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Abstract. The Deferred Acceptance (DA) algorithm has often been used to study
spectrum sharing and to solve the assignment problem of Device-to-Device (D2D)
links co-existing with traditional cellular users. We present a new reward-based
DA algorithm denoted as priced-DA or (p-DA) to improve reuse gains in scenarios
where there are variations in the number of cellular users and D2D links and when
there are variations in the length of the preference lists. Interference coordination
is implemented by jointly managing the power allocation and quality of service
(QoS) admission control based on the inter-distances between devices. Simula-
tion case studies demonstrate the advantages of the presented p-DA technique in
comparison to other tested centralised approaches.

Keywords: Device-to-Device communication - Game theory - Deferred
acceptance

1 Introduction

Device-to-Device (D2D) communication is a promising technology aiming to improve
spectrum efficiency and to expand network capacity while adapting to the increasing
growth of mobile services and data traffic demands. D2D links are usually in close
proximity hence enabling increased data rate, lower latency and lower energy consump-
tion [1]. This makes D2D links ideal to support industrial machine-type and vehicular
communication applications [2]. D2D links sharing resources in cellular networks are
attractive due to the reuse gain and scarcity of spectrum [3]. However, resource-sharing
may result in mutual interference between cellular and D2D users. Centralised methods
were investigated previously, where the evolved nodeB (eNB) coordinates interference
among the users. The centralised schemes often require global acquisition of channel
state information (CSI) which often incurs large signalling overheads and high com-
plexity [4]. Many distributed approaches such as game theory which requires partial
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CSI were also explored. In particular, matching theory has been investigated for allo-
cating cellular resources to D2D users. The deferred acceptance (DA) algorithm was
applied to the stable matching problem (a variant of the matching game problem) for
resource allocation of D2D users sharing cellular channels and for matching secondary
users to primary user channels in cognitive radio networks [5—11]. The deferred accep-
tance solution to the stable matching problem is typically used for equally-sized opposite
sides to be matched. However, the output of the matching may not be optimal in terms
of resource sharing if there are variations in sizes of opposite sides and variations in the
length of their preference lists.

As an extension to the work presented in [9], this paper studies resource alloca-
tion for D2D-links sharing resources with cellular users in a wireless industrial net-
work for factories of the future (FoF). We present a matching game solution denoted
as priced-DA (p-DA) which uses a reward-based mechanism to ensure stability and
improve resource sharing. The p-DA technique is compared with centralised approaches
where no optimisation is implemented in the matching process to reduce complexity and
overheads.

The rest of the paper is organised as follows: we present the system model and
problem formulation in Sect. 2. We discuss the resource allocation problem in Sect. 3.
Examples of case studies and simulation results are presented in Sect. 4. Finally, the
main conclusions are presented in Sect. 5.

2 System Model

We consider an industrial factory setting for the uplink of a D2D-enabled cel-
lular network. The network comprises N cellular users (CUEs) denoted by set
C = {c1,...,¢i,...cy} and M D2D users (DUEs) and denoted by set D =
{dl, cond, .dM} deployed with the coverage of the base station. A set of orthog-
onal sub-channels are available for spectrum allocation and pre-assigned to the CUEs
but can be shared with the D2D links once the minimum QoS CUE-DUE resource-
sharing partners are guaranteed. We assume spectrum reuse between DUEs and CUEs
in uplink frequency division multiplexing (FDD).

The channel gain g. p, between CUE ¢; and the base station, B can be expressed as
follows:

gc,Bzclyc,BXc,Bd;gl £ gc,Bdggl (D

where ¢ g = C1Y¢,BXc,B> C1 18 the pathloss constant determined by system parameters,
¥c.p 1s the small-scale fast fading gain due to multipath propagation and assumed to
have an exponential distribution with unity mean. The large-scale fading is composed
of pathloss with exponent §; and shadowing which has slow fading gain x. g with log-
normal distribution. d. p is the distance between CUE ¢; and base station B. The channel
gain between DUE link d; of transmitter d7 and receiver dp is g4;,4z» and channel gain
of the interference link from d7 to the base station is g4, g and from CUE ¢; to DUE d;
receiver is g¢ dy-
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The SINR at the received at base station B from CUE ¢; and at the DUE d; receiver
dg can be defined as follows:
Pc,'gc,B

EC[ = - (2)
o2 + ZdjED S;deng,B

deth,dR
o+ ZcieC §;Pcigcst

3)

g =

where P, and Py; are the transmit powers of CUE ¢; and DUE d; respectively, o2 is the
power of additive white Gaussian noise of each channel. (Sj’: € {0, 1} is the resource reuse

indicator, 8} = 1if DUE d; reuses CUE ¢; subchannel and is 0 otherwise.

The reliability of DUE d; is expressed in terms of the maximum tolerable outage
probability, pg. The outage probability constraint, pg, is given in (4) where P{.} denotes
the probability of the input and § ;. )y is the minimum target SINR for d;.

pr=P(5 = &4.min) =P *)

The optimisation objective is to maximise the overall system throughput R. This is
formulated as follows using Shannon capacity:

max R = B,-(Zwec <log2(1 +E)+ ZdieDA 8 logy (1 + &z,))) (5)

8.Pe; P
subject to

£, > E,min Yei€C (52)
£y > &y min V4 € D" (5b)

Sipr <po Vd; € D* (5¢)
P, <P;max Ve €C (5d)
Py <Py max Vdj € D (5e)
ch_ecsj <1 vdj e D* (5f)
Zd,-epA 5i<1 VeeC (52)

where B; is the bandwidth, D* (DA C D) denotes the set of acceptable DUEs, & ;. min
and & d;.min is the minimum SINR for ¢; and dj respectively. P, max and de,max denote
the maximum transmit powers of ¢; and d; respectively.
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The minimum QoS of the CUEs and DUEs are given in constraints 5(a)-5(c). The
minimum SINR requirements for ¢; and d; respectively are defined 5(a) and 5(b). The
reliability requirement for a valid matching between c; and d; is defined in 5(c). Con-
straints 5(d) and 5(e) are to ensure that the transmit of powers of ¢; and d; does not
exceed the permitted limits. Constraints 5(f) and 5(g) guarantee a one-to-one pairing
between CUEs and DUEs.

The optimisation problem in (5) is a Mixed Integer Non-linear Programming
(MINLP) which is NP-hard and cannot solved directly. The solution to the problem is
obtained by decomposing it into sub-problems as described in the section that follows.

3 The Resource Allocation Problem

3.1 QoS Admission and Power Allocation

The QoS admission and power allocation is similar to the joint admission and power con-
trol (JAPC) presented in [9]. For a CUE ¢; to share resources with a DUE d, constraints
5(a) to 5(e) must be satisfied. Considering the inter-distances between the devices while
relaxing the channel allocation constraints, (6) is obtained as follows.

1

Py ninldr.B b2 AL

dar,p = e | (des)
PL'['{L‘,B_U Eci’min(dz‘.[s’)

1
Edj.min [Pfi Se.dg o’ (df’dR)ﬁ3i| Fa B3
dc,dR > (ddTadR) Fa

Pzrl- {dT,dR

(6)

Setting 81 = B2 and B3 = B4, (6) implies the distance of the interfering link should be
greater than the distance of the intended signal link. The power allocations for which
(6) is valid are determined next. The power pair extrema values that can be assigned to
¢; and d; while satisfying (6) are given in 7a, 7b, 7c and 7d.

E‘; min (02 + ng,BPd',max)
P min = - 2en - (7a)
c,

2 .
8c,BPcimax — O éG‘ci,mm

PS¢ = (7b)

4max 8dr.BE, min

. 2 X P .
P, . — Ed,,mm(cy + 8c.dgPe; max) o
4, min
8drdg
2
8drdgPd; max — 0§ 4 min

P¢, max = : " (7d)

8ec.,dg éQ_dj,min

The set of transmit power extrema for ¢; and d; is represented by P, and P, respectively.

P, = {Pci,max, Pg,-,max’ Pci,min} o
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Pd = [de,max, ng,max’ de’min} (Sb)

The set P.4 denotes the Cartesian product of P, and P; which gives the possible set
of power pairs for ¢; and d; to share the same sub-channel. The invalid power pairs
are eliminated from P.;. A power pair is invalid if any of the transmit powers in the
pair exceed maximum transmit power. P,}" represent the set of invalid power pairs, P},
denote the set of valid power pairs.

Ply = Pea = Piyf ©)

Next, we obtain the set of power pairs, Pirlnin , for which the minimum SINR threshold
values for ¢; and d; are satisfied. The reliability constraint is then evaluated as the outage
probability of DUE d; conditioned on the selected CUE ¢; and expressed as [12]. PR

(PR S P mm) is the set of power pairs for which minimum outage probability of d;
is satlsﬁed Therefore, CUE ¢; and DUE d; are potential resource-sharing partners 1f
PR #£0.

The optimal power allocation that maximises the sum throughput subject to the
minimum QoS constraints is given as (10)

(PZ_’P;Z) =arg max _Bij(logy(1 + &) + log,y (1 + Ed,)) (10)
- (Pe; Pa))ePk,

Having identified the resource-sharing CUE-DUE pairs that guarantees the minimum
QoS requirements and the optimal power assignments to maximise sum rate, the optimal
reuse partner for the CUEs V¢; € C is then determined. Sg, < be the set of acceptable DUEs
for CUE ¢; and S be the set of CUEs that d; can share resources with. C2 and D? is
the set of all ehglble CUE:s and acceptable DUEs respectively.

3.2 Priced Deferred Acceptance Game Solution

The resource allocation problem is modeled using the structure of the Stable Marriage
Problem (SMP), a one-to-one two-sided matching game approach. The players are a set
of eligible CUEs C* and a set of acceptable DUEs D* with preference profiles with
which they construct their lists of preference partners. The output of the game is the
matching of a DUE to a CUE channel.

Utility Function and Preference Profile
The utility that ¢; € C* generates from sharing its subchannel with DUEs di € Sf’,, is

its throughput and given as u,,[d;] whereas the utility that any eligible DUE d; € D*
obtains from reusing subchannel of CUE ¢; € Sgi is its throughput when paired with the
CUE and denoted as Ug; [ci]. Vej € CP define a strict preference relation >, over a set
of DUEs ng C D such that d; > do & ugld1] > ug;[d>] implies that ¢; prefers dy
to do. Similarly, Vd; € D, a strict preference relation >, is defined over a set of CUEs
S:i'j C CA such that €1 >d; €2 & Ug; [c1] > Ug; [c2] implies that d; prefers ¢1 and c;.
Ve; € C* and vd; € D can construct their preference list P{.; and P{g4; by ordering Sfi
and Sj/ respectively, giving precedence to ones that provides better utility.
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Definition: Forn # m,3c; € C* for which |P{,| = 1 = {d;} and ¢; # maxP~l;, then
n(ci) = . This implies that if there exist a CUE ¢; with only one potential DUE partner
d; in its preference list, and c; is not the most preferred by d; then ¢; will be unmatched
at the output . Consequently, the output of the matching may not be optimal in terms of
resource-sharing using the traditional DA method as some eligible CUE(s) might not be
paired with a suitable partner. To address this challenge and maximise number of eligible
CUE:s sharing their sub-channels, a ‘priced’ Deferred Acceptance (p-DA) is presented.
It is assumed that each active UE is charged with a connection fee that corresponds
to the achieved data rate. Denote @, and @, represent the price charged per connection

for the CUEs and DUE:s respectively.
{ ., = nBilog,(1+ &) (11

(de = nB;log,(1 + Edj)

where 7 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 (12).

up(@®) =) Pat ), P (12)

with 1 <i <N and 1 <j < Dpy, where Dpy is the number of admitted DUEs.

To increase the number of CUE-DUE matching and DUE access rate, d; € D*
considers the size of the preference list P, of V¢; € C A that proposes at each iteration
round and gives precedence to the highest ranked CUE with the least length of P£,,. This
is because the larger the length of P¢,, then ¢; € C A will have more DUEs to propose
to after being rejected in a previous round of proposals and vice versa. At iteration r,
vd; € D* will consider the proposal of the highest ranked CUE with least length of

preference list at iteration r + 1, PﬁgH) , defined in (13)

‘P££:+1)’ — ‘ng’fl)‘ _d/(”) (13)

The stability of the matching is ensured by using a reward-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 matched
with ¢; rather than c; else d; will deviate from the matching.

Rg; [¢i] and Rg; [c;] denote of the achieved rate from (c;d;) and (c;dj) pairing

respectively. The rate loss of d; is given 7 and the price of the rate loss is given as
follows:

v =Ry [ci] — Ry lei] (14)

by =nt (15)

The p-DA algorithm is summarised as follows.
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p-DA Algorithm
1: Input C*, D#, S& w¢; € CH, Si;vd; € D*and (P, P;,) for potential (c;, d;)
matching.
2: Set up the preference list of eligible CUEs, PZ.,, by ordering the DUEs with

P dc
uc,[d;] = B;log; <1 + ¢>, v €CA

o2 + Pl;jng,B
3: Set up the preference list of acceptable DUEs, P{’dj, by ordering the CUEs with

.
deng,dR

Ug; [ci] = B;log, (1 t= Péﬂc,d;;)’ vd; €D

4: Set up a list of unpaired CUEs U, = {c;: V¢; € C*}

5: while U, = @ do

6: c; proposes and sends |P£’Ci(r+1)| to its highest ranked d; € D? that it has not
proposed to in its preference list, ¥ ¢; € U,

7. if vd; € DA that receives a proposal from c; € U,, ¢; is the more preferred CUE
with the least preference list, |P€Ci(r+1)|, compared to its current match c;’ and c;
is the most preferred CUE then

8: d; holds the proposal of ¢; and rejects c; and c;’;
9: U.=U. —c;

10: U.=U;+cj;

11: U.=U,+c/;

12: d; obtains its rate loss, T = Rd].’ [c;] — Rdj' [cil;

13: else

14: d; rejects c; and remain matched to c;';

15: end if

16: end while
17: output matching u

4 Example Case Studies, Simulation Results and Discussion

The performance of the presented algorithm is verified for an industrial factory setting.
The simulation scenario and channel models used is as depicted in [9]. It is assumed that
CUEs have been pre-assigned a sub-channel each. The performance of the algorithm is
evaluated using the achieved data rates and number of admitted DUEs (or DUE access
rate) which is an indication of the number of shared channels. The random approach and
the first feasible assignment (FFA) adopt a centralised approach in which the centralised
controller matches a DUE to an eligible CUE once the minimum QoS criteria are met.
No optimisation is considered in the matching. The Random approach matches a CUE
to any random DUE while FFA matches a CUE to the first available DUE.

In Fig. 1, we compare the number of admitted DUEs, D4p, for the three algorithms
with N = 50 and varying M from 10% to 100% of N. D4p remains constant when
resource-sharing is not possible due to the violation of QoS requirements as illustrated
at M = 10 and M = 20 for the three algorithms shown. D4p increases as more valid
CUE-DUE matchings are established. The p-DA algorithm achieves 12.5% to 14.28%
increase in D4p in comparison to the FFA scheme and 28.57% increase compared with
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random algorithms for M > 30 in particular. As the number of DUEs, M, increases,
when Dsp = N, the network gets saturated and no DUE will be able to access a
sub-channel as more DUEs are introduced to the system.

T
[ p-DA
I Random
I FFA

~

o

o

w

Number of Admitted D2D pairs
N »

-

10 20 30 40 50
M

Fig. 1. The number of admitted DUEs, Dsp as a function of the number of DUEs, M in the
network where N = 50, P¢; max = 23 dBm

The number of admitted DUEs, D4 p, directly influences the throughput performance.
In Fig. 2, we show the total DUE throughput with respect to M. Random allocation
achieves the least performance as expected followed by the FFA algorithm. The per-
formance of p-DA is comparable to the centralised optimisation approach. The p-DA
algorithm achieves 9.67% to 14.55% increase in DUE throughput in comparison to the
FFA scheme and up to 28.02% random algorithms for M > 30 in particular.

25 T T T T

<o-@ p-DA :
—6— Random o
—==-FFA ST PO

N
o

-
o

DUE Throughput(Mbps)
s

5 10 15 20 25 30 35 40 45 50

Fig. 2. The total DUE throughput with different number of DUEs, M in the network where
N = 50, Pci,max =23 dBm
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In Fig. 3, it is shown that the overall system throughput performance increases with
M . The p-DA approach achieves a better performance compared with the random and
FFA approaches. The performance of p-DA and FFA algorithms are close however,
significant differences are apparent as M > 35, where the p-DA scheme shows an
improved system throughput.

1M7.5
p-DA
117 | |—©—Random
—==:FFA A
116.5

-
=y
o

115.5

-
p—y
a

114.5

System Throughput(Mbps)

-
=y
S

Fig. 3. System throughput with different number of DUEs, M in the network where N = 50,
Pci’max =23 dBm

5 Conclusions

In this paper, a priced-deferred acceptance (p-DA) algorithm was presented for a D2D-
enabled cellular network targeting wireless industrial scenarios for factories of the future
(FoF). The p-DA uses an incentive-based mechanism to ensure stability and improve
resource-sharing between cellular and D2D links. Simulations results show that the pre-
sented p-DA scheme enhances the D2D throughput performance and reuse gain with
lower complexity and signalling overhead compared to the FFA and random alloca-
tion schemes. This is because the latter techniques adopt a centralised approach which
requires global acquisition of channel information while the p-DA scheme is a dis-
tributed approach which relies on local information. Our future work aims at comparing
the performance of the presented p-DA game theoretic technique to machine learning
approaches.

References

1. Tehrani, M.N., Uysal, M., Yanikomeroglu, H.: Device-to-device communication in 5G cellular
networks: challenges, solutions, and future directions. IEEE Commun. Mag. 52(5), 86-92
(2014)



10.

11.

12.

A Priced-Deferred Acceptance (p-DA) Technique for D2D Communication 111

. Chen, H., et al.: Ultra-reliable low latency cellular networks: use cases, challenges and

approaches. IEEE Commun. Mag. 56(12), 119-125 (2018)

. Safdar, G.A., Ur-Rehman, M., Muhammad, M., Imran, M.A., Tafazolli, R.: Interference mit-

igation in D2D communication underlaying LTE-A network. IEEE Access 4, 7967-7987
(2016)

. Li, Z., Guo, C.: Multi-agent deep reinforcement learning based spectrum allocation for D2D

underlay communications. IEEE Trans. Vehicular Technol. (2020)

. Gu,Y.,Zhang, Y., Pan, M., Han, Z.: Matching and cheating in device to device communications

underlying cellular networks. IEEE J. Sel. Areas Commun. 33(10), 2156-2166 (2015)

. Zhang, B., Mao, X., Yu, J.L., Han, Z.: Resource allocation for 5G heterogeneous cloud radio

access networks with D2D communication: a matching and coalition approach. IEEE Trans.
Vehicular Technol. 67(7), 5883-5894 (2018)

. Vassaki, S., Poulakis, M.I., Panagopoulos, A.D.: Spectrum leasing in cognitive radio net-

works: a matching theory approach. In: Proceedings of 2015 IEEE 81st Vehicular Technology
Conference (VTC Spring), pp. 1-5, May 2015

. Yuan, Y., Yang, T., Xu, Y., Hu, B.: Cooperative spectrum sharing between D2D users and

edge-users: a matching theory perspective. In: Proceedings of IEEE 27th Annual International
Symposium on Personal, Indoor, and Mobile Radio Communications (PIMRC), pp. 1-6, 4
September 2016

. Sanusi, I., Nasr, K.M., Moessner, K.: Resource allocation for a reliable D2D enabled cellular

network in factories of the future. In: Proceedings IEEE European Conference on Networks
and Communications (EuCNC), June 2020

Rahim, M., et al.: Efficient Channel Allocation using Matching Theory for QoS Provisioning
in Cognitive Radio Networks. Sensors 20(7), 1872 (2020)

Wang, B., Sun, Y., Nguyen, H.M., Duong, T.Q.: A novel socially stable matching model for
secure relay selection in D2D communications. IEEE Wirel. Commun. Lett. 9(2), 162-165
(2020)

Liang, L., Li, G.Y., Xu, W.: Resource allocation for D2D-enabled vehicular communications.
IEEE Trans. Commun. 65(7), 3186-3197 (2017)



