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Performance Analysis and Resource Allocation for Cooperative D2D
Communication in Cellular Networks
With Multiple D2D Pairs

Juhyun Lee™, Student Member, IEEE, and Jae Hong Lee, Fellow, IEEE

Abstract—1In this letter, we investigate cooperative device-to-
device (D2D) communication in an uplink cellular network, where
D2D users act as relays for cellular users. We derive the outage
probability of a cellular user and the average achievable rate
from a D2D transmitter to a D2D receiver in analytic form.
We obtain optimal spectrum and power allocation to maximize
the total average achievable rate under the outage probability
constraint. The validity of the analysis is verified by computer
simulations.

Index Terms— Device-to-device communications, relaying,
multiple D2D users, resource allocation, outage probability,
average achievable rate.

I. INTRODUCTION

EVICE-TO-DEVICE (D2D) communication has

received great attention to meet the rapidly increasing
demand for data traffic [1]. In D2D communication in
cellular networks, cellular and D2D users transmit signals
simultaneously using the spectrum of cellular users.

To improve the performance of cellular and D2D users,
various relaying techniques have been researched in D2D com-
munication in cellular networks [2]-[6]. There are two D2D
communications with relaying: relay-assisted D2D communi-
cation and cooperative D2D communication. In relay-assisted
D2D communication, relays help the signal transmission to
improve the performance of D2D users [2]. In cooperative
D2D communication, D2D users act as relays for cellular
users to improve the performance of cellular users [3]. The
performance degradation of cellular users occurs due to the
interference from D2D users in D2D communication in cel-
lular networks. To reduce the performance degradation, many
works have been conducted for cooperative D2D communica-
tion recently.

Previous works on cooperative D2D communication have
focused on spectrum and power allocation when instantaneous
channel state information (CSI) is available [3]-[5]. However,
only statistical CSI may be available in practical situation.
To allocate spectrum and power with statistical CSI, the system
performances (e.g. outage probability, average achievable rate)
of cellular and D2D users need to be analyzed. In some works,
the system performances for relay-assisted D2D communica-
tion were analyzed [2], [6]. However, the performance analysis
for cooperative D2D communication has not been done yet.
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In this letter, we investigate D2D communication in cellular
networks where D2D transmitters relay data signals of cellular
users. We derive the outage probability of a cellular user and
the average achievable rate from a D2D transmitter to a D2D
receiver for a single D2D pair case at first. By using the outage
probability and the average achievable rate, we find optimal
spectrum and power allocation for multiple D2D pairs case to
maximize the total average achievable rate.

II. SYSTEM MODEL FOR A SINGLE D2D PAIR CASE

Consider an uplink cellular network consisting of a base
station BS, a cellular user CU, a D2D transmitter DT, and
a D2D receiver DR. Suppose that DT not only transmits its
own signal to DR but also relays the data signal of CU on
the spectrum of CU.

Assume that the coefficient of the channel from node ¢ to
node j h;j, i € {CU, DT}, j € {BS, DT, DR}, i # j, is
an independent zero-mean complex Gaussian random variable
with variance \; ; = d; * where d; ; is the distance between
node ¢ and node j, and « is the path loss exponent.

The signal transmission is performed in two phases. In the
first phase, CU transmits its data signal xcy with power Poy .
The received signal at node ¢ in the first phase is given by

Yiq1 = hovircu +niy, i@ € {BS,DT, DR}, (D
where n; 1 is an AWGN with variance Ny. The D2D transmit-
ter DT and D2D receiver DR decode the data signal of CU
from their received signals yp7,1 and ypr 1, respectively.

In the second phase, it transmits no signal when DT fails
to decode the data signal of CU in the first phase. When DT
succeeds in decoding the data signal of C'U in the first phase,
DT transmits its own data signal xpp with power SprPpr
and the re-encoded signal of z¢y, denoted by Zcy, with
power (1 — Gpr)Ppr where Ppr is the transmit power of
DT and Gpr is the power allocation coefficient for  pp. The
received signal at node 7 in the second phase is given by

Yi2= hpritpr+hpritcu+ni2, i€ {BS, DR}, (2)

where n; » is an AWGN with variance Ny. The base station
decodes the data signal of CU from its received signals
yps,1 and ypg 2 by using maximal-ratio combining, and DR
decodes the data signal of DT by using successive interference
cancellation if it succeeds in decoding the data signal of C'U.

III. OUTAGE PROBABILITY OF A CELLULAR USER
The received signal-to-noise ratio (SNR) at node i in the

first phase is given by

_ Poulhcudl?

- . i€{BS,DT,DR}. (3
Ny
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Since the channel coefficient hcy,; is a complex Gaussian
random variable, the CDF of ~; ;1 is given by

Fyy (@) =Priyin <
N()J?

=1—exp (— _—
Acv,iPcu
The achievable rate from CU to node 7 is given by

), i€{BS,DT,DR}. (4)

1
Reu,i = 5108;2 (1+7,1), i€{DT,DR}. )

If the achievable rate from CU to node ¢, i € {DT, DR},
is equal to or higher than the target rate 7, node ¢ succeeds
in decoding the data signal of CU. Since DT relays the
data signal of C'U when DT succeeds in decoding the data
signal of CU, the received signal-to-interference-plus-noise
ratio (SINR) at BS in the second phase is given by

y ) R Z )
7352_{735,2 cU,DT = 1 )

0, Rcu,pr <1,

~ _ (1-Bp7)Ppr|hpr,BS|? .
where Ypg 2 = SorPorlhor psPtNe" Since B.S decodes the

data signal of C'U from received signals yps,1 and yps,2 by
using maximal-ratio combining, the achievable rate from CU
to BS is given by

1
Rl\c/[&%s = 5108;2(1 +vBs,1 +VBS,2)- 7

Since DR can cancel the data signal of CU by using succes-
sive interference cancellation when it succeeds in decoding the
data signal of CU, the received SINR at DR in the second
phase is given by (8), shown at the top of the next page.
The achievable rate from DT to DR in the second phase is
given by

1
Rpr.pr = Qlogg(l +YDR,2)- ©)]
An outage occurs at the base station if the achievable rate
from a cellular user to the base station is lower than the target
rate . From (3), (6), and (7), the outage probability of CU
is given by
P&y = PrlROp s <)
= Prlypr,1 > ven] Prlyes, + 83,2 < Yen)
+Prypr1 < vinl Pr[vss,1 < vem)
= Prlyps1+9Bs2 < yn] = Fypr, (in)

x{Pr[yps,1 +VBs,2 < yn] = Fyps, (van)}, (10)
where v, = 227 — 1 and Fx(-) is the the cumulative
distribution function (CDF) of a random variable X . The first
term on the right hand side of (10) is given by

Pr[vss1 +9Bs.2 < Vin]
> 1—Bpr)Ppry\e "o7. 55
= / F’YBS,I (IVth - ( ) dy
0

BorPpry+ No ) Apr,BS
-1 1 < ~enNo
_ exp [ ——Jthi¥o
ADT,BS Acu,BsPcu
lﬁllN() No >
BprPcu  BprApr,BsPpr
0 2
k1 Ng Y )
x exp [ — - dy, (11)
/ﬁNig p( PcuPpry  Apr,ss Y
DT DT
A
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where k1 = (1 — Bpr)/(%rAcu.Bs). The integral in the
right hand side of (11) cannot be obtained in analytic form.
However, when SprPpr /Ny — 00, it can be approximated as

> k1 NG Y
.A%/ ex (— — )d
0 P PcuPpry  Apr,BS
4rk1 A N2 4k N2
_ R1ADT,BS 0K1 R11V() . (12)
PcuPpr Apt,BsPcuPpr

where K (-) is the first order modified Bessel function of
the second kind and the second equality follows from the fact
that [7]

/OOO exp (—f—y - by> dy = \/%Kﬂ@)

From (4), (10), (11), and (12), the outage probability of CU
is approximated as (14), shown at the top of the next page,
where k2 = (Acu,Bs + Acu,pT)/Acu,BSAcU,DT-

13)

IV. AVERAGE ACHIEVABLE RATE FROM A D2D
TRANSMITTER TO A D2D RECEIVER

Let 9pr2 = BprPorlhpr,prl*/No and 4pr2 =
BprPor|hpr,prl?/{(1 Bor)Ppr|hpr.orl*> + Not.
From (8) and (9), the average achievable rate from DT to
DR is given by

Rpr.pR
=E[Rpr,DR]

1 N
=Prlvpr1>%Yen: Ypr1 > %0 E |:§10g2(1 +’YDR,2)]

1 .
+Prlvypra > Y, Yor1 < Yen|E |:_10g2(1 + 7DR,2):|

_ {1_F’YDT,1(’Yth)}{1 F’YDR1 Vth }/ 'YDR2 x)d
2In2 1+
+{1 F’YDTl(’yth)}F’YDRl(’yth)/ F’YDR2(y) d
21n2 o 1+y 7
(15)

Since the channel coefficient hpr pr is a complex Gaussian
random variable, the CDFs of Ypr 2 and 4ppr 2 are given by

N()J?
F’YDR,2 (.13) =1-—exp (_ BprADT DRPDT> (16)

and (17), shown at the top of the next page. From (4), (15),
(16), and (17), we have

{1 F’)’DTl(’Yth)}{l
2In2

X/OO 1 < N(){E )d
ex e — X
o 14w P BprApT,DRPDT
B

+{1_F'YDT,1(Pyth)}F'YDR,1(Pyth) exp Ny
2In2 k3Ppr

[l 2
——4———Jexp| — .
L\ Y y+PBpr—1 /<63PDTy 4

C

’YDR 1 (’Yth)}

Rpr.pr =
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BprPpr |hDT,DR|2
Ng ’

if Rou,pr > 1 and Rcu,pr > 1,

2
YDR2 = BprPpr|hpr, DR iR < (8)
: ; cu,pr > 1 and Rcy,pr <1,
(1 — Bpr)Por|hpr.orl” + No
0, if Reu,pr <.
1NO 'Ythl‘iQNO 4H1N2
POS A 1 — ex (_%17)%)( (_ )_ 0
ov P Acv,BsPcu P Pcy Apr,BsPcuPpr
N 1— N N, 4k N?
X exp <_’Vth/€2 0 (1 = Bpr)No 0 >K1 _ AmNg ) (14)
Poy BprAcu,BsPcu  BprApr,BsFPpr Apt,BsPcuPpr
1 —exp (— Noz ) T < ﬁ,i
By, (2) = (Bpr + Bpre — x)Apr,prPoT )’ 1—Bpr’ (17)
YDR,2 DT
1, g
1 - 8pr

where k3 = (1 — Bpr)A\pr,pr and k4 = Bpr/(1 — Bpr).
By using the equality [7]

(o] efaz
/ dx = — e*’Ei(—ab),
0 b +x

where Ei(-) is the exponential integral function, the integral
in the first term on the right hand side of (18) is given by

B-—exp(

19)

Ny )
BprApr,prPpT

xEi ( No > (20)
1\ - .
BprApr,prPpT

By using the equality [7]

e o] efbx
/ dx = — e*Ei(—ab — be), 1)

c+x

the integral in the second term on the right hand side of (18)
is given by

c=i(—p) oo (5o
e — — ex =Y
k3 Ppr P ApT,prRPDT

. N() I€4N0 >
xFEi | — — . (22
< k3Ppr  Apr.prPpT @2)

From (4), (18), (20), and (22), the average achievable rate from
DT to DR can be obtained in analytic form.

V. SPECTRUM AND POWER ALLOCATION FOR
MULTIPLE D2D PAIRS CASE

In this section, we find optimal spectrum and power allo-
cation for multiple D2D pairs by using outage probability
of a cellular user and average achievable rate from a D2D
transmitter to a D2D receiver obtained in previous sections.
Consider an uplink cellular network consisting of a base
station BS, M cellular users CUq, ---, CUy;, and K D2D
pairs DT1-DRy, ---, DT'x-DRg, K > M. Assume that
each D2D transmitter acts as a relay for at most one cellular
user and each cellular user is helped by a distinct D2D
transmitter. Let Pgg", REr, DRy and [fp, denote the
outage probability of C'U,,, the average achievable rate from
DT}, to DRy, and the power allocation coefficient for xpr,,

respectively, when DT}, acts as a relay for CU,,. Let p%"Tk
denote a spectrum allocation indicator. ppp, = 1 if the
spectrum of CU,, is allocated to DTy, i.e., DT} acts as a
relay for CUy,; phy, = 0 otherwise. When only statistical
CSI is available, it needs to find optimal spectrum allocation
indicators and power allocation coefficients to maximize the
total average achievable rate from D2D transmitters to D2D
receivers when the outage probability of a cellular user is lower
than the predetermined value €. Then, the algorithm to find
optimal spectrum allocation indicators and power allocation
coefficients is as follows:

i) Find all power allocation coefficients 577, by using (14)

such that

Pei (Bpn,) =&, Vk,m. (23)
ii) Find optimal spectrum allocation indicators p77, by

using exhaustive search such that

M K
mx m DM m
Ppr, = arginax E E pDTkRDTk,DRk (5DTk)

DT m=1 k=1

(24)
subject to php, € {0,1}, Vk,m, (25)
M
> ppr, <1, VE, (26)
m=1
K
> B, =1, Vm. 27)
k=1
iii) Find optimal power allocation coefficients (77,
such that
* BM/ ) if p/’n/l* = 1)
Bor, =,k DT , (28)
0, if o7, =0, vm'.

VI. SIMULATION RESULTS AND DISCUSSION

Assume that the path loss exponent o = 3. Suppose that the
target rate 7 = 1 bps/Hz and the outage probability constraint
e = 0.01. In Figs. 1 and 2, we consider an uplink cellular
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Fig. 1. Outage probability of a cellular user.
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Fig. 2. Average achievable rate from a D2D transmitter to a D2D receiver.
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—A— Random spectrum allocation, K =10
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Fig. 3. Total average achievable rate from D2D transmitters to D2D receivers.

network with a cellular user and a D2D pair where the distance
di; = 1,1 € {CU, DT}, j € {BS, DT, DR}, i # j.
In Fig. 3, we consider an uplink cellular network with M
cellular users and K D2D pairs where cellular users and D2D
pairs are randomly located in the cell with radius 500 m.
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Fig. 1 shows the outage probability of a cellular user
versus Poy /Ny for Ppr/No = 10 dB. For comparison,
the performance for the conventional D2D communication
is presented where a D2D transmitter does not relay the
signal of a cellular user. The simulation result shows that the
outage probability decreases as Poy /Ny increases or Spr
decreases. It is shown that the gap between the analytical
and simulation results increases as Poy /Ny increases or Spr
decreases. It is because the analytical results are obtained when
BprPpr/No — oo. Note that the gap between the analytical
and simulation results is not large even though Ppr /Ny is not
high. It is shown that the cooperative D2D communication
gives better outage performance than the conventional D2D
communication.

Fig. 2 shows the average achievable rate from a D2D
transmitter to its corresponding receiver versus Ppr /Ny for
Pcy/No = 10 dB. It is shown that the average achievable
rate increases as either Ppr /Ny or Bpr increases. It is also
shown that the analytical results perfectly match the simulation
results.

Fig. 3 shows the total average achievable rate from D2D
transmitters to D2D receivers for Poy = Ppr and M = 10.
The performance for random spectrum allocation is presented
for comparison. It is shown that the total average achievable
rate for the optimal spectrum allocation increases as either
Ppr /Ny or the number of D2D pairs increases. It is also
shown that the optimal spectrum allocation achieves higher
total average achievable rate than the random spectrum allo-
cation.

In conclusions, we consider cooperative D2D communica-
tion in a cellular network with multiple D2D pairs. We derive
the outage probability of a cellular user and the average achiev-
able rate from a D2D transmitter to a D2D receiver. We find
optimal spectrum allocation indicator and power allocation
coefficient to maximize the total average achievable rate. For
future works, we aim to propose a new spectrum allocation
scheme to reduce the computational complexity for optimal
spectrum allocation.
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