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Abstract. Device-to-Device (D2D) communications has emerged as a
promising technology for optimizing spectral efficiency, reducing latency,
improving data rate and increasing system capacity in cellular networks.
Power allocation in D2D communication to maintain Quality-of-Service
(QoS) remains as a challenging task. In this paper, we investigate the
power allocation in D2D underlaying cellular networks with multi-user
cellular uplink channel reuse. Specifically, this paper aims at minimizing
the total transmit power of D2D users and cellular users (CUs) sub-
ject to QoS requirement at each user in terms of the required signal-to-
interference-plus-noise ratio (SINR) at D2D users and base station (BS)
over uplink channel as well as their limited transmit power. We first
derive expressions of SINR at the D2D users and BS based on which
an optimization framework for power allocation is developed. We then
propose an optimal power allocation algorithm for all D2D users and
CUs by taking into account the property of non-negative inverse of a Z-
matrix. The proposed algorithm is validated through simulation results
which show the impacts of noise power, distance between D2D users, the
number of D2D pairs and the number of CUs on the power allocation in
the D2D underlaying cellular networks.

Keywords: Device-to-device communication - Uplink -
Power allocation

1 Introduction

One of the fundamental motivation behind using Device-to-Device (D2D) com-
munication underlaying cellular networks is to enable direct connection between
a pair of proximity devices without involvement of Base Station (BS). Although
in the current cellular systems, D2D communications along with the development
of small cells can cover a large area providing an enhanced Quality-of-Service
(QoS), this may require a considerably increased operating expense [1-5].
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In spite of the benefits of D2D communication in cellular networks, energy
efficiency and interference management have become the fundamental require-
ments [6] to control the interference caused by the D2D users, while simultane-
ously extending the battery lifetime of the User Equipment (UE). Cellular links
only suffer from cross-tier interference from D2D transmitter, whereas D2D links
not only deal with inter-D2D interference, but also with cross-tier interference
from cellular transmission. Channel allocation and power allocation have been
bestowed in the literature as strategies to diminish interference in cellular net-
works. In [7], close-loop and open-loop power control schemes used in LTE were
investigated with an optimization based approach aimed at reducing total power
consumption and increasing spectrum efficiency for D2D communications.

Additionally, green communication has been proposed attracting a number
of research works with various power control and resource allocation approaches
to enhance energy efficiency (EE) of D2D-aided heterogeneous network. In [1],
the aim of controlling and limiting the interference of a D2D communication
to the cellular network was investigated. There are basically two extensive cat-
egories of power control in D2D underlaying cellular networks which include
distributed [8,9] and centralized approaches [10,11]. In the distributed approach
resource allocation and power control are performed independently by the UEs,
whereas they are both carried out at the BS in the centralized approach.

Considering an interference limited environment, resource allocation for D2D
communications has been investigated in various research works, e.g. [12]. In
this paper, we investigate the resource allocation in D2D underlaying cellular
networks where the D2D users exploit multi-user cellular uplink channels.!

We first develop an optimization problem to find the optimal power for D2D
users and CUs so as to minimize the total power consumption of the system sub-
ject to per-user QoS constraints in terms of the required signal-to-interference-
plus-noise ratio (SINR) and limited transmit power at each user. In order to
solve the developed problem, the property of Z-matrix is exploited to find the
optimal power allocation at all users. The impact of the number of CUs and
D2D users, noise power and the distance between D2D users are investigated
and validated through the simulation. The proposed algorithm is shown to be
able to allocate power to all D2D users and CUs achieving the minimum total
power subject to various QoS constraints, while not affecting the performance of
the CUs. Given a low QoS requirement, it is shown that a considerable transmit
power of the D2D users can be saved for an increased energy efficiency of the
overall system. In particular, the number of CUs is shown to have a significant
impact on the average transmit power of the D2D users due to the interference
from the CUs.

! This paper is different from [12] which considered only a CU in the uplink channel.
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2 System Model

2.1 System Description

Figure1 illustrates the system model of a D2D underlaying cellular network
where we focus on a multi-user cellular uplink channels for D2D communication
consisting of a BS, K CUs {CU;,CUs,...,CUk} and N pairs of D2D users.
The D2D communication exploits the uplink resource of cellular networks, i.e.
K CUs operating together with N D2D pairs. Specifically, N D2D transmit-
ters, i.e. {DT1,DTs,..., DTN} send their data to N desired D2D receivers, i.e.
{DR1,DRs,...,DRy}. The D2D receivers suffer the interference from not only
other D2D transmitters, but also the CUs. Similarly, over the uplink channels,
the BS receives unwanted signals from the D2D transmitters in addition to those
from other CUs in the network.

—_—
—_
P —
—_—
——
—_

— — Interference from CUs
----------- » Interference from DTs
——— Desired signal

Fig. 1. System model.
Let db,ckv di,j, dj70k’ dbﬂ', {Z,]} S {1,2,...,N} and k£ = 1,2,..., K, denote

the distances between C'Uj and BS, between DR; and DT}, between CU;, and
DRj, and between DT; and BS, respectively. The links CU, — BS, DT; —
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DR;, CU, — DRj, and DT; — BS, {i,j} € {1,2,...,N}, k=1,2,... K, are
assumed to experience Rayleigh flat fading channels having channel coefficients
hoe, Pijs Nje,, and hy;, respectively, with E[\hb,ck|2} = 1/dg“70k, E[lhi ;1?] =

1/d$;, El|hj.c, [?) = 1/d$. , and El|hy|?] = 1/dg;. Here, E[-] and « denote the

1,57 JCr?
expectation operator and pathloss exponent, respectively.

2.2 Channel Model

Over shared uplink channels, the channels dedicated for CUs can be reused by
D2D transmitters. The received signal at BS is thus given by

K N
Yo = Z VPer e, Tey, + Z VPilw,ixi + np, (1)
k=1 i=1

where z.,,k =1,2,...,K and x;, i = 1,2,..., N, are signals transmitted from
CUy and DT; with transmit power p.; and p;, respectively, and n;, is an inde-
pendent circularly symmetric complex Gaussian (CSCG) noise having zero mean
and variance of E[|n|?] = Np.

With respect to CUg, k = 1,2,..., K, the instantaneous received SINR at
the BS can be obtained by

| 2

5 Pey, |hb,c,C
b T K N
Ej:l,j?fk pcj |hbycj ‘2 + Zi:l p2|hbvl

Over D2D channels, the expected received signal at DR;, ¢ = 1,2,..., N, is
given by

v (2)

N K
Vi = /Dihigi + > \/Peyhie, Te, + i (3)
j=1 k=1
where z;, 7 = 1,2,..., N, and z, are signals transmitted from DT; and CUj
with transmit power p; and p,, respectively, and n; is an independent CSCG
noise having zero mean and variance of Ng.
In (3), DR;, i =1,2,..., N, is only interested in z; from DT;. The instanta-
neous SINR at DR, can be obtained by
pilhiil?

N R 5|2 K he 124 Ny

2jm1,jzi Pilligl? + 2251 Peyhie, [* + No

Let gb.er» 9ijs 9jer and gos, {3,5} € {1,2,...,N}, k = 1,2,..., K, denote
the channel gains of the links CU, — BS, D1} — DR;, CU, — DR;, and
DT; — BS, respectively, i.e. goc, = |hvc, |?, gij = |hijl? Gjc, = |Nje,|?, and
gbi = |hp,i|*. The instantaneous SINR at BS and DR;, i = 1,2,..., N, in (2)
and (4) can be accordingly rewritten as

(4)

Yi =

Yoo = S (5)
[ — 7 K )

D i1 Pigbi + D5y oz Pe; Gbe; + No
Ny = DPibi,i (6)

N N :
D jm1,j#i Pibig T 2im1 PerGive, + No
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3 Proposed Optimization Problem for both D2D
and Cellular Communications

In this section, we first formulate the optimization problem to minimize the total
transmit power of all users in a D2D underlaying cellular network as illustrated
in Fig. 1. A QoS-driven power allocation scheme is then developed for all users
subject to constraints of the required SINR and limited transmit power at these
users in the network.

(i) D2D communications: Given constraints of SINR and transmit power,
the optimization problem to minimize the total transmit power in D2D commu-
nications can be formulated as

= (7)
s. t. ”)/22’71,V’L:1,,N,

Di Sp?lax7Vi = 15"'aNa
where ; is given by (6), p®*
required SINR level at DR;.

(i) Cellular communications: The optimal problem for uplink cellular com-
munications can be expressed as

K
min g Dey s
k=1

Pcy,

is the maximum transmit power at DT;, 7; is the

(®)

s.t. Y, =M, VE=1,2,... K,
Dey, gprcr;ax7v]€: 1,2,...,[(,7

where 3, is given by (5), pii®* is the maximum transmit power at the CUy, and
b, is the required SINR level at the BS for the uplink channel from CUj.

Considering an overall system, the problems in (7) and (8) can be combined
as in the following form:

N+K
min Z Di,
Di i1
s. t. Pidi,i >%,.Vi=1,..., N+ K, )

N+K
21,5+ Pigig + No
pi <piVi=1,...,N+ K,
Here the notation is slightly abused by using the index N + K to represent both

D2D and cellular communications, i.e. pNyk = Pey.s 9i,N+k = Gi,e,» N1k, = Jb,55
IN+kN+k = Gb,c,» and YNk = Vo,
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The optimization problem in (9) can be rewritten by rearranging the SINR
constraints in (9) in the following equivalent form:

N+K
min Z Dis
Pi i—1
N+K (10)
S. t. DiGii — Vi Z p;Gi; = No¥i,Vi=1,2,... ., N+ K,
J=1,#i

pi <P Vi=1,2,... N+ K,

The scalar form of (10) can be further simplified by introducing the following
vectors:

[ 911 —M91,2 0 —V9L,N  —V1G1,e;, —ViGle, 1 —V1Gl,ck |
—Y292,1 92,2 0 —V292,N  —V292,e, —V292.c, T —V192cp
G2 |—ANgN1 —ININ2 *© NN —YNIN,c;, —YNIN,c, """ —INYGN,cx |>
Vb, 961 —V61 96,2 0 Vb 96N Gbe, Vi Gle, T TV 91,ck
L= Vore 9,1 —Vore 6,2 " — VoI, N — Vo Gbc;,  Gbiere " —VorGbex |
(11)
T
PE [p1p2 PN Pey Pey *+* Pexc] s (12)
_ _ _ _ _ 4T
n £ [Noy1 Novz -+ Non No¥s, NoTs, -+ Noor | (13)
T
Pmax = [prlnax pr2nax e p%ax pgiax pg;ax e p?}?x} . (14)

Hence, the problem (10) can be rewritten as

N+K
min Y pi
=1 (15)
s.t. Gp>=n,
p j pmax-

where > and =< denote the element-wise greater and less operators, respectively.
The optimal solution to problem (15) can be found by using the following
lemma

Lemma 1. If matriz G defined in (11) satisfies

N+K
9:>% Y. Gi;Vi=12.. N+K, (16)
j=1,j#i
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then there exists a unique lower bound for the power allocation for problem (15)
as

Pmin = G n. (17)

Proof. The proof follows the same approach as in [12] where the basic idea is
to treat (11) as a Z-matriz [15,16]. By observing (11), one can conclude that
all the off-diagonal elements of matrix G are non-positive. Hence, as shown in
[13,14], matrix G is called a Z-matriz. If G satisfies the condition in (16), then
G is strictly diagonally dominant matrix. According to [13, Chap. 6, Theorem
2.3], all principal minors of G are positive. Since G is a Z-matriz, according
to [14, theorem 3.11.10], G~! exist and all of its elements are non-negative. In
addition, all the elements of vector n in (13) are non-negative, and thus p is
lower bounded by pmin = G~ 'n = 0. The proof is complete.

Remark 1. Notice that if ppi, defined in (17) satisfies Pmin = Pmax
then puin is the optimal solution to the optimization problem (15).

4 Simulation Results

In this section, we provide numerical results for the D2D underlaying cellular
network. We implement the Monte Carlo method in MATLAB to evaluate the

BS
30047 g3
T5
250 | o e
[ ]
a C1
200 o T4
150 F T3
oT1 o R2
100 F
c2
o R1 oR5 =®
50
« C3
O 1 1 1 1 1 1
0 50 100 150 200 250 300

Fig. 2. A typical example of simulation model for a D2D underlaying cellular network
consisting of a BS, 3 CUs, and 5 pairs of D2D users within an area of 300 m x 300 m.
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performance of the proposed power allocation algorithm. In the simulation, the
nodes are located within an area of 300 m x 300 m, the pathloss exponent is
set as a = 2, the required SINR of all D2D users and CUs are equally set and
varies as J; = ¥, € [—20,5] dB, Vi = 1,2,...,N, Vk = 1,2,..., K, and the
maximum transmit power is pj"** = p'** = 30dBm. It is assumed that BS is
at the top left corner, i.e. {zps,yps} = {0,300} m, while the locations of other
nodes, i.e. CUs and D2D users, are uniformly distributed in the range [0, 300]
m. Due to the requirement that mobile devices should be in short range for D2D
communications, the distance between the D2D transmitter and D2D receiver
are limited in [dmin, dmax), where 10 m < dpin < dmax < 50 m. An illustration
of the simulation settings is shown in Fig.2 where 5 pairs of D2D users and 3
CUs are plotted with dyi, = 10 m and dypax = 25 m.

30 T T T
—+— No =-30dBm
—%— No =-40dBm
—O— No =-50dBm
20 b

Average transmit power of D2D trasmitters [dBm]

.40 I I I I
-20 -15 -10 -5 0 5
SINR [dB]

Fig. 3. The average transmit power of D2D transmitters versus required SINR with
respect to different noise power.

Investigating the impacts of noise power, Fig.3 shows the average transmit
power of the D2D transmitters, i.e. E[pmin| against the required SINR, i.e. 7,
with three scenarios of noise power Ny € {—30, —40, —50} dBm. We considered
five pairs of D2D users, i.e. N=5, three CUs and the distance between each
D2D pairs and CUs are uniformly distributed in the range [10, 25] and [30, 90] m
respectively. One can observe that the average transmit power increase with an
increase in the SINR requirement, which follows the intuition that increased
in noise power contribute to a higher transmit power. For instance, when the
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required SINR is —5 dBm, the average transmit power required is —12 dBm with
noise power of —50dBm compared to when the noise power —30dBm with an
average transmit power of 8 dBm. The fluctuating in the graph is due to the
fact that the instantaneous SINR is considered over different fading generations,
among which some cause the matrix G defined in (11) is not convertible, i.e.
does not satisfy the condition in Lemma 1.

30 T T T

—_— dDZD:1 0-25m
—x%— d,;=30-40m | |
—6—d I32D=40-50m

Average transmit power of D2D trasmitters [dBm]

-20 -15 -10 5 0 5
SINR [dB]

Fig. 4. The average transmit power of D2D transmitters versus required SINR with
respect to distance between D2D users.

The impacts of the distance between D2D users are investigated in Fig. 4
where the average transmit power of D2D transmitters is plotted over the
required SINR with respect to three cases of distance between D2D users,
i.e. {[dmin,dmax]} € {[10,25],[30,40], [40,50]} m. The noise power is fixed as
Ny = —30dBm. There are five pairs of D2D users and their locations are simi-
larly set as in Fig. 3. It can be observed that a higher transmit power is required
with D2D users having distance within 40m to 50 m compared to those with
D2D users with shorter distance such as 10m, —25m and 30m to 40 m. This
means that, the distance between the D2D users has a considerable impact on
the average power at the D2D users.
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30 T T T

—+— 5 pairs D2D
—%— 10 pairs D2D
25 —©— 20 pairs D2D |

20 - b

Average transmit power of D2D trasmitters [dBm]

SINR [dB]

Fig.5. The average transmit power of D2D transmitters versus required SINR with
respect to the number of D2D users.

Taking into account the number of D2D users, Fig. 5 plots the average trans-
mit power of D2D transmitters versus required SINR for three scenarios of the
number of D2D pairs, i.e. N € {5,10,20}. In this figure, the distance between
D2D users and CUs are varied as in Fig. 3 in the range [10, 20] and [30, 90] respec-
tively. The noise power parameter is set similarly as in Fig. 4, and the number of
D2D pairs ranging from [5, 10, 20]. It can be observed that the proposed power
allocation demonstrates that the number of D2D pairs has a significant impact
on the transmit power due to the interference from both other D2D transmitters
and other CUs.

Taking into account the impact of the number of CUs, Fig. 6 plots the average
transmit power of the D2D transmitter against the required SINR with respect
to four scenarios of CUs (ranging from 1 to 4) with distance range [0, 70] m. The
parameter is set as in Fig. 3 i.e. the distance between D2D users [10, 25] m, and
the number of D2D pairs N=25, the noise power is set similar to Fig.4 Ny =
—30dBm. It can be observed that there is much difference in the average transmit
power required with four CUs compared to one CU due to the interference from
other CUs and D2D transmitters.
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30 T T T

—+— 1 cellular
—*— 2 cellular
251 3cellular | ]

—G— 4 cellular

Average transmit power of D2D trasmitters [dBm]

-20 -15 -10 -5 0 5
SINR [dB]

Fig. 6. The average transmit power of D2D transmitters versus required SINR with
respect to the number of CUs.

5 Conclusion

In this paper, we have introduced a power allocation approach for D2D users over
uplink in D2D underlaying cellular networks with multiple CUs. We have devel-
oped an optimization problem by incorporating the SINR constraints while main-
taining the QoS of the system. An optimal power allocation has been proposed
by taking into account the property of non-negative inverse of a Z-matrix. More-
over, the impact of the number of the CUs, noise power, the distance between
D2D users and the number of D2D pairs have been evaluated for the considered
system. Our simulation results have shown that deploying more number of either
the CUs or D2D users has a significant impact on the transmit power of the D2D
users due to the interference caused by both D2D and cellular communications.
Also, the transmit power of the D2D users has shown to be dependent of not
only their location but also the location of the CUs. For future work, we will
consider a power control approach for an ultra-dense network with statistical
modelling for multiple cells.
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