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Abstract—Device-to-device (D2D) communication underlaying
cellular networks can improve the performance of cellular systems
and it provides an effective way to meet growing mobile traffic
and capacity demand. When user equipments are located in close
proximity, they can communicate through direct links. In this case,
D2D links can increase both energy and spectrum efficiency by
reusing uplink (UL) cellular resources while satisfying the users’
quality-of-service requirements. However, integrating D2D links
into the cellular infrastructure causes an interference since D2D
communication can increase co-channel interference and degrade
cellular users’ transmission link quality. In this paper, the inter-
ference mitigation techniques including power control, multiple
antenna and resource allocation based on graph coloring are
proposed for D2D communications underlaying cellular systems
to increase the data rate of both the cellular users and D2D pairs.
Compared to the prior works, in the proposed algorithm, D2D and
cellular users have same priority for resource allocation. Finally,
the proposed algorithm improves the overall system capacity
significantly.

I. INTRODUCTION

For wireless communications systems, high traffic demands
and data rates are a crucial challenge. Beyond fifth generation
(5G) networks are considered to maintain the existing and
evolving technologies and, at the same time, satisfy the new
requirements [1]. There are many new concepts, design criteria,
and scenarios that have been examined in beyond 5G. One
of them is D2D communication which denotes to direct con-
nections between nearby mobiles without routing data through
the base station (BS) or the core network [2]. This direct
communication between nearby users (UE)s or mobile devices
will improve the spectrum utilization, overall throughput, and
energy efficiency. In this way, new types of services such as
multimedia downloading, video streaming, online gaming and
file sharing between the nearby users can be performed more
effectively.

Using direct communication between the UEs can provide
higher capacity while causing interference issues. Since D2D
pairs are likely to be deployed so densely, interference miti-
gation will be one of the most important challenges for D2D
communication in the wireless networks. Moreover, because of
the deployment of dense neighboring of D2D pairs, the usage
of same spectrum and their stochastic nature, they require some
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intelligent techniques to organize themselves and to overcome
the interference problem [3]. As a result, interference mitigation
techniques have great importance for D2D communication to
ensure that users have good quality of service (QoS) without
any degradation in the overall system performance.

There has been considerable research in interference mitiga-
tion techniques for D2D underlay cellular networks. In [4]- [5],
interference-aware resource allocation algorithms have been
studied to reduce interference between cellular users and D2D
pairs. In [6], a heuristic Graph-Coloring resource allocation
(GOAL) algorithm has been formulated to improve the system
capacity. In [7], for a single D2D link communication, a
dynamic power control technique is used to increase the cellular
system performance by managing the interference caused by
D2D communication through adjusting D2D transmit power.
Additionally, interference suppression technique has been taken
into consideration in [8] by employing zero-forcing (ZF) pre-
coding. In [9], an algorithm based on the distance between D2D
has been developed to use both the licensed and unlicensed
spectrum efficiently while minimizing the interference with
the Hungarian bipartite matching algorithm which allows one
cellular user to reuse its resources with two D2D pairs. In [10],
D2D resource allocation and power control (DRAPC) model
has been defined with vertex coloring.

In this paper, we propose a resource allocation algorithm
for D2D underlaying uplink cellular communications systems
to increase the overall system capacity. The requirements on
signal-to-interference-noise ratio (SINR) for both cellular users
and D2D pairs are satisfied by adjusting the transmit power
at the UE side and implementing the ZF postcoding at the
BS side. In the considered scenario, the resources of cellular
users can be used by multiple D2D pairs where the number
of D2D pairs is greater than the number of cellular users. To
mitigate the interference between cellular users and D2D pairs
which cause performance degradation, we propose a resource
allocation algorithm based on graph coloring technique. In
contrast to works in the literature, the proposed algorithm for-
mulate the interference mitigation by assigning the D2D pairs
to the available resources independently and without giving any
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priority between the cellular users and D2D pairs. Therefore,
the number of allocated resources to the D2D pairs is increased
to provide better performance in terms of total system capacity.
However, this method can increase the cumulative system
interference. In order to mitigate this cumulative interference,
we perform a UL power control and the ZF at the BS. Then,
the proposed algorithm find the optimal number of allocated
resources that maximize the sum rate of D2D pairs and cellular
users while guaranteeing a minimum SINR requirements and
mitigating the cumulative interference issue in the network.

II. SYSTEM MODEL

Figure 1 shows a single cell system including one BS
with multiple antenna settled in the cell center. There are M
cellular users and N D2D pairs (M < N) which are randomly
distributed in the cell coverage area with a radius of R. The
D2D pairs are allowed to share the same Resource Block
(RB) with the cellular users and each D2D pair that has one
transmitter and one receiver. The number of RBs and cellular
user are equal and one RB can be assigned to only one cellular
user. The BS allocates the RBs for both the cellular users
and the D2D pairs. In this system, the objective is to mitigate
interference caused by the resource sharing between the cellular
users and D2D pairs. Eventually, sharing same UL resources
by cellular user and D2D pairs is a convenient way to improve
signal efficiency, however; it causes three types of interference
situation.

o The first one is that D2D receivers can be exposed

interference coming from cellular UEs.

o The second one is that D2D transmitters can cause an

interference at the BS.

o The third scenario is that D2D transmitters can affect the

receiver of other D2D pairs.

Cellular User BS
1
v\
¥ .
14 ' .u‘ D2D-R)§
D2D-Rx I
2 el -
< - D2D-Tx D2D-Tx =
o

Fig. 1. Uplink System Model including both cellular user and D2D pairs.

In order to represent ith cellular user and jth D2D pair, we
use ¢;;t = 1,2...M and d;;j = 1,2...N, respectively. In the
system, djT and df are denoted for the transmitter and receiver
of D2D pair d;, respectively. The BS is denoted by b. The
C and D represent a set of cellular users and a set of D2D

pairs, respectively. P, and Py, denote the transmit power of
the cellular user and the D2D pairs, respectively.

In this system model, path loss and shadowing are all
denoted by PLe, p, from the cellular user ¢; to the BS, PLyr ;=

from the D2D transmitter df to the D2D receiver df, PL C dr
from cellular user ¢; to the df, PLd;“7b from the djT to BS
and PLdz"’dlz from the D2D transmitter dJT to the other D2D
receiver df,]

The path loss model is defined as [11],

PL = A+ 10plog,,(d) + 20log,,(f./5.0) (dB) (1)

where d is the distance between the transmitter and receiver in
meter. f. is the carrier frequency at GHz. A and p are path
loss coefficient and path loss exponent, respectively.

Additionally, h., ; denotes the channel vector of communi-
cation link from the cellular user c; to the BS. h, r 4= denotes
J 770

the fading channel coefficient of communication link from djT
to df. h,r , denotes the channel vector of the interference
7,

link from the dJT to the BS. r., denotes the received signal

vector from cellular user ¢; at the BS. h;r 4= denote the fading
(

channel coefficients of the interference link from the ¢; to df”

and from the djT to df/ where ¢; € C , d; € D and j # j"

In order to allocate the resources to the D2D pairs, a resource
sharing distribution matrix ¥ = [¢;;]pxn is determined.
When a D2D pair d; shares the same resources with cellular
user c;, 1;; takes one; 1;; = 1. When a D2D pair d; does
not share same resources with cellular user c;, v;; takes zero;
¥ = 0.

Therefore, the baseband received signal for the df and c;
are written as [12],

Te, =/ Pc,/PLcri,bhg,B + Zdng Yigy/ Pa; /PLdjT,bth,b + n,
)

Then, we perform ZF postcoding as:
Yer = Wy re, 3)
The received signal at the D2D pairs are given by,

Ya; = ) Pa;/PLgr gnhar gz

2. 2 iy Pa/PLar aphar, a

c;,€C djED,j;éj/
+ PCi /PLci,d;?'hci,df + nd; 4)

where n., and ng; are the Additive White Gaussian Noise
(AWGN) with zero mean and ¢? variance.
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The received SINR ., for ¢; and 4, for d;, is formulated,
respectively, as follows,

(P../PLe, ) |wro'nl |

Fw

Yei = ost 112
. pos
E 7/)w(de/PLd].T,b) th b‘ + [[wi || NoB
dj eD
inter ference caused by D2D pairs
4)
2
(P, /Py ) Pt ap |
iy = i e ,
Y vy 0y (Pay [ PLyr, gn)|Pataft| 4 (Pey/PL, g)|hc,an| 4305
€0 d;eD.i#5! ’ interference caused by cellular user
interference caused by other D2D pairs
(6)

The sum capacity of system is obtained by,

Roum = 3 _ logy(1+76,)+ > > hijlogy(1+7a,) (1)

c,eC c;€C djED

ost 2
p hH ’ and

The aim of post-coding is to maximize the ‘w

pOSth(Ii{T b for the selected D2D pairs. We

perform ZF post- codmg for the selected V' number of D2D
pairs and one cellular user which share the same resource.
Thus, we select the nearest D2D pairs based on their distance
to the BS. Besides, we restrict the number of D2D pairs as
number of BS transmit antenna N;. Assuming that U is the
number of transmitter which share the same resources in a
single cell and v represents the elements of a set V refers to
selected D2D pairs for interference cancellation, where V. C D
and d,;v = 1,2...V. Hence, U equals to the summation of V'
and one cellular user.

For each RB, the inference cancellation can be performed
by having N, > U and satisfying orthogonality criterion for
the selected D2D pairs d’:

postth b= (8)

minimize the ‘W

This corresponds to the selection of w}* 5" in the direction

of the projection of the channel vector, wh1ch is h, 3, on the
null-space of HY**" =

of V' x N;.
Then, for each RB, the post-coding vector is determined as
follows [13],

hyr . hyr ...,hdz,b} with the size

’
post

Wy = (I - P) he, » )

where P is the projection matrix on HE*** | 1 i identity matrix

and (.)¥ is Hermitian matrix (transpose conjugate).

The projection matrix P is formulated as,
oS oS oS -1 0S
P = H™ (|7 TH™) - (H7HT 0)

Finally, the zero-forcing post-coding vector is,

post/
post __ b
wpot = , (1
post

In the practice, the channel vector is not known at the
receiver side and l.”lchb and Bdg, p are estimated. The estimation
errors can be modelled by using a Gaussian distribution, as
follows [14];

hCi,b = hci,b + ec
hgr , =hgr , +eq

12)
13)

where l._l%b and fldz}"vb denote the estimated channel, e, and

ey denote a complex Gaussian distribution vector with inde-

pendent components with zero mean and independent real and
2

imaginary parts each with a noise variance % for cellular
users and D2D pairs. Then, we can calculate the SINR values
belonging to the cellular users and D2D pairs based on the
estimated channel vectors.

III. PROPOSED RESOURCE ALLOCATION ALGORITHM

To solve the interference problem, we propose a resource
allocation algorithm so as to maximize the summation of the
resource sharing distribution matrix W. The proposed algorithm
is based on Graph Coloring method. The interference between
a couple of D2D pair and resources are represented as an edge
and as a set of colors in a graph, respectively. When D2D pairs
share same resources, they are grouped within colors where no
D2D transmitter highly interferes with the other D2D receivers
considering the interference negligible distance concept. In the
algorithm, the each color corresponds to the different spectrum
resources and two D2D pairs cannot be grouped to the same
color when there is an edge between them. The cellular users
and D2D pairs have same priority to access the resources. Each
D2D pair has a set of candidate colors and each color can
include only one cellular user. In Figure 2, an example of D2D
system with 6 D2D pairs and 2 cellular users is illustrated.

For addressing the proposed algorithm, two graph G; =
(C,E;) and G; = (D,E;,K) are constructed for the sin-
gle cell system models shown in Figure 2. In the graph
G;, a set of cellular users is denoted by a 1 x M matrix
C = {c,i=1,2,..,M}. A set of edges for cellular users
is denoted by a M x N matrix E; = {em-}, where ¢; ; = 1
if e; ; € E; connects ¢; and dj, this means that cellular user
c¢; and D2D pair d; cannot share the same spectrum resources
simultaneously. In the graph G, a set of D2D pairs is denoted
by a 1 x N matrix D = {d;,j =1,2,..., N}. A set of edges
for D2D pairs is denoted by a N x N matrix E; = {e; ;/ },
where e § = 1if € i € E; connects D2D pair d; and d v
this means that D2D pair d; and D2D pair d ;s cannot share the
same spectrum resources s1mu1taneously The M x N coloring
matrix is denoted by K = {k; ; }, where k; ; = 1 indicates the
availability of D2D pair d; to share the resources with cellular
user ¢;, and k; ; = 0 otherwise [6].

In the proposed algorithm, each D2D pair can share more
than one cellular user resource and the resource of one cellular
user can be allocated by more than one D2D pairs. The
definition of the adjacency degree of cellular users and D2D
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Fig. 2. Illustration of proposed resource algorithm.

pairs is important for the system capacity denoted by c., for
c¢; and g, for d;. In the graph G; = (C,E;), the adjacency
degree a., of c; is calculated as the number of c¢;’s neighbor
D2D pairs. In graph G; = (D, E;,K), the adjacency degree
ag, of d; is calculated as the number of d;’s neighbor D2D
pairs which are not assigned any resources yet. If ¢; or d;
are not available for resource sharing , then o, = —oo and
Oédj = —OQ.

In Figure 2, for instance, D2D pair dy has four neighbors
which are di, d3, ds4 and c;. Hence, ayg, is 4 and a., is 3. If
ca, ds and d; create a color group (i.e. the second spectrum
resources), next time ds will have two neighbors. Thus, ag4,
will be 2.

The Weight factor W is considered as the main parameter
to determine resource sharing matrix. The Weight W, of a
cellular user ¢; is defined as,

— 10g2(1 + ’7Ci)

W, 14
; e +1 (14)
The Weight W; of a D2D pair d; is defined as,
logo (1 + 4.
_ g2(1 +7a,) (15)

di O, +1

In order to perform the most efficient resource allocation
scheme, the proposed algorithm chooses the largest weight
value from weight cluster, W= (W, ,de).

IV. POWER CONTROL FOR UPLINK COMMUNICATION

In open loop power control (OLPC), the transmitting power
[15] is adjusted at the cellular users and D2D pairs using signal
parameters and measures obtained from the BS. In this case,

Algorithm 1 Proposed Algorithm
Initialization

* Generate M cellular users and N D2D pairs uniformly.
* Initialize the E; and E; as a M x N and N x N matrix.
* Initialize the K as a 1 x N matrix that represents the
availability of the D2D pairs for assigning.
Repeat
* Calculate ; of cellular user ¢; and «y; of D2D pair d;.
* Determine adjacency degrees «; and «; for ¢; and dj,
respectively.
* Calculate Weight factor W for ¢; and d;, create Weight
cluster W= (W;,W;).
e repeat
- Pick the largest Weight factor from W, according to
E;, E; and K matrices.
e until there is no possibility to pick any UE from
graphs.
* Remove the selected D2D pair or cellular user from graphs
and assign the next available color.

Until all D2D pairs and cellular users are assigned any color.

* Find the created sets which only consist of a cellular user
and share its resource with a set which has the largest
number of D2D pairs.

there is no feedback link at the cellular users and D2D pairs
regarding the power to be used for transmission. In closed loop
power control (CLPC), the BS sends feedback to the UE, which
is then made corrections to the transmission power [16]. In this
paper, we only consider OLPC system. The uplink problem for
interference mitigation is formulated by,

Objective:
M N
min | > P, + > Py, (16)
i=1 j=1
subject to:
Ye; 2 Vei_tar Vi=1,2,...M (17)
’Ydj 2 "Ydj_tar Vj = 17 2, ceny N (18)

where e, tqr and g, tqr are the target SINR for the ¢; and
df, respectively.

The setting of the ¢; and d]T transmits power values P, and
Py, for the UL transmission are defined in dBm scale for the
sirigle cell scenario [16] and P™* refers both P;** and Pé‘;ax.
P refers both P, and Py,.

P=min {P™** Py 4+ 10l0og10(q) + aPL + 6nsc + A} (dBm)
19)
where the parameters are given in the following:
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o Py: The power to be contained in one RB. It is cell specific
parameter and measured in dBm/RB.

o a: Path loss compensation factor. It is a cell specific
parameter in the range [0 1].

o ¢: Number of resource blocks (RB).

e Omsc: Modulation and Coding Scheme (MCS) dependent
offset.

o A: Closed loop correction value.

The parameter P, is calculated for D2D transmitter as [17],

Py = a(Vtar + Pn)+ (1 —a)(Pmax — 10log10q)  (dBm) (20)

P, is calculated in dB scale as the summation of interference
and thermal noise in linear domain [18].

In this architecture, the path loss is measured at the UE
side based on the reference symbol received power. This
information is used to adjust the transmission power of UE
initially. In this paper, the closed loop correction value (A ) and
UE-specific parameter (d,,s. ) depending on chosen modulation
and coding scheme are not considered.

The compensation factor a is the key value of the UL
power control mechanism and the power control scheme can
be categorized based on the value of a as [15]:

e a = 1: The scheme totally compensates the path-loss in
order to reach the target received power F.

e a = 0: The transmission power is fixed and does not
depend on the path-loss. There is no compensation and
in fact no power control at all.

e 0 < a < 1:In the case of a fractional power control, where
path-loss is partially compensated by the power control
scheme. In practice, the values from 0.7 to 0.9 have been
widely used for power control studies. Hence a is taken
average of these values.

In the proposed UL power control procedure, the P,, value
is calculated for each case. Therefore, during the UL power
control mechanism, the P, is not constant for all users and
the term a - PL varies for each cellular user and D2D pair
according to its experienced path loss.

V. PERFORMANCE EVALUATIONS

In this section, we provide uplink average data rate and
average transmit power for the proposed resource allocation
algorithm and Graph Coloring algorithm via different number
of D2D pairs in the UL transmission. The values of A and
w are given in Table I for non-line-of-sight (NLoS) path-loss
parameters [19]. The simulation parameters are given in Table
II. The bandwidth of 10RB is set to 1.8MHz.

TABLE I
PATHLOSS PARAMETERS
Device o A
Between BS and UE | 3.67 | 30.55
Between UE and UE 4 28.03

TABLE 11
SIMULATION PARAMETERS
Explanation Parameters Value
Max. transmit power of UE for per RB PD‘!T;"‘X 16.4 dBm
Number of BS Antenna Ny 4
Shadowing o 4 dB
Target SINR Ytarget 10 dB
Number of Cellular User M 10
Number of D2D Pair N 20 - 50
Number of Available RB RB 10
OLPC Compensation Factor « 0.8
BS Coverage Radius R 500 m
Maximum Distance, D2D Tx and Rx dt 50 m
Minimum Distance, D2D Tx and Rx dt 2 m
Noise power spectral density No -174 dBm/Hz
Number of simulation times - 1000
Carrier frequency fe 5.0 GHz

In order to evaluate the impact of the number of D2D pairs
on the system capacity, we compare the average data rate of
cellular users and D2D pairs in Figure 3. It is observed that
as the number of D2D pairs grows, the average data rate of
D2D pairs decrease. When the number of D2D pairs increases,
more D2D pairs can share the same spectrum resources and
it causes large cumulative interference on the system. This
indicates that the data rate is degraded by this cumulative
system interference. The proposed algorithm has the highest
data rate when the number of number of D2D pairs is low
since it aims to allocate more resource to the D2D pairs by
considering amount of cumulative interference. The achievable
percentage of data rate that can reach up to 65% in the proposed
algorithm compared to Graph Coloring when 20 D2D pairs
are allocated. Additionally, we can observe that the affect of
allocating more resources to the D2D pairs is not degraded the
data rate of cellular user since ZF postcoding is performed at
the BS. In order to reduce the interference at the receiver side,
the power control mechanism is also an useful method. Power
control mitigates the interference and provides battery saving.
Considering the amount of time required to execution is taken,
the proposed algorithm requires 14% less time compared to
Graph Coloring based resource allocation.

in Figure 4, we provide the performance results of the
proposed algorithm under both perfect and estimated channel
state information when the variance of channel estimation error
o2 is equal to 1072, Under the estimated channel for uplink
communication, the cellular users are not experienced any loss
while it is observed that D2D pairs have around 19% average
data rate loss when the number of D2D pairs are 40.

VI. CONCLUSION

In this paper, we have investigated the interference mitigation
including power control and resource allocation when D2D
pairs and cellular users share the same UL resources under
perfect and estimated channel state information. In the consid-
ered scenario, each D2D pair can use the resources of several
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Fig. 4. Average data rate per cellular user and D2D pair in UL communication

for the proposed resource allocation under perfect and estimated channel state

information
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cellular users and one cellular user can share its resource with

multiple D2D pairs. In addition to, a power control scheme

(18]

is performed to further manage the interference. The proposed

algorithm is increased the number of allocated RBs to the D2D

[19]

pairs while the power control technique and multiple antenna
system can manage interference by performing interference
mitigation techniques. The performance results show that the
proposed algorithm can significantly improve the average data

rates under the cumulative system interference.
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