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Abstract. The relay and Device to device (D2D) technologies can be used to
improve the Quality of Service (QoS) of a mobile user in the edge region of the
cellular networks, To coordinate these two technologies, this paper considers a
heterogeneous network containing the D2D-direct, D2D-non-direct and cellular
communication mode. Furtherly, a system model taking throughput as opti-
mization object is built to descript this network precisely. It is proved that the
objective function and the constraints satisfy the requirements of convex func-
tion, and then a power allocation algorithm based on Lagrange Multiplier is
proposed to find the optimal solver. Finally, we evaluate the performance of
algorithm in terms of throughput and fairness by simulation.
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1 Introduction

In recent years, the rapid development of mobile communication technologies has
resulted in the diversified and complicated communication Quality of Service
(QoS) required. To improve the communication quality of users in the LTE-A cell edge
and other hot spots, the relay technology was introduced into the existing wireless
network.

D2D, as another technology appearing recently, can share the traffic of the base
station, improve the spectrum efficiency and the throughput of a communication sys-
tem. D2D communication has become a hot research field. In [1], Janis proposed three
D2D communication modes, which are reuse mode, dedicated mode and cellular mode.
In reuse mode, the D2D communication is direct and reuses the whole resources
together with the cellular communication. In dedicated mode, the D2D communication
is direct and uses the specially assigned channels. In cellular mode, the D2D com-
munication is relayed by the BS. In [2], the D2D communication underlying cellular
networks was considered to improve local services and optimize the throughput over
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the shared resources while fulfilling prioritized cellular service constraints. In [3], an
resource allocation algorithm based on interference-aware was proposed for the local
cellular and D2D users. In [4], Kaufman et al. presented a distributed dynamic spec-
trum protocol in which D2D users in an ad-hoc network randomly access and use
spectrum. A new interference management mechanism was proposed to improve the
reliability of D2D communication in [5]. The authors of this paper derived the prob-
ability of outages in the intensive mode and designed a mode selection algorithm to
minimize the outage probability. [6] proposed the two-stage semi-distributed resource
management scheme for D2D Communication in Cellular networks. In the first stage,
the base station allocates resource blocks between the cellular links and D2D links in a
centralized method. In the second stage, the master user in the D2D link performs an
algorithm which adaptively adjust resource blocks in a distributed method. In addition,
lots of different resource allocation algorithms were proposed for D2D communication
in cellular networks [7-10].

To explore the effecting of D2D and relay on the LTE-A cellular networks, this
paper combines these two technologies to form a heterogeneous network. In each cell
of this network, there exist different communication modes, which are D2D-direct,
D2D-non-direct and cellular mode. Subsequently, a system model for this heteroge-
neous network is built, and it is proved that the objective function and the constraints in
this model satisfy the convex optimization condition. To solve this optimization
problem, we propose a power allocation algorithm based on Lagrange Multiplier.
Finally, we evaluate the throughput and fairness of the algorithm by theoretical analysis
and simulation results.

2 System Model

We consider the uplink of the LTE-A cellular networks. As shown in the Fig. 1, each
cell of the cellular system consists of one base station (BS), several relays and plenty of
cellular users. Each user in coverage area of a relay can select one from two com-
munication modes, which are D2D direct and cellular mode. The latter includes two
transmission stages, one is from user to relay and the other is from relay to BS. The
D2D pair and CUE in Fig. 1 stand for the D2D direct mode and cellular mode,
respectively. The cellular network adopts time division duplex (TDD) mode, and the
entire transmission process is divided into two time slots. The first and the second slot
are occupied by the transmission from user to relay and from relay to BS, respectively.
All relays transmit signals synchronously in these two time slots. The transmission
process of each time slot is only interfered by other transmission processes in the same
time slot. Each D2D pair shares the time and frequency resources of with CUE users.



A Power Allocation Algorithm for D2D-Direct Communication 61

: 0
N
C['F‘] D2D pai

—_——— the first time slot

D2D pal rl

LUL‘

''''''''''' > the second time slot

Fig. 1. System model for coexistence of D2D direct communication users and cellular users

All CUE users are represented by sets M, and the user of D2D pairs are represented
by sets D”. The whole system bandwidth is divided into N resource blocks (RBs),
which can be used in each relay. Bgrg is used to represent the bandwidth of each
resource block. The relay set is represented by L = {1,2,---|L|}, and U, VI €L
denote the user set in which each user is in the coverage area of relay I. The set of CUE
users covered by relay [ is denoted as M; = M N U,. The set of D2D direction users
covered by relay [ is denoted as D} = DP N U,. According to the above definitions, the
following relations are established: Ulg{Df UMI},VZ eL, UU = {D” UM},
NU; = ¢, VI € L. Next, we describe the transmission procedures in each time slot in
detail.

(a) Transmission in D2D pairs. The two users of each D2D pair covered by the relay /
can directly communicate with each other. The SINR of the unit power signal in
this process is shown in the Eq. (1). There doesn’t exist interference among D2D
pairs, among CUE users, and between D2D pairs and CUE users in the coverage
area of a relay, because the resource blocks allocated to each transmitter in a relay
are orthogonal. So, the interference only results from the D2D pairs and the CUE
users of other relays. That is, for u; € Df , we can obtain

V(”) _ hl(l’ll)ul ( 1 )
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Where, Qa b a"b, and gi ,), respectively represent the transmitted power, the
channel coefficient and interfering link channel coefficient from the transmitter a
to the receiver b on the resource block n (RB#n). The noise power of the receiver is
02 = NyBgg, Bgrg is the bandwidth each resource block, and N, is the power
spectral density of noise. Therefore, the information rate of this communication
process can be written as
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R = Bgg log, (1 + fo,',)u,“/ff,)u,,l) (2)

(b) The transmission between the CUE user and the relay. This communication
process is completed in the first time slot. This process is subject to interference
resulting from D2D pairs and CUE users of other relays. Similar to Eq. (1), we
can obtain the SINR of the unit transmitted power for each CUE user u; € M;.

y(n) o h’(ljlw)l (3)
u,l, 1 n n n n
D SRR AR I R

u;eD’ ui€M;

jAjeL FLeL

Where, the definition of each term in Eq. (3) is the same as that in Eq. (1).
Accordingly, the information rate of this communication process can be written as:

RL(:)I = BRB 10g2 (1 + Ql(;:)l)/£7>“> (4)

(c) The transmission between relay / and base station. This communication process
occupies the second time slot. During the first time slot, relay / has received the
signals transmitted by the transmitter of CUE users lying in the its coverage area.
During the second time slot, the relay / retransmits these signals to the base station
on the resource block n. After the second time slot, base station forwards infor-
mation coming from a relay to other relays of this cell or to other base stations.
Assuming that during any time interval of the second time slot in a cell, only one
relay transmits signals to base station. So, this communication link between relay
and base station will not be interfered by other relays in this cell. Therefore, for
u; € M;, we can write the SINR per unit power as

(n)
(n) o hl,eNB
VienB2 = )

(5)

Where, hz(BVB stands for the channel coefficient between relay [ and base station on

resource block n . 62 stands for the noise power of receiver of base station. For
simplicity, we assume the noise power of relay, receiver of D2D pair and base
station on any resource block are the same. Therefore, for u; € M;, the information
rate of this trasmission process can be written as:

R;Z)NB = Bgg log, (1 + Ql(,,;)IVBVZ(Z‘)IVBQ) (6)

In summary, for the user u; covered by the relay /, the total information rate can be
one of the following two rates, which depends on whether the transmitter and receiver
of u; are covered by the same relay.
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D2D direct communication mode. In this mode, the transmitter and receiver of u;
lie in the coverage area of the same relay. The transmitter of u; transmits signals to its
receiver by D2D direct mode, and the information rate is:

Ry =R, (7)

Cellular mode. In this mode, the transmitter and receiver of u; does not lie in the
coverage area of the same relay. So CUE user u; must spend two time slots on
transmission of the uplink. The first and the second time slot are occupied by the
transmission from the transmitter of u; to relay / and the transmission from relay / to
base station, respectively. So the information rate of u; in the uplink is:

n 1 . U n
Ry =5 min(RY), R, ) (8)

3 Analysis of System Performance

Assuming that the transmitted power of transmitter of each D2D pair and each CUE
user satisfy some constraints to guarantee their interference to the cellular network is
less than some interference threshold. This section discusses how to maximize the
throughput of a cell by allocating resource blocks and power on each resource blocks
for D2D pairs and CUE users.

The system throughput is maximized by the allocation of resource blocks (RB) and
the power. For CUE users of cellular mode, the final communication rate in the uplink
is determined by the smaller of the two information rates. Denoting the maximal
transmitted power of user u; as O™, and denoting the maximal transmitted power of

the relay / as Q/"**. We introduce the resource block allocation factor xl(l’,” to illustrate
that each RB can only be used by one user under the coverage area of each relay.
") € {0, 1} is a binary integer variable, x,(lj’) = 1 indicates that resource block RB # is

assigned to user u;, otherwise, x,(;” =0, 5‘;(47) =1 —x,(;”. For all users u; under the

N

coverage area of relay /, the total information rate is R,, = x,(;)RE,") —&-)_cg",’)R}(\Z). The
n=1

user’s QoS requirement is represented by Rq.s, considering that the same RB will be

occupied by the relay in two time slots. Therefore, this optimization problem can be

described as:

max Zixn n)+ n)R() (9)

(n) (n) Bl
Xu, :Qul u,yQullaQ,gNB leL uelU; n=1

subject to 0< Z x£’7) <1, VneN (10a)

wel;
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The constraint (10a) is the condition that each allocation factor must satisfy. That is,
Each RB can only be assigned to one user under each relay. (10b) and (10c) mean that
transmitted power of transmitter of user and relay cannot exceed their respective
maximum power limit. (10d) indicates that interference resulting from D2D users and
CUE users cannot exceed the interference threshold of cellular system. (10e) means
that the throughput of system must satisfy the QoS requirement. (10f) indicates that
each transmitted power is non-negative.

The unit power SINR of the D2D pair in problem (9) can be written as

(n)
m _ ha
yu’:,uhl - (n) e o (11)
w1 +o
Where, IlEZLh | is the interference term D2D directed pair user u; receives on resource
block n.
Lo = D 0, g+ Do w08l (12)
weDf, weM;
JAjeL #hjeL

For CUE users, the unit power SINR during the first time in problem (9) can be
written as

h(”)
(n) w,l
" I, + 02

15

Where, 1 (

n)
up,

1.1 18 the interference term that the cellular user u; receives on the resource
block n in the first time slot.
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Lo = D2 W00, et Y W08 (14)
quD;’ wEM,;
JALjEL el

(n)

The total information rate Ry, for all CUE users on resource block n:

n 1 . n n
] = Lin{ R0 R, )
1 (15)
— smin{ By logs (1+0[11740), ) Bra logs (1+ 0"k ) |
When Qg:)lym = QI(QVBVIIZ NB.2> R]EZ) can reach its maximal value, and then QETZVB in
the second time slot can be represented by the power in the first one, that is,

Yy
Ql NE = T §”2 Qi,)l Therefore, the total CUE information rate RI(VI> on resource block n
.eNB.

can be rewritten as:
n l n n
R](v[) = EBRB log, (l + Q,(lh),)/L(,h),’l)7 u € M, (16)

In order to simplify the problem, the resource block allocation factor x is first
relaxed to a continuous variable, or x € [0, 1]. ( represents the proportlon of time
that the resource block n is allocated to the user uz, which still meets the constraint

(10a). In addition, two new variables S{"), = x{" Q") . T, ,573 = X,S’l’)Q,("I")I are introduced as
power allocation variables for the D2D user and the CUE user, respectively. These two
terms represent the actual transmitted power of the user u; on the resource block n. After
condition relaxation and variable adjustment, the primitive optimization problem(9) can

be reformulated into

. Sl Tty
. max Z Z Z [ )Brg log, (1 (,;z)] (1)1 +xl<41>2BRB log, | 1+ (z)l (’;)l (17)
Xy O Xu, 1

(1) oln)
Xy 5Supa ,T/; leL weU; n=1 w Wy, . My

subjectto  0< Z xg') <1l ,VneN (18a)
uel;
N
D sl < om Yy eDf,Z T\ < O™ W, € M; (18b)
n=1
’yu X
ZZ'“%_W (18¢)
weM; n=1 Vl eNB,2
Z Su, u,gu,,u < I R Z Tu, lgu, I*1 t(h) ,Vl’l eN (18d)

M/ED’ uEM,;
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4 Power Allocation Algorithm Based on Lagrange Multiplier

By calculating, we find that the Hessian matrix of object function in (17) is negative semi-
definite and the constraints in (17) are the level set of some convex functions. So (17) is a
concave optimization problem. Therefore, we can use the KKT conditions in convex
optimization theory to solve it. Assuming that the Lagrange multipliers of the constraints

are 6y, $yys Cups V1 Wy 0y Ay p(") ), and the Lagrangian function can be written as
N S p(n) 1 T(n)h(n)
L= T3 (o, (1 B s 1+
leL wel; n=1 Xy~ Wy (1 Xuy, >Hu,
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According to KKT conditions, let —%4- =0 and Au, = M, so the
()SMI " 1n2(<"1 +l// gu[u 1)
optimal value of transmitted power of D2D pair can be expressed as:
(n)" m7+
« S )
()" _ P (n) _
Qu,,ul x(ur’l)* Aul,u[ hsl,;’)ul‘| (20)

Where, [¢] " means that [¢]" = max(0, ¢). Similarly, according to the KKT con-
ditions in the convex optimization theory, let aaL

& = 0, we can obtain
.l

(n) _ (A, + 1) Bre _76517)%(;) 21)
u,l T (n) (n)
2In2 (sm + v m’” + s,lgil )l ) o1
leNBZ
The optimal transmitted power of the CUE user can be written as
(n)’ (n)
- T
n) uy,l (n Hu
Qi[,l = _(;)* = Aul,)l (1)‘| (22)
Xuy luul l
n (A, +1)Bra
AL = A (23)
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According to the above formulas, we propose a power allocation algorithm shown
in Table 1.

Table 1. A power allocation algorithm based on Lagrange multipliers

A power allocation algorithm based on Lagrange multipliers

Initializing every Lagrange multiplier in (19) and select a positive scalar ¢, which is small
enough.
Do: Calculating the transmitted power of D2D pairs and CUE users by formula (20) and (22),
respectively;
Calculating the objective function in (17) and obtaining a value T7;
Do: Updating every Lagrange multiplier by sub-gradient method;
Until every Lagrange multiplier converges to some value
Calculating the transmitted power of D2D pairs and CUE users by formula (20) and (22),
respectively;
Calculating the objective function in (17) and obtaining a value Ty;
Until |7}, — T <e

Output the @), and Q") VI € L,¥n € N;
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5 Simulation

In order to verify the above theoretical analysis, some simulations are implemented.
For simplicity, assuming that the total system bandwidth and the total number of
resource blocks are fixed, and there are two relays in a cell. Furtherly, assuming that the
number of users covered by each relay is the same, and the number of D2D user pairs
and the number of CUE users covered by each relay are the same. The Raj Jain fairness
index is used to determine the fairness of the information rate on each resource block.

N 2 N
Defining the fairness index as F = (Z R,,) /N>R, N is the total number of
n=1 n=1

resource blocks in the system, and R, is the information rate on resource block n. The
simulation parameters are shown in Table 2.

Table 2. Simulation parameters and values

Parameter Value

System bandwidth 2.5 MHz

Total number of resource blocks 13

Path loss of D2D link 102.9 + 18.7log[d(km)]
Path loss of CUE users to relay link 103.8 + 20.91log[d(km)]
Path loss of relay to base station link 100.7 + 23.5log[d(km)]
Shadow fade standard deviation of D2D link 3 dB

Shadow fad standard deviation of CUE users to relay link | 10 dB
Shadow fade standard deviation of relay to base station link | 6 dB

Transmitted power of relay 20-30 dBm
Transmitted power of user 13-23 dBm
Maximum distance between D2D links 20 m

Relay coverage radius 200 m
Distance between base station and relay 125 m

Noise power spectral density —174 dBm/Hz
Interference threshold —70 dBm

In the first simulation, there are two relays, and each relay covers four D2D pairs
and four CUE users. Simulation results is shown in Fig. 2. Observing Fig. 2(a), we can
find that with the number of iterations gradually increasing, the fairness index of
resource block become better and gradually approaches 1. After 50 iterations, the
information rate of each resource block is shown in Fig. 2(b). Observing Fig. 2(b), we
find that the information rate on each resource block is approximately 4 Mbit/s.
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Fig. 2. The fairness of the system

In the second simulation, we explore the effect of the number of D2D pairs and
CUE users in each relay coverage on the total throughput of the system. The number of
iterations is 50 and the total number of resource blocks is 13. The simulation result is
shown in Fig. 3. Observing this figure, we find that with the increasing in the number
of D2D pairs and the number of CUE users under each relay, the total throughput of the
system first increase linearly, and eventually reach a stable state. Especially, when the
number of D2D pairs and the number of CUE users are greater than 7, the information
rate is about 85 Mbit/s.

transmission rate
i

15 20

the number of D2D-direct/cellular user

Fig. 3. The total throughput of the system
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Conclusion

This paper integrates relay and D2D technologies into a LTE-A single cellular system,
and builds a system model in terms of information rate by analyzing the influence of
interfere on D2D pair and CUE users. Next, we formulate the model into a convex
optimization problem, which take the total information rate of a cell as object function
and take interference threshold, maximal transmitted power, and QoS of link as con-
straints. By utilizing the KKT conditions and Lagrange multiplier, we propose a power
allocation algorithm. At last, we verify the performance of this algorithm in terms of
fairness and throughput by simulation.
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