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Energy harvesting from ambient radio-frequency (RF) sources has been a novel ap-
proach for extending the lifetime of wireless networks. In this paper, a cooperative
device-to-device (D2D) system with the aid of energy-constrained relay is considered.
The relays are assumed to be able to harvest energy from information signal and co-
channel interference (CCI) signals broadcasted by nearby traditional cellular users and
forward the source’s signal to its desired destination (D2D user) utilizing amplify-and-
forward (AF) relaying protocol. Time switching protocol (TSR) and power splitting
protocol (PSR) are proposed to assist energy harvesting and information processing
at the relay. The proposed approaches are applied in a model with three nodes in-
cluding the source (D2D user), the relay and the destination (D2D user), the system
throughput is investigated in terms of the ergodic capacity and the outage capacity,
where the analytical results are obtained approximately. Our numerical results verify
the our derivations, and also points out the impact of CCI on system performance. Fi-

nally, this investigation provide fundamental design guidelines for selecting hardware
of energy harvesting circuits that satisfies the requirements of a practical cooperative
D2D system.
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1. INTRODUCTION

Recent advances in energy harvesting technology has indicated that far-field wireless power transfer
can also provide interesting aspects in wireless communication systems [1-7]. Notice that the source sig-
nals carry both energy and information at the same time. Hence, a hypothesis receiver which can process
the information and harvest energy simultaneously is required [8, 9]. However, such device is difficult to im-
plement since the limitation of circuitry. Furthermore, harvesting protocols for information processing and
energy harvesting separately have been mentioned in many scientific papers [10, 11]. In cooperative device-
to-device (D2D) networks, an intermediate relay is deployed between D2D users to enhance the coverage rate
and throughput of communication systems [12, 13].

For both time-switching relaying (TSR) and power-splitting relaying (PSR) protocols, the co-channel
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interference (CCI) signals act as unnecessary signals, i.e. noises, in information processing phase; on the
contrary, supply energy for forwarding information signal in the energy harvesting phase. More importantly,
energy harvesting (EH) can be implemented in modern networks such as device-to-device (D2D) networks,
small cell networks as many recent works in [14—18]. The authors in [14] examined joint optimization problem
to maximize the energy efficiency evaluation related to D2D pairs together with the amount of harvested power
by cellular user equipment. We need more complex technologies for D2D communications in some way in
cellular bands [15-18]. The impacts of CCI signals are also considered in [19-24]. Motivated by these recent
works, we continue to fill gap in the system performance under considering energy harvesting protocols in D2D
scenario under impact of CCI by traditional cellular users. In this paper, the TSR and PSR receiver architectures
and the corresponding protocols are also adopted. A three-node model of amplify-and-forward (AF) relaying
is proposed for both protocols, where the source node can only communicate with destination node with the
aid of an intermediate energy-constrained relay node.

2. SYSTEM MODEL

Figure 1 illustrates the system model for the underlay D2D in which two devices, namely UEDg and
UEDp, participate in the communication through a controlling base station (BS). Assuming heavily blocked
line-of-sight (LOS) path from UEDg to UEDp, the EH-D2D relay is then deployed to assist the transmission.
In addition, the relay harvests energy from the RF-signal emitted from the UEDg and each interferer UEC;,
¢t = 1,..., M. Both the source-to-relay link and relay-to-destination link transmission experience quasi-static
independent flat Rayleigh fading with the average gain E{|hs|?} = Qg and E{|hp|?} = Qp, respectively, in
which E{-} specifies expectation operator. It is previously stated that the CUEs are the cross-mode interferers
and can be treated as CCIs at the relay in the proposed model. The CClIs deteriorate the system performance
but surprisingly aid the energy harvesting process at the relay.

— —» interference
— Information link

7 — - —» energy harvesting
7 — - = control link
¥ _
/
~ 7
&)
>
UEC,

Figure 1. System model of D2D network under impact of the co-channel interferences

3. TIME SWITCHING-BASED RELAYING PROTOCOL

Complying with the TSR-assisted relay architecture, after receiving the RF-signal broadcasted by
UEDyg, the relay passes the signal to the energy harvesting receiver for a duration of £, T block time and then
to the information receiver for that of (1 — &,.) T'/2 block time [12]. Accordingly, the relay performs energy
harvesting process and then information process, respectively. Under the presences of the UECs, i.e., the
cellular users, the received signal at node R is modeled as

yr (1) = hss (8) + 2200 Lisi(t) () + g (1), (1)

where s (t) is the information signal with power of Pg = E{|s(t)|?}, hs € C is the complex channel factor
from UEDg to R, s; (t) specifies the i-th interference signal with the power of P; = E{|s;(¢)*}, l; € C
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denotes complex channel factor from UEC; to R, the number of CClIs is denoted by M and 7igq (t) is the
corrupted narrow band Gaussian noise observed at the receiving antenna. Subsequently, the received signal
is converted to a basebanded complex signal after the down conversion process, which results the sampled
baseband signal yg (k) given by

yr(k) = hss(k) + S0 lisi(k) + nppa (k) +ngpg (k), )

L TSR (k)

where s;(k) and s(k) denote the signals induced after sampling the i*" interfererence signal and the source
signal, respectively, ng[4) (k) is the baseband additive white Gaussian noise (AWGN) at the receiving antenna,
and n gy (k) is the sampled AWGN induced after being converted to baseband, s;(k) and s(k) have zero means
and variance of Np, and Np(y, respectively, and nﬁSR (k) is defined as the total Gaussian noise at node R
introduced from adopting the TSR architecture.

The relay then utilizes &, 7" block time to harvest energy from the received signals. Hence, the energy
harvested at the relay is given by

B =& (Ps |hsl* + 2, Pilf?) &1, ©)

where ., with 0 < & < 1 represents the efficiency of the energy harvester, its value depends on the manu-
facturer. Assuming that the relay fully absorbs the harvested energy to forward the received signal to the other
D2D user, i.e., the UEDp node. Accordingly, the transmit power at the relay can be obtained as

M
Pr = =gy = e (Pslhsl + S Pl 4)

As a priority, the relay amplifies the received signal with a gain factor G and then forwards yg (k) to UEDp.
The gain factor G is given by

G= VP
VPs sl + S0, P [ + NgS®

(&)

where IV ESR 2N Rla) TN R[] denotes the total Gaussian noise power observed at the relay under TSR protocol.
Secondly, the received signal at UEDy, after being sampled, yp (k) is given by

yp (k) = hgs(k)hpG + (Zfil Lisi(k) + ngSR(k)) hpG +np(k). (6)

4. POWER SPLITTING-BASED RELAYING PROTOCOL

Let P be the received power at R and 3, 0 < 3 < 1, denote the energy harvesting ratio of the PSR
protocol, thus 3P specifies the amount of power inputted into the energy harvester. The remaining power, i.e.,
(1 — B) P, inputs the information transmission to forward the UEDg’s signal to UEDp,. Under the presences
of cross-mode CCls, the received signal observed at the relay antenna is

yr (1) = hss (8) + 3200 Lisi(t) () + igga) (1) 7

The sampled baseband signal at the relay node, yr (k), is given by

yr(k) = /T~ Bhss (k) + VI~ B gz (k) + /T = Brga) (k) + nge ()

é’rLI;SR(k)

; ®)

in which nE® (k) denotes the total Gaussian noise introduced by the PSR-assisted relay.
At the relay, an amount of received signal, is adopted for energy harvesting. Hence, the energy har-
vested at the node R is

By =& (Pslhsl® + T, Pill?) 6. ©
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Assume that the harvested energy is perfectly consumed by the relay. As a result, the transmit power at the
node R is expressed as

Pr= £ =& (Pshsl’ + i, Pilil?) 8. (10)

Similarly, the relay firstly amplifies the received signal with the gain factor, G, which can be expressed as

VPx

G: 9
VA= 8)Ps s> + (1~ B) S, Pi 1 + NESR

(1)

where NESR 21-B)N Rla] + Nr[). Accordingly, the received signal after the being sampled at the desti-
nation node, yp (k), is given by

yp (k) = hss(k)hpG + (Zfil Lisi(k) + n‘,’g*‘(k)) hpG + np(k). (12)

5. GENERAL ANALYSIS

We find that the TSR and PSR protocols have similar mechanisms, deriving a general form for the
signal-to-noise-plus-interence ratio (SINR) can be feasible. In order to derive an unified result, we define
n} (k) as the total Gaussian noise at the relay with variance of NX (k) for the Y € {TSR, PSR} protocol, the
expressions of n55® (k) and nESR (k) are defined in the previous section. Therefore, the unified form of the
achievable end-to-end SINR under the adoption of the protocol Y, denoted by \Il;{en, can be expressed as
oY = tE (13)

gen 1 NY v’
VINF + ﬁ (1 + "/1+“/TNF) + NR

. . N A M A 2660 |hp|? A hp|?
in which v1 £ Ps|hs|?, vine £ 2,0, Pillif*, 7g% = ﬁ—glNDDl and /SR = Bgelj\?Dl . Hereafter, we

define SNR £ PsQg/Np as the average signal-to-noise ratio (SNR).

5.1. Outage probability
In this paper, considering the whole system, an outage event occurs whenever \I!;(en drops below an
acceptable threshold, v, (dB). Accordingly, the outage probability is defined as

Py =Pr (0, <vun)= Fyy. (i) - (14)

It is not tractable to derive the exact outage probability in closed-form from (14). Hence, to simplify the
calculation, we apply the high SNR approximation. At high SNR, where the UEDg transmits with relatively
high power level, the term ”NY,/(v1 + yrnF)” in the denominator of (13) can be negligible. As a result, the
approximated SINR at the relay is given by

71
oY~ : (15)
g YINF + % +N%

Therefore, the approximated outage probability, PY,,, in (14) is then rewritten as
oo o0 1
Fyy, (yin) ’&‘/ / Pr (’Yl <Ytk <z + " + N}g)) Srine W) frx (2)dydz. (16)
o Jo

Note that ;5% and ~; 5% are random variables having exponential distribution. Subsequently, the probability
density function (PDF) of 'y} is given by

1 z
fox (2 Aexp{},z>0, 17)
KA Ty
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where 7, _TSR = 25 ge %D and VPSR = §ﬂ%—’;. In addition, the CDF of y; is F,, () = 1 —exp { } where
s PSQS and the PDF of vy is given by

v(D) 7; (D) M_j ‘ y
P @) = 32 30 xs(P) ™ exp {— } y>0, (18)
=1 j=1 ) M<Z>

in which D = diag (u1, p2, --., tar) specifies a diagonal matrix with the eigenvalues of p; = NL;Q,L-, v (D)
denotes the number of distinct diagonal elements, pi(1y > pi2)y > ... > fiy(p)) are the distinct diagonal
elements in descending order, 7; (D) is the multiplicity of 1 ;y, and x; ;(D) is the (4, j)-th characteristic
coefficient of the matrix D [24]. Substituting (18) and (17) into (16), the approximated P.Y,, expressed in the
integral-form is given by

v(D) 7:(D)
N}%'Yth} Z Xi,; (D)
M =1 =1 (=1t

1 o0
x—/ Y~ 1exp{ (%h+ >}dy/ exp{%hZY}dz. (19)
4! Ho(s) 0 7 Yg

Il 12

1
P;Lt ~1 — WY exp{

Subsequently, the above integrals (/; and I3) can be derived in closed-form with the help of [25, (2.3.3.1)] and

[25, (2.3.16.1)] as
7 1 1\
L :/yjlexp{— (%’HL >y}dy:F(j) <%h+) , (20)
) Y1 M) 2 S 205

00 o\ 1/2
I, :/exp{—%h— }d —o (1 ) gy (o /), @1
) "z Vg ga! Y17

respectively, where K, (-) denotes the v-th order modified Bessel function of the second kind and T'(z) specifies
the Gamma function. Hence, the outage probability PY,, can be approximated by using (21), (20) and (19)
which then results the following equation after some algebraic steps

4vin 4ytn Yo ) )R L —j
PY ~1—, | <K —% ) exp { R } i ( ) . Q2
t ShEr ( 7}%) SI jzl ’ g

When the interfering signals are statistically independent and identically distributed (i.i.d.), i.e., p; = p, i =
1,2,..., M, then v (D) = 1 and 7; (D) = M, the outage probability, P ,, is then reduced to

out’

4 4 N} M
Py =1— =2 g |2 ) exp {—RW} <1 + ’”””) . (23)
T Vo T &

5.2. Outage capacity and achievable throughput
The outage capacity for the AF cooperative D2D system under consideration is given by

CE = [1-P),]log, (1 +vn) (24)

The achievable throughput is defined in terms of effective transmission block time, which is the block time
utilized for relay-to-destination transmission. According to [24], the achievable throughput of a cooperative
system is given by

BZET2 crse v — 1sR

™= T/2
CESR . Y =PSR

TSR —
:{(1 &)CHR/2 , Y=TSR 25)

CPSR /2 , Y = PSR
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5.3. Ergodic capacity and achievable throughput

In this subsection, the throughput achieved by evaluating the Ergodic capacity in the unit of bits/Hz
is derived as the third important metrics to evaluate the system performance. In the AF-cooperative D2D

communication, using \I/;{en in (8), the received SINR at the relay, C'g is given by

E gen

CY =E {; log, (1 + \If‘qfen)} = / log, (1 + @) fyv_ (w)dw, (26)
0

where fq,}m (w) stands for the PDF of the random variable \I/;{en. Applying the integration by parts for the
integral in (32), the above expression becomes

o0

CY, = [logs (1 + @) (Fuy, (=) = 1)] |

1 < 1
T2 J, m[F\P}m (@) — 1]dw 27)
1 < 1
“m2 J, m(l - Fyy, (w))dw, (28)

where { f (x)}z 2 f(b) — f(a) . Similarly as in 5.2, the throughput at the destination depends only on the
effective transmission time, (1 — &) 7'/2 for TSR protocol and T'/2 for PSR protocol, and can be expressed as

TSR —
o {(1 - &)CHFR/2 Y =TSR 29)

CESR /2 , Y =PSR

6. NUMERICAL RESULTS
In this section, the simulation results and the approximated analytical results are derived. To evaluate

2557% as the average signal-to-
i=1 /43¢

interference ratio. The variances are assumed to the identical and kept fixed, that is Np = 1, Ng[q) = Npg[g =
1 and the SINR threshold, is set to 8 dB unless stated otherwise. In Figures 2-5, we assume a single interferer
(M = 1). In addition, the energy conversion efficiency is set to 1 (§. = 1). Importantly, in order to evaluate the

impact of the interference on the throughput, we define ||u|| = —£— as the normalized power distribution,

{vinF}
where 1 = (p(1y, f1(2), - f(01)) -

the effects of the interference on the system throughput we define SIR 2

Y =TSR
151

00 o = = = Analytical SIR = 10 dB
Analytical SIR = 20 dB

, “ O Simulation

Throughput (bit/s/Hz)

Figure 2. Throughput as a function of the energy harvesting ratio with two values of the average SIR, the
average SNR is set to 20 dB
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Figure 3. Throughput 7458 7SR 7ESR and 7E5R as a function of the average SNR, in which SIR = 10 dB

Figure 2 shows throughput 755 and 755F versus the energy harvesting ratio &, for different values

of average SIR where SNR is set to 20 dB. The simulation results of 74°% are evaluated, where CY, and
\I/}m are obtained. The solid curves are the corresponding approximated analytical results of T]}:SR which
derived in (33). The dashed curves are the corresponding approximated analytical results of Tg SR derived. It is
observed in Figure 3 that the throughput increases as the energy harvesting ratio, &, increases from 0 to some
optimal value but later as &, continues increasing, the relay wastes more time on energy harvesting rather than
information transmission resulting that the throughput of the system starts dropping down from its maximum
value.
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Figure 4. Optimal &, versus the average SNR for
different values of the average SIR

Figure 5. Optimal 53 versus the average SNR for
different values of the average SIR

Figure 4 and Figure 5 shows the optimal &, and optimal /3, respectively, the corresponding optimal
throughputs where the average SIR is set to 10 dB are illustrated in Figure 3. It is seen that, in TSR protocol, as
the average SNR increases the optimal &, decreases. This implies that the system performance can effectively
be enhanced and the time spent for energy harvesting (£, 1" ) can also be reduced by increasing the transmit
power of the source, Pg. In addition, the optimal ratios to achieve the optimal throughput 755® increases as
the average SIR increases. However, the similar trend does not apply to optimal 77 SR in this case, the optimal
&, does not change as the average SIR increases. The converse happened in PSR protocol, where the optimal
B increases as the average SNR increases. Furthermore, the optimal (3 to achieve the optimal throughput TEPSR
decreases as the average SIR increases. This implies that, in PSR protocol, more power is used for energy
harvesting as the average SNR increases and less power can be needed if there is an increasing in the power of
the interference. The impact of CCI power distribution to the system throughput is illustrated in Figure 6 and
Figure 7 for system with TSR and PSR protocol, respectively. The energy harvesting ratio &, and /3 are set to
0.2 and 0.8, respectively. Though the power distributions are different, e.g. ||u1|| = (1.0, 0, 0, 0), ||p2|| =
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(0.5,0.5, 0, 0, 0) and ||u1]] = (1.0, 0, 0, 0), but the total power of interferers remains the same value. It is
observed that, the achievable throughput decreases as the normalized power distribution are changed from || 1|
0 [|2| and from [[ps| o [|zs]|-

Y =TSR Y =PSR
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©
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Ana. p = (0.25 0.25 0.25 0.25)
O Simulation T

Ana.p=(1.0000)

= = =Ana.pu=(0.50500)

Ana. 1 = (0.25 0.25 0.25 0.25)
O  Simulation

g
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Throughput (bit/s/Hz)

0.4
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i ISR ISR Figure 7. Throughput 755® and 755R th
Figure 6. Throughput 77> and 75" versus the 1gure /. Throughput 75> and 75> versus the

average SNR under different CCI power distribution
where the average SIR is set to 10 dB

average SNR under different CCI power distribution
where the average SIR is set to 10 dB

7. CONCLUSION

In this paper, an AF cooperative D2D system was proposed where the EH-assisted relay is affected
by co-channel interferences (CCI) from the CUEs. The energy-constrained relay absorbs the harvested energy
from the received source signal and CCI signals to support the transmission between D2D users. The system
performance can be deteriorated if the power of the CCI signals increases. One can effectively increase the
system throughput by increasing the average SNR, this can be achieved by increasing the transmit power of

D2D users. Lastly, different power distribution can also affect to the system throughput.
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