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Abstract

allocation strategy.

In this paper, we investigate the ergodic rate for a device-to-device (D2D) communication system aided by a two-way
decode-and-forward (DF) relay node. We first derive closed-form expressions for the ergodic rate of the D2D link
under asymmetric and symmetric cases, respectively. We subsequently discuss two special scenarios including weak
interference case and high signal-to-noise ratio case. Then we derive the tight approximations for each of the
considered scenarios. Assuming that each transmitter only has access to its own statistical channel state information
(CSI), we further derive closed-form power allocation strategy to improve the system performance according to the
analytical results of the ergodic rate. Furthermore, some insights are provided for the power allocation strategy based
on the analytical results. The strategies are easy to compute and require to know only the channel statistics. Numerical
results show the accuracy of the analysis results under various conditions and test the availability of the power
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1 Introduction
In recent years, a seamless increase of various innova-
tive multi-media services has kept pushing the limits of
current wireless networks, urging for higher-speed com-
munications [1, 2]. As the smart mobile devices popularize
progressively, the demand for higher wireless transmis-
sion rate will grow exponentially in the next decades and
a 1000 times increase in the current system capacity is
required by 2020 [3, 4]. However, the fourth generation
mobile communication systems which can support a rate
of 1Gbit/s hardly satisfy the demand of mobile commu-
nication in the next 10 years [5]. Therefore, the fifth
generation (5G) cellular network is being considered [6].
One of the key technologies for 5G systems, which has
recently attracted huge attention and can greatly enhance
the spectral efficiency [7-9], is device-to-device (D2D)
communication.

Generally speaking, there are two main types of radio
resource sharing methods used by D2D communication in
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a cellular network: underlay and overlay inband commu-
nication [10]. For the overlay case, D2D communication
takes part of the cellular resources and leaves the other
half to the cellular user. Therefore, there is no interfer-
ence between cellular link and D2D link. In contrast,
for the underlay case, D2D users use the same resources
with the cellular user causing interference to both the
cellular link and D2D link, and the base station (BS) is
required to coordinate the transmit power for both the
cellular and D2D users [11-13]. Compared with the con-
ventional cellular communication, obviously, comparing
to the traditional cellular communication, D2D communi-
cation can save the resources and improve the throughput
greatly, due to the fact that only half of the resources are
used [14].

Although lots of advantages can be taken by D2D
communication, it also faces a rigorous challenge—the
inter-channel interference [15]. To reduced ICI from the
D2D links, interference management and coordination
is important for physical-layer designs, e.g., power con-
trol and resource allocation. Great efforts to tackle the
interference problem have been made in [16-18]. For
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traditional D2D communication systems, many power
allocation strategies have presented to improve the per-
formance of cellular link or D2D link. For example, in
[12], a joint power allocation scheme was proposed which
maximizes the sum-rate of D2D link and cellular link.
The authors in [13] have also given an interference-aware
channel allocation scheme based on Hungarian algorithm
to maximize the number of permitted D2D communica-
tion pairs. In order to effectively guarantee the cellular
service, Yu et al. [16] proposed a transmit power allocation
algorithm while the authors in [18] presented an optimum
resource allocation and power control between the cel-
lular and D2D link to improve the performance of D2D
communication.

Equally, relay-assisted communication in cellular net-
works has also demonstrated great potential in enhancing
the system performance [19-21]. Efforts have been firstly
spent on analyzing the one-way relay-assisted systems
with different relay protocols including amplify-and-
forward (AF), decode-and-forward (DF), and compress-
and-forward (CF) protocols, e.g., [22-24]. Relaying
technologies have also been proposed for two-way com-
munications [25, 26]. The transmission schemes over two,
three, or four time slots for two-way relay protocols have
been investigated in [27]. Recently, the application of relay
techniques in conjunction with D2D communication has
increasing interest as a means of achieving further per-
formance improvements and coverage enhancement in
cellular networks. Also, the D2D communication assisted
by a relay node can alleviate the interference to the cel-
lular link as it can reduce the transmit power of the D2D
users. A comprehensive resource allocation framework
for the one-way DF relay-assisted D2D communication
was presented in [28]. In [29], the authors presented a
joint relay selection and power allocation scheme for one-
way AF relayed D2D communication. Based on the outage
probability performance, Wang et al. [30] presented an
interference constrained precondition for the one-way DF
relay aided D2D communication. It is obvious that the
combination of the D2D communication and the relay-
assisted communication is a very effective method to
improve the performance of the next-generation cellular
system. One-way relay-assisted system has been investi-
gated in [31-33] which presented closed-form expressions
for the system performance. However, it needs four time
slots to realize a complete communication with one-way
relay policy while only two time slots are required for the
two-way relay policy. Due to its potential to enhance the
spectrum efficiency, two-way relay policy has attracted
a great deal of attention. An optimal power allocation
algorithm was provided to minimize the outage prob-
ability of D2D users for the two-way AF relay-assisted
D2D communication system [34]. However, the inter-
ference was not considered. Sun et al. [35] proposed a
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security-embedded interference avoidance scheme to
improve the system error performance in which the D2D
user served as relays to assist the two-way transmission
between two cellular users. In [36], authors proposed a
new scheme in which three-phase D2D communication
assisted with two-way DF relay is considered. The Pareto
boundary of the region of the sum rate of D2D link ver-
sus that of the cellular link was found by optimizing the
transmit power at base station and cellular user, as well as,
D2D users [37].

Motivated by the interest of two-way relay-assisted sys-
tem, as our major contribution, we will derive closed-form
expressions of the ergodic rate for the proposed relay-
assisted strategy, and investigate the effects of noise, the
predetermined ratio, the received power of signals includ-
ing the desired signal, and the interference. Two cases in
which the relaying terminal has the same (symmetric) and
different (asymmetric) received power from the two ter-
minals exchanging information are considered. We then
study the performance for the weak interference case and
high signal-to-noise ratio (SNR) case. The approximations
of ergodic rate for these cases are derived respectively.
Based on these approximations, we present closed-form
power allocation strategies which involve several key sys-
tem coefficients and can be easily implemented. Numer-
ical results confirm the accuracy of the analysis results
and show the tightness of our approximate results. The
improvement of the ergodic rate by using the power allo-
cation strategy also can be found from the numerical
results. To the best of our knowledge, this is the first ana-
lytical result that is applicable for D2D communication
with two-way DF relaying.

2 System model

We consider a D2D communication system assisted with a
two-way DF relay node. We assume that the inter-channel
interference between the users can be properly controlled
by some efficient controlling mechanism. We focus on the
interference between D2D link and cellular link, which is
caused by sharing the same resources. Consider an iso-
lated cell scenario as shown in Fig. 1 where one base sta-
tion, one cellular user and a pair of D2D users are present
(i.e., UEC, UED; and UED;). We assume the BS and all the
users are equipped with single antenna. UED; and UED,;
exchange the messages with each other via UEr employ-
ing two-way DF protocol. We denote the transmit power
of terminal i as P;r for (i = 1,2,7,¢,b) which, respec-
tively, refers to UED;, UED;, UEC, the BS and the relay.
For fading channels, we use /;; to denote the Rayleigh fad-
ing channel coefficients of i — j link (for j=12r0c b). It
is assumed that the noise #; is an independently and iden-
tically distributed complex Gaussian noise with zero mean
and Nj variance. The received power P;; at user j measured
at d;; away from the transmitter i is defined as
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Fig. 1 A D2D communication aided by two-way DF relaying
underlaying cellular network

Py = Pirdy;*, (1)

where «a denotes the path-loss exponent. We assume that
the uplink and downlink channels are reciprocal, invari-
ant, and formatted in two consecutive equal time slots.
As shown in Fig. 2 (a), during the first time slot, UED;
and UED; transmit messages S; and Sy to UEC simulta-
neously. At the same time, UEC sends messages to the BS.
Thus UER is effected by the noise plus the interference
from cellular link. The desired signal received at the relay
node can be given by

yrDF = \/Ehlrsl + \/Ighz,«sz + \/Ehcrsc +np. (2)

(b)

Fig. 2 The three-node model with interference and noise. a The first

time slot and b the second time slot
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As shown in Fig. 2 (b), after the decoding process of y°F,
UER decodes S; and Sy and transmits the message S, to
UED; and UED; in the second time slot that [38]

Sy =/BS1+ /1 - BSa, 3)

where the relay uses an average transmit power of SP,r
for the forward direction and (1 — ) P,r for the back-
ward direction. Besides, the BS sends the messages to
UEC simultaneously. After the self-interference cancela-
tion procedure, the received signal at the UED; and UED,
can be written as follows, respectively,

yPF = /P (1 = BYa Sy + /Porhpi Sp + 1, (4)

and

y3F = /PraBhyaS1 + /PoohpaSy + na. (5)

Having established the signal model in (2)—(5), we now
present the expressions of the signal-to-interference-plus-
noise ratio (SINR) for different links. For the first phase,
according to the received signals at UER in (2), we can
obtain the SINR for the UED; —UER link and UED, —UER
link which can be respectively expressed as

P1r|hlr|2
Yir=_—— 5 —— (6)
! Pcr|hcr|2+N0
and
Pylhs, |
Y= ———— (7)

a Pcr|hcr|2 + NO'
The sum-SINR at the relay node can be further
expressed as [39, 40]
P1r|h1r|2 + P2r|l’12r|2
Pcr|hcr|2 + No
For the second phase, we also have the SINRs for the
relay — UED; and the relay — UED3 links as
(1= B)Pulhn)?
Py |l * + No

8)

YMAC =

)

2

g = ﬁpr2|zr2| ) (10)

Ppa|hpa|” + No
3 Ergodic rate analysis
In this section, new closed-form expressions for the
ergodic rate of D2D link aided by two-way DF relay are
derived firstly. Symmetric (where the received power at
the relay from the two source users is the same) and asym-
metric (where the received power is different) cases are
considered. We assume channel reciprocity and that the
relay node can decode S; and S, without errors. Accord-
ing to the definition in [26], the ergodic rate of the DF
protocol is then given by

RPE = min (Ryac, R1(B) + Ra(1 — B)),

sum

(11)
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where

1
Ryac = EE {10g2 a1+ )/mac)} ) (12)

1
Ri(f) = 5 min(E{log,(1 + y1,)}, E {log, (1 + y,2 (B)}) ,
(13)

1
Ro(B) =3 min(E{log, (14y2)}, E{log, A+y,1(1—8))}) .
(14)

We are now ready to derive an analytical expression
of (11).

3.1 Exact analysis

With the above analysis, we now investigate the closed-
form expression for the ergodic rate. The case of P1, # Po,
is referred to as the asymmetric case. For the symmetric
case, since the received power at relay node from UED;
is equal to that from UED,, we use Py, to indicate the
received power at the relay node from the D2D users.
The ergodic rate of the D2D link under the two cases are
derived and presented in the following theorem.

Theorem 1 The ergodic rate of the D2D communication
aided by a DF relay is given by

1
Rgf;, = 5 min (Rmale + RZ) ’ (15)
where Ry = min (R1,, Ry2), Ry = min (Ry,, Ryq) with
P No N No N
i ha(2)-a ()
Plr - Pcr Plr Pcr
(16)

P No_ N No. N
R,— PP [eﬁp‘,’z £ (0) S E, (0>]
,Bprz — sz ,BPrZ Pb2

_ No No
R = & e1=PPr1 Fy (&) —efr1 g <&> ,
(1=B)Pr1 — Py 1-BPn Py

sy .
Ry = { R‘;\nac for the asymmetric case, (20)

S ,
Ry for the symmetric case,
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with
P? No N
Rl = I efr By <0)
(PZr_Plr)(Pcr_Plr) Plr
2 N,
- Par Py E, <N°> (21)
(PZV_PIr)(Pcr_PZr) P2r

Per2r_Pcr(P1r+P2r) IJ;LO <N0>
— ePor E; [ —

(Pcr_PIr)(Pcr_PZV) Pcr
and
Sym P2 + NoPey — NoPyy — 2Py, Py 2o No
Ryjiac = ) e'ar By | —
(Per — Pyy) Pgy
Py 2Py — Pgy) Mo <N0 ) Py
e A oy (S0 ) - —
(Per — Pyy) Py Py — Py,
(22)

Note that the the exponential integral of first order is
defined as

[ee} e—t
E1 (Z) = ‘/. Tdt.
z

Proof See Appendix 1. O

(23)

According to Theorem 1 in [41], we find that the
function

h(x) 2 exp (i) E; (i)

is a monotonically increasing function with x. Based on
this result, if a > b, it leads to

(24)

N N
e%El (0) > e%El (O> . (25)
a b
Then we have
N, N, N N
2 e@E (22) —e?E 0) > 0. (26)
a—b a b

The same result can be obtained for the case a < b. That
is, the values of the expressions in (16)—(19) are always
positive.

Our result in Theorem 1, in contrast, presents the exact
closed-form expression which is applicable for arbitrary
system parameters, and is given in closed-form expres-
sions involving standard functions which can be easily
evaluated using Matlab or Mathematics softwares. We
note that this theorem presents an exact expression for
the ergodic rate of the D2D communication aided by
a DF relay node. In prior works, separate alternative
expressions were only obtained for the traditional D2D
communication scenarios without considering the differ-
ent interference level in different time slots. Moreover,
based on Theorem 1, we have the following observations.
Since e!/*E; (1/x) is a monotonically increasing function,
Theorem 1 implies that Py, > P, BPyp > Ppy, Pyy > P,
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and (1 — B) P,1 > Pyp; should hold to transmit the mes-
sage between different nodes reliably. These conditions
also mean that the interferences from the BS and the
cellular user play a negative role in the ergodic rate.

3.1.1 Weak interference case

In this subsection, we examine the scenario that the D2D
communication occurs at the cell edge where the D2D
users reuse the resources of the cellular user far away.
Hence, the interference at D2D users is weak enough com-
pared to the noise which means P, — 0, Pp; — 0,
No/P, — oo and No/Pp; — 00. According to these,
the ergodic rate of the D2D link can be described in the
following corollary.

Corollary 1 When Ny/P, — 0o and Ny/Pp; — oo, we
have

1 .
Rsv,ffn b min (RXZC,R}W + R}W) , (27)
where
R = min (R}, RY), (28)
Ry = min (R}, R)"), (29)
with
No. N
R =M Ey <°) , (30)
Plr
No_ N
R%I = ePP2 E; ( 0 ), (31)
ﬂPrZ
No N
RYI — P, (") , (32)
P2r
Ny N
RY! = ¢TPPIE, <°> (33)
1 —pB)Pn
and
Wi R,‘,ﬁC’A ¥ for the asymmetric case,
Rmac = WI,Sy . (34)
Ryav for the symmetric case,
with
WI,Asy _ Plr II’VT?E & 35
mac Plr_P2re ! Plr ( )
P No N
Lo P e (0)
P2r - Plr P2r
and
Py — Ny Mo N
wisy — Zdr — 0 e (") +1. (36)
dr Pdr

Proof Based on the properties of exponential integral
function ,we can get

1

2 1
~1In (1 + ) <€’E1 (%) <In (1 + ) . (37)
2 X X
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For x — 00, we have

¢“E1 (x)] ~ 0.

X—> 00

(38)

Having these results, we can easily obtain the approxi-
mations in Corollary 1. O

Corollary I provides approximate results of ergodic rate
for the weak interference scenario. Clearly, the expressions
in Corollary 1 are simpler than the ergodic rate expres-
sions given in Theorem 1. Note that the ergodic rate only
depends on the desired signal for the weak interference
scenario. Since /(x) in (24) is a monotonically increasing
function with x, R¥! can be improved by increasing P;
and P,;. That is to say, enhancing the power of desired sig-
nals can improve the performance of D2D link when the
locations of D2D users are fixed.

3.1.2 High SNR case

Here, we consider the fact that the communicating users
in D2D communication systems are relatively close to
each other. Here we will present new asymptotic ergodic
rate expressions when the receive SNR at the D2D users
goes to infinity which means P;,./Ny — oo and P,;/No —
0o. This will be useful in deriving the optimal power allo-
cation for the ergodic rate at high SNR later in this section.
For this case, the ergodic rate of D2D communication
aided by the relay node are given in the following corollary.

Corollary 2 When P;,/Ny — 00 and P,;/Ny — oo, the
asymptotic ergodic rate is given by

1
RS, = 2 min (R’,Zic,R{’S + R’;’S) , (39)
where
Rllis = min (R{[,S,Rgs) ) (40)
Rgs = min (R';[,S,Rﬁs> , (41)
with
P No N
RIS = 1In <1’) —A—ePrE <°> (42)
NO cr
P, No. N
Rﬁ?:ln('3 ’2>—A—e1’b2151 (°> (43)
No b2
P No N
HS _ In (Zr) Y 81’351 (0>, (44)
NO cr
1-8)P No. N,
RIS = In <(ﬂ)”> —A—eln E; (0) (45)
No Py
and
S RZ‘Z’? " for the asymmetric case,
mac — HS,Sy , (46)
Ryac”  for the symmetric case,
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with
gisAy _ D3, (n(Por/No)=2) - P, (In (Prr/No)—2)
e (Py—P1y) (Por — Pey)  (Par — P1y) (P1,—Pgy)
PerZV_Pcr (Plr +P2r) gﬂ <N0>
_ ePr E1| —
(Pcr_Plr)(Pcr_P2r) Pcr
(47)
and
2P, P,, — P2 N N, P,
RESS - Zdre  Tdr & |:ePc3E1 (0> - ln( dr) + A:|
(Pcr - Pdr) PC" NO
N, P P
40 (ln (”) — A) _ o tdr
Pcr_Pdr NO Pcr_Pdr
(48)

where . ~ 0.577 is the Euler-Mascheroni constant.

Proof We use the following asymptotic expansion of
the exponential integral in obtaining the limiting form as
SNR — oo,

E; (®)|y—0~In (i) — Al (49)

O
For the case the relay has some statistical channel state
information (CSI) about the system parameters, 8 may be
chosen such that the ergodic rate is maximized. In this
paper, we investigate the power allocation scheme that
maximizes the ergodic rate based on the network geome-
try and the statistical CSI which include the second-order
statistics and the interference level. For simplicity, we con-
sider a linear network topology and assume that the relay
node has only the path-loss coefficients of all the chan-
nels. We assume the transmit power at each user is Pr.
Since the D2D communication always occurs far from
the BS and the distance between D2D users is short, we
can get the approximation that dy; & dj which leads to
Pyy = Ppy = Py,

Corollary 3 The power allocation strategy that maxi-
mizes the ergodic rate (39) is given by

Aif (Gi<0A<1) or (G >0,05<B<A<1g, >g,)
or (G > 0,B <A <05,g; > gir)
Bif (G1>0,05<B=<A<1g;,>g;) or(Gi>0,05<B<1<A)

= or (G1 >0,B<A <05g, > g
1if (Gy <0,A>1)
05 if (G1 >0,B<05<A)
(50)
where
are’
A= , (51)
Lor
0
e
B=1-%¢ (52)

Z1r
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and
G1 = (g%r +g§r) 60 — 81,82 (53)
with g = dg%(s,t =1,2,1;8 # ©).
Proof See Appendix 2. O

From the power allocation scheme in (50), we find
that the power allocation coefficient is determined by the
location of the relay node on the D2D link when the inter-
ference from cellular link is fixed. Instead, the interference
level of the cellular link leads to difference power alloca-
tion coefficient for the fixed location of relay node. Note
that the power allocation strategy in (50) uses only the
second-order statistics and the interference levels from
the cellular link. It means that the derived power alloca-
tion strategy can be easily implemented in practice. It is
interesting that there exists some region for the optimal
coefficient which equals to 0.5.

4 Numerical results

In this section, we present several numerical results to
demonstrate all the exact and analytical results as well
as asymptotic results. The performance enhancements
by the power allocation schemes are also shown here.
The path-loss fading coefficient is considered in an urban
macro cell. We set the reference distance to be unity. The
simulation parameters are shown in Table 1.

Figure 3 illustrates the ergodic rate results. In this figure,
we consider that the D2D communication takes place in
the middle region of the cell and is not far away from the
cellular user with d,, = 4, d,; = 5, and dj; = 6. For the
asymmetric case, we set dj, = 0.3, dy, = 0.7 and 8 = 0.6
while d1, = dy, = 0.5 and g = 0.5 for the symmetric case.
Again, we see a precise agreement between the analyti-
cal results and the Monte-Carlo simulations, and that the
analytical approximations are accurate in the high SNR
regime. Compared with the asymmetric case, we see that
increasing the SNR over the threshold results in a small
ergodic rate for the symmetric case. This agrees with the
analytic conclusions given in Section 3. It is also interest-
ing to observe that the opposite occurs in the low SNR
regime (and an improvement in system performance). In
addition, it can be seen that there is a turning point in

Table 1 Simulation parameters

Transmit power of each user Pr=Pr(i=C1,2,R)

Transmit power of BS Ppr = 20P;1
Path-loss coefficients a=4
Distance between D2D users dip =1
Noise variance No =1

SNR SNR = Pr/No
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asymmetric case

Ergodic Rate
(5]

symmetric case

*  MontCarlo results
High SNR results
Exact results

i

i i i i

0 I I I
0 5 10 15

communication assisted by two-way DF relay node

20 25 30 35 40
SNR(dB)

Fig. 3 Exact ergodic rate, high SNR approximations, and Monte-Carlo simulated ergodic rate for both asymmetric and symmetric cases of D2D

all the curves for both cases. This is explained as follows.
Before this point, due to the minimization operation in
(15), the ergodic rate is given by one of Ry,,;c or Ry + Ry
which completely depends on the interference level of the
BS and the cellular user. After this point, the other one
determines the ergodic rate due to the large SNR.

We now assess the approximations of ergodic rate for
the weak interference condition in Figs. 4 and 5. Consid-
ering the D2D communication occurring at the edge of
the cell, in Fig. 4, we set dy; = dpy = 10 and d,, = 8
for the symmetric case while di, = 0.4, da, = 0.6, and
dp1 = dpy = d = 14 are set for the asymmetric case.

Ergodic Rate

asymmetric case

symmetric case

%  MontCarlo results
—&— Weak Interference reslults

0
-10 -5 0

10
SNR(dB)

15 20 25 30

Fig. 4 Weak interference approximations and Monte-Carlo simulated ergodic rate against SNR for both asymmetric and symmetric cases
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Ergodic Rate

asymmetric case

symmetric case

—¥k— MontCarlo results
—&— Weak Interference reslults

Fig. 5 Weak interference approximations and Monte-Carlo simulated ergodic rate against the distance between BS and D2D users for both

asymmetric and symmetric cases

6 8 10 12
Distance between BS and D2D users

14 16 18 20

We also assume d,, = 6 and SNR = 10 dB for both
symmetric and asymmetric cases in Fig. 5. Specially, in
Fig. 5, we set d1, = 0.3 and d, = 0.7 for the asymmetric
case. It is apparent that the weak interference asymptotic
expressions almost coincide with the Monte-Carlo results
in the whole SNR regime. The graph in Fig. 5 shows that

the approximations in Corollary I remain sufficiently tight
in the weak interference regime. As anticipated, the dis-
tance between BS and D2D users ceiling effect kicks in at
impractical distance values (e.g., > 10).

Figure 6 shows the ergodic rate results of the systems in
different parameter configurations, where the parameters

Ergodic Rate

—*— No optimal results
—+&— Optimal results

— & - No optimal R1+R2
—— Optimal R1+R2 B
MAC

—E— Exact optimal results
Traditional D2D

i i n n T n

10 15 20 25 30 35 40
SNR(dB)

presented for comparison

Ergodic Rate

—*— No optimal results
—+&— Optimal results 4
— & - No optimal R1+R2
—+— Optimal R1+R2
MAC b
—— Exact optimal results
Traditional D2D

n n T n

B i i i i
0 5 10 15 20 25 30 35 40

SNR(dB)

Fig. 6 Ergodic rate performance comparison of the proposed power allocation strategy against the SNR for different parameters of
(der, dir, dor) = (4,0.25,0.75) and (der, dir, dar) = (2,0.35,0.65). The equal power allocation and traditional D2D communication results are
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of the left one are (d.,d1,,doy) = (4,0.25,0.75) while
those for the right one are (d, d1,, doy) = (2,0.35,0.65).
The results for the traditional D2D communication are
also presented for comparison. The star line in the left
figure represents the ergodic rate of the scenario with-
out power allocation while the square red line demon-
strates the result utilizing power allocation strategy. As
we employ the power allocation scheme in the broadcast
phase, the ergodic rate in this phase is improved compared
with non-optimized black link. Since the DF protocol is
employed in the relay node, the ergodic rate of the whole
system is determined by the minimum rate during the
broadcast phase and the multiple-access channel (MAC)
phase as in Theorem 1. The ergodic rate in square red line
performs better than that in star blue line for all SNRs.
Similarly, in the right figure, the ergodic rate of the non-
optimized system equals to that of MAC phase if the SNR
is no more than 13 dB while it depends on the ergodic
rate in the MAC phase if the SNR is above 13 dB. Using
the power allocation strategy, the ergodic rate is the same
as that in the MAC phase resulting in the distinct perfor-
mance improvements when the SNR is below 13 dB. The
exact optimal results in this figure test the availability of
our power allocation strategy.

Finally, Fig. 7 compares the ergodic rates of the relay-
assisted D2D communication strategy with and without
the power allocation strategy against different relay node
locations. We consider (dp1, dp, dey) = (5,5,5), B = 0.5
for the left subfigure and (dp1, dp2, der) = (4,4,4), 8 = 0.3
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for the right one. As can be seen in the left subfigure,
again, the proposed power allocation algorithm (50) out-
performs the equal power allocation significantly. It can
be easily found that the ergodic rate depends on the loca-
tion of the relay node. It is also shown that more ergodic
rate gain can be obtained comparing to the equal power
allocation when the relay node is closer to the D2D users.
This phenomena highlights the fact that the power allo-
cation strategy is particularly effective when the distances
between D2D users and relay node are different. From the
right subfigure, since g is set as 0.3, the ergodic rate in the
region dyj, > 0.7 (da, < 0.3) is close to the optimal results.
It means the closer the relay node to the D2D user, the less
power should be allocated. Again, an agreement between
exact results and high SNR optimal results are shown in
the figure.

5 Conclusions

This paper proposed a new D2D communication strategy
underlaying cellular networks which is aided by a relay
node using two-way DF protocol. The outage probability
and the ergodic rate of the new strategy were discussed
for both the asymmetric and symmetric cases. For the
new D2D communication strategy, we derive the closed-
form expressions and their high SNR approximations for
both outage probability and the ergodic rate. Based on
these results, we showed that several major factors play
a negative role for the system performance. Furthermore,
closed-form power allocation solutions which minimize

18 T T T T I
—%— No optimal results
—+&— Optimal results
16l _ e _ No optimal R1+R2 |
— 4+ - Optimal Fl1+Fi2
Ruac
14} —E— Exact optimal results |

Ergodic Rate

for comparison

18 T T T T T
—*— No optimal results
—+&— Optimal results
16l _ e _ No optimal R1+R2 |
— 4+ - Optimal R1+R2
Ruac
14} —O— Exact optiaml results |4

Ergodic Rate

Fig. 7 Ergodic rate performance comparison of the proposed power allocation strategy against different relay node locations and SNRs, including
(dp1,dp2,der) = (5,5,5), B = 0.5 for the left subfigure and (dp1, dp2, der) = (4,4,3), B = 0.3 for the right one. The exact optimal results are presented
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the outage probability or maximizes the ergodic rate were
presented using the high SNR approximations. Analytical
results were validated through numerical simulations.

Appendices

Appendix 1

Proof of Theorem 1

In order to prove Theorem 1, we will consider the asym-
metric and symmetric cases, respectively. Note that, in
both cases, we use the following equation for the evalua-
tion of the exact ergodic rate [42]

Ex[In(1Q+x)] = /OO In (1 + x) dF (x) (54)
0
— /OO mdx (55)
0 x+ 1

Here, we start from the asymmetric case.

(1) The Asymmetric Case

Without loss of generality, let S = P1r|h1r|2 +
Poplhoe|?, T = Poylher|* + No and U = S/T. First, we
derive the PDF of S. Let X = P1,|h1,1%, Y = Poylhoy|?
and S = X + Y. For the Rayleigh fading channel, we

have
1 _ =
f@ =g (56)
and
1 _»
fo= Ee Pyr (57)

Then, we have

fs (5) ds = / £ (s — 3,9) dyds (58)

Since random variables X, Y are independent and
X >0,Y > 0, we have

s
f0= [ Ke-ng0b (59)
s s 11
= e Pir / e‘(PTFE)yd (60)
PerZr 0 ’
1 __s 1 s
= ——e Py _—e Py (61)
Py, — Py, Py, — Py,

The same way, we can easily derive the PDF of T as

1 _¢t. N
fre)=5e P try (62)

cr
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Then we evaluate the PDF of U as

i (u):/ tf (ut,t)dt
No
= /N tfs (ut)fr (t) dt (63)
0
e% P2r —p—Jo

PPy —Pi)ut B

g - P 2 N
e Ler __u _ ~No
+ < 2 ) e Par Per

P, (Pyr — Pry) Ll—l—%
cr
No
ePer Py, _u _No

Pcr(PZV_Plr)M-‘r%

cr

B\

u 0

_ eler 1},1.) eiPilriPicr
P, (P — Pyy) M—I—Pfh
cr

where f (ut, t) is the joint PDF of the random vari-
ables S and T. After simple manipulation, it yields

N
f{;sy () = PyrNo lp efp—zoru
P (Pyr — Pyy) M—I—TZ

P2 1\ _n
+ 2r - B_Eu
Py (Pyr — Pyy) u+P—Z
P1,Np 1 —Noy
— P e 1r
P, (P — Pyy) I/l+f1:

2 2 N
- iy 1 e_ﬁor”.
Py (Pyr — Pyy) M-}—%:

(65)

Then we integrate (65) from yy,, to co to yield
2 N,
Fly Py, o~ Py Vi
(Par — P1r) (PerVehim + P1r)
2
_ P2r
(P2r - Plr) (Pcrythm + Pyy)

No.
Dy, Ythm )

(66)

Then, we can derive the exact expression for Ry, as

No

_p2 00 P, %
RASJ’ _ Plr / e '
mac =
1r JO

dx
Py — P (Perx + P1y) (x + 1)

I3

No

o) — 52 x
+ —Por /OO ¢ ™ dx.
Py, —P1y Jo (Pex+Por) (x+ 1)

Iy

(67)



Ni et al. EURASIP Journal on Advances in Signal Processing (2017) 2017:40

It can be seen that I3 and I have a similar structure.
Hence, we only focus on /3 in this proof. Then I3 can
be reexpressed as

—p? o0 1 1 1 _No.
I = 1r — e P  dx.
P (Pay — P1y) Jo (x_l,_%) x+1 l—P—i:

(68)
Applying the following identity [43]:
o0 *de
/ = = —ePE (—up), (69)
o x+p
we have
2 No
e )
(P2r_Plr)(Pcr_Plr) Pcr Plr
(70)

Similarly, I4 can be obtained as
P’ No N, No N
) ()]
(Par — P1y) (Per — Poy) Py, P,

We can also get (16)—(19) by using the same
approach. Utilizing the recursive relation

Ey (2) = —Ei(—2) (72)
and then combining (67) yields the desired result.
(2) The Symmetric Case

LetS = Pdr|h1r|2 + Pdr|h2r|2r T = Pcr|hcr|2 + No
and U = S/T. We can easily get the PDFs of S and

T as

s (s) = (1/Pgy)?se™*/"ar (73)
and

fr (£) = 1/P e /PertNo/Per (74)

Then the PDF of U can be obtained as

Ng [ (_L_L)t
ePcr/ t2e\ Par P )y
No
No No

— U — U
2P, ue Tar n 2n  ue Tar
B Py Py, 3 Py Py, 2

(”+P7> (”+T)
No
— U
L 2 ue Par
PPy, u—i—%
cr

sy
u) =
u ( ) P; . Pcr

(75)

Py (2P — N No N No N
Is = M |:ePdr Ei (_0> — ePay Ei( 0)]
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To proceed further, some transformations are

performed
9p 0y + Py Py
Yy dr Py Py — Pfdrud
Ymac — P e U
cr Jy,

3
o (et fe)

Py Py
o0 roo__ o4
2n u+ Per Peor _No

— o o TRy
PCV Yth u+ % 2
Por
P, P
2 Sdr __ Zdr
No fOOHPN Por P2
Vi

—5dy
+ e Pardu.
PPy, h u—i—%
cr

(76)

Then we evaluate the CDF of U from yy, to oo.
With the help of [43, (3.353)], the CDF can be

derived as
Sy _ <2Pdr _ 2]\[Opdr)
mac PCV P%r
_MNo,
e Far'th Ny 21—0 , No No
% -t 5 el Ei\ ———Vihm — 55—
2No N02 No No Ny No —?ﬁm
+ -— x<femEi(77)’th*7>>+7e a
PC" PCV Pdr PCV Pcr
2P§, 2%y, No !
-— r e Pyr P + 2
Pgy 2P, <Vth +ﬁd:> z(yth + Il%l:)
N, 2 Ny N, N
~ 20 P Ei <——°m - *0) :
2Pdr Py, Py
(77)

Based on the CDF in (77), we can evaluate the
ergodic rate for Ry, as

r _No
ngac =/ lp e Par” : y(z_]\go> Py
0 y+7‘z 1+y Py P,
I5

_No,
0 e Py N
+/ dy—o
o 1+y " Py
—_—

Is

(78)

Note that I5 and /s can be derived by using the same
method for the derivation of I3. The exact expres-
sions of I5 and I are then, respectively, given by

B Pcr(Pcr_Pdr)



Ni et al. EURASIP Journal on Advances in Signal Processing (2017) 2017:40

and
—Ny Mo N
Is = —CePar Ei (—") . (80)
Pcr Pdr

To evaluate the integral in I7, we note that /7 can be
expressed by using (27) in [42] as

P> Ny Pd
L =-2y ( .0, 2) (81)
7 P% Pdr Pcr
where
o0 x e —ax
;by ) = NN 82
J1 (a, b, m, n) /0 AT (x+1) (82)

Utilizing the recursive relation in (27) of [42], I; can
be expressed as

P2 No P
L= _——% 1( : d’,o,z)
(Per — Pgyr) Py Pdr P,

+ P2 J: (N 101)
72
(Pcr_Pdr)2

P2 Ny P,
_51’2]2( 0 Far 01)
(Per — Pgy) Pdr PCV

After some subsequent manipulations, we have
J2 (NO Par ,0, 2) = e% |:Pcreflie — &ﬂ (NO)] )
Py, Pcr Py, Py, Py,
(84)
No No /N No
Ja ( ,1,0, 1) = ePdrjg(O,l,—l):ePdr
Pdr Pgy

N,

Pdr

No P N (No P N
]2< 0,24 0, 1)—61’"]3( 0 ””—1)_em El( 0)
Pdr Pcr Pdr Py Py

(85)
(86)

(83)

Substituting (84)—(86) into (83) yields
2
bt [t Mo, (M)
(Pcr_Pdr)Pcr Pdr Pdr Py

P? No. N N N
[ () P (50) )
(Per — Pgy) Py P,

(87)

Substituting (79), (80) and (87) into (78), we get (22).
Then utilizing (16)—(19) and (22) yields the desired
result.

Appendix 2

Proof of Corollary 3
Note that R{Zfzc in (39) is independent of 8 and therefore,
we consider the following maximization instead

B* = arg mﬁax [R{{S + Rgs] . (88)
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We assume the transmit power at each user is Pr. From
(42) to (45), we can get the following equation by assuming

A>B G; >0
{A <B Gi1 <0 (89)
where
No N N N
wea () (), e
Pb2 Pcr
No N N N
0y = P E; (") —ePa Ey ( °> , (91)
Pbl Pcr

Since Pp; = Ppy ~ Pj, we have 6; ~ 6, ~ 6. In order to
get the optimal 8, we will consider two cases: A < B and
B < A.

(1) The A < BCase (G; <0)

In this case, 8 will fall into one of the three cases,
(1) B <A, (2)A < B <B,and (3) B < B. We firstly
consider the 8 < A scenario. The problem in (88) is
now reduced to

S Rﬁf] ,

B* = arg max [Rglr (92)

where RYS is independent of A and R/ is a strictly
increasing function with respect to g. It follows that
B* = A is the optimal value.
For the A < B < B scenario, the problem in (88)
can be simplified as
B* = arg m;x [Rﬁs + Rﬁ’f] (93)

which is independent of 8 which implies that no
optimization is needed for this interval. For this case,

we have
Py, P Ny
RA<p<B _pp 21l ePcrE1 ( ) o
NO Pcr

(94)

We now consider the B < f scenario. It is easy to
simplify the problem in (88) as

B* = argmax [R +R ] (95)
Note that Rﬁs is independent of 8 while le;s is
a strictly decreasing function with respect to 8. It
therefore follows that * = B is the optimal value.
Having the above results, we now derive the opti-
mal results among (92), (93) and (95). By substituting
B* = A into (92), we have

Py, P No N
max [RHS—FR ] =In ( I 22r> —261)3 Eq (0) — 2A.
N, P

0 cr

(96)
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Similarly, when B < 8, we have

Py, P No N
max [Rﬁs—l—RﬁS]zln( K[er>—ZeP£E1 (PO> — 2\,

0

97)

According to the results in (94)-(97), we find the
maximum values of these three cases are the same.
Furthermore, we consider the possibility regions of A
and B under case A > B. Based on the expression of
A, wehave A > 0. Since both * = A and 8* = Bcan
lead to the maximum rate, when A < 1, the value of
B* istaken as B* = A. When A > 1, since Eq. (100) is
an increasing function with respect to 8, 8* = 1 will
be the optimal results for the maximization problem
in (96). In conclusion, we have

= {A if (G <0,A<1) 98)

1if (Gi <0,4 <1)

Then, we consider the another case.
2) The B < A Case (G1 > 0)

In this case, 8 will fall into one of the three cases,
(1) B <B,(2)B < pB < A,and (3) A < B. After
operating the same procedure in Section (1), we can
easily obtain the following results

When 8 < B, we have

RSP = RIS + RS (5° = B). 99
When 8 > A, it yields
REZA = RIS 4+ RS (B* = 4A). (100)
For the case B < 8 < A, we have
REEFA = RIF (B) + RIS (B). (101)
By taking the derivative of 8, we have
B<p<A’ _ 1 (102)
max ﬂ 1 _ ﬂ

Then the optimal 8 for Rﬁfaff‘q isp*=1/2.
Now we find the maximum result among Rﬁéf s

B<p=A

>A . .
max —and R&;X . For convenience, we define

Q(x) £ exp (No /x) E1 (N /) . (103)

substituting 8* = B into Rrﬂnff , we get
3
o Py
RESBF'=B _ 1 (g2, — &2, 2In | =
max gZ}" glr + N()

=22 = Q@) —Q(Pp). (104)
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Similarly, we obtain

3
REZAB™=A —1n (g2 — Eir g0 +2In Pr
max r g2r NO

=22 = QPy) —Q(Pp) (105)

and

Rﬁg){jsf\,ﬁ =05 _In (g1r32’) +2In (No>

—=2In2-21—-Q (Per) — Q(Pp).
(106)

Now we compare R'géf #7=B and Rgﬁf <APT=05 1 ot

<B*=B A,BF=0.5 .
RbZEP < REF=AP=05 4fter some manipula-

tions, it leads to

2 —60—In4

o +ghe — g1rgor > 0 (107)

We set Gy = g%,ea +g%re_9_1“4
be transformed into

Gy = (ng - %)239

— 21r22r, then G can

(108)

Since ¢/ > 0, we get Go > 0. That is to say,
I T

same way, we can verify that

always stand up. The

REGfA=03 2 pz (109
Next, we compare the values of Rﬁgf’ﬂ =4 and
Rﬁéf #=B The following results can be obtained

B,B*=B AB*=A .

Rﬁ%x p > Rg%x p if Z1r > Lor (110)
B,B*=B AB*=A .

REH%X p < Rggx b if g1r < Qor

Finally, we consider the value ranges of A and B.
Since 1 — &»¢/g;,, we have B < 1. According to the
analysis above, we get the following results for the
case G1 > 0

A if (G1>0,05<B<A<1,g>g) or (G >0,B<A<0.5,8,>g1,)
B if (G1>0,05<B<A<1,g,>g,) or (G >0,05<B<1<A)

p =
or (G1>0,B<A <054, > g
% if (G >0,B<05<A)
(111)
Having the above results and combining with (98), it
yields the desired result.
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