(MHz)| + 21log,, f.(MHz)
Shadowing 4dB 6dB 8dB
Fast fading Rayleigh Fading Rayleigh Fading Rayleigh Fading

DUEs, M, are introduced to the system, when D,, = N, the
network reaches saturation and no DUE will be accessed.

In Fig. 4, we show the total DUE throughput with respect to
M. Random allocation achieves the worst performance as
expected followed by the DA algorithm. The performance of
p-DA is comparable to the centralised approach. The p-DA
algorithm achieves 13.57% and 28.02% higher throughput
compared to DA and random approaches respectively. The
centralised approach achieves 15.74% and 29.8% higher DUE
throughput compared to DA and random algorithm
respectively at M > 35.

In Fig. 5, it is shown that the overall system throughput
performance increases with M. The centralised approach is
comparable to the DA scheme and outperforms the random
approach as expected. This is mainly because the matching is
based on CUE-DUE assignments that provide higher system
throughput. The performance of p-DA and DA algorithms are
close and significant difference are apparent as M > 35,



where the p-DA scheme shows an improved system
throughput compared to the centralised optimisation scheme.
The random approach has the worst performance as expected
since no preference or utility maximisation is considered once
the QoS criteria is satisfied.

In Fig. 6. we demonstrate the effects of increasing M on the
quality of the CUE links. There is a reduction in the total CUE
throughput as M increases as expected. Since CUEs have pre-
allocated sub-channels, the introduction of DUEs will cause
the total CUE throughput to decrease as a result of the rate loss
caused by interference generated by the DUEs as D,
increases.

This explains the lower performance of the centralised and the
p-DA approaches compared to the random and DA approaches
as M = 35.

The performance of the four approaches is compared by
investigating the effects of varying the maximum transmit
power, Pp.x on the number of admitted DUEs, D,,. It is
concluded that D,, increases with Py,, for all approaches as
shown in Fig. 7. This is as a result of the increase in the | R‘Cil.|

and |R§j| for certain CUEs and DUEs respectively. This

translates to an increase in the number of eligible CUEs, n and
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Fig. 2. The number of admissible DUEs, n varying the
outage probability, pg , where M = N = 50.
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admissible DUEs, m, therefore increasing the potential of
CUE-DUE pairings. It is observed that the optimal power
allocation, (F P;j_), for a pairing (c;, d;) is increased by the
same factor (2dBm, for the studied scenario) as P,,,, increases
(i.e. from 19dBm to 21dBm, 21dBm to 23dBm and so on).
Again, random matching achieves the worst performance
followed by the DA algorithm. The p-DA algorithm is as the
good as the centralised optimisation approach.

We then compare the total revenue generated for the four
algorithms. First, we investigate the impact of the rate loss
price on the total revenue generated for p-DA, by comparing
Ui () and Ug(m) for different number of DUE, D,, in Fig.
8(a). We observe that rate loss price, m, used to incentivise
DUEs d; € D_ has a little effect on Ug(m) because it is
compensated for rate price increase (or gain) by DUEs
d; € D,. In particular,
at M <30, Uj(m) = Ug(m) because the DUEs belong to
d; € Dp,, thus no incentives were given. At M > 30, it is seen
that Uj () is only 0.13% to 0.28% less than Ug (1) which is a
good tradeoff to guarantee stability, improved DUE access
rate and throughput. In Fig. 8(b), it is seen that the revenue is
commensurate with the achieved system throughput (i.e.
comparing with Fig. 5) for all four algorithms. The p-DA
(with incentives) and centralised algorithms are comparable
(which further shows that 7, did not significantly affect the
total BS revenue) and achieve higher revenues compared to
the DA and random algorithms.

V. CONCLUSIONS

We investigated and compared the performances of different
radio resource management approaches (centralised and

distributed) for a D2D-enabled cellular network targeting
wireless industrial applications in factories of the future. The
aim is to maximise the overall system throughput comprising
URLLC D2D links and cellular users with strict QoS
requirements. We presented a priced-deferred acceptance (p-
DA) algorithm which uses an incentive-based stability to
optimise spectrum sharing. Simulation results show that the p-
DA distributed algorithm is as good as the centralised
optimisation approach in terms of DUE access rate and
achieved throughput, with the additional advantage of a much-
reduced signalling overhead. In comparison with the classical
DA algorithm and the random matching method, the p-DA
approach shows improvement in terms of the number of
admitted DUEs and DUE throughput.

This work focuses on uplink interference and limited to
resource-sharing for single CUE-DUE pair. The future work
will consider downlink interference scenarios and the reuse of
CUE resource blocks by multiple DUEs. We also aim at
investigating and comparing the above algorithms with
machine learning approaches.
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