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Abstract: This letter proposes a filter-and-forward relay scheme with

multiple relay nodes using wireless energy harvesting. A relay node process-

es the received signal by using a time-domain filter to suppress inter-symbol

interference and forwards its outputs using the energy harvested from

the received signals that arrive from the source node and from all the relay

nodes. We consider the filter design method based on the signal-to-interfer-

ence-plus-noise power ratio maximization problem under multiple con-

straints for relay transmit power. Simulation results show the effectiveness

of the proposed scheme owing to the cooperation of multiple relay nodes.
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1 Introduction

Recently, wireless energy harvesting (WEH) has attracted attention owing to its

ability to prolong the lifetime of energy-constrained wireless nodes in small-scale

cooperative wireless networks such as low power sensor networks. Simultaneous

wireless information and power transfer (SWIPT) can be considered as one of the

most promising applications of WEH and can be of fundamental importance in the

5G era [1]. A potential application of SWIPT is wireless powered relay networks

where relay nodes assist in the communication between source and destination

nodes while harvesting the energy from radio frequency (RF) signals.

Various schemes of wireless powered relay networks with WEH have been

considered [2, 3]. In [2], an amplify-and-forward (AF) relaying scheme with WEH

was proposed, in which a relay node simply forwards properly scaled and phase-

shifted versions of the received signal using the energy harvested only from the

received signal arriving from the source node. In [3], a new WEH technique called

self-energy recycling was proposed, in which an AF relay node operating in full-

duplex mode harvests the energy of the received signal arriving from the source

node as well as its own transmitted signal. AF relaying schemes work well in

frequency-flat channels, but generally suffer from performance degradation due

to the influence of inter-symbol interference (ISI) in frequency-selective channels.

An approach to overcome ISI is to employ a filter-and-forward (FF) relaying

scheme [4], in which a relay node processes the received signal by a finite impulse

response (FIR) filter and forwards its outputs. In [5], we have proposed to combine

the FF relaying scheme and the self-energy recycling technique, and demonstrated

its effectiveness in frequency-selective channels. In [5], however, we limited our

research to the case of a single FF relay node with self-energy recycling. If the

single relay node suffers from severe shadowing, it may lead to system failure. One

would generally expect to avoid such failures if multiple relay nodes are available.

However, thus far, there has been no study concerning WEH relay networks with

multiple FF relay nodes.

In this letter, we propose WEH relay networks with multiple FF relay nodes

using self-energy recycling. We design the filter coefficients such that they max-

imize the signal-to-interference-plus-noise power ratio (SINR) at the destination

node under multiple constraints that limit the transmitted power of each relay node

to its harvested power. Unfortunately, the filter design method in [5] cannot be

applied to the case considered here owing to the multiple constraints and use of

self-energy recycling. Thus, we consider employing a semi-definite relaxation to

obtain the filter coefficients.

2 System model

Fig. 1(a) depicts a relaying network consisting of a pair containing a single-antenna

source node (S) and single-antenna destination node (D) and NR FF relay nodes

(Ri, i ¼ 1; � � � ; NR) equipped with a receive antenna and a transmit antenna. We

assume that there is no direct path between S and D owing to the severe path loss

and shadowing, and thus S and D communicate via Ris. We further assume that

single-carrier transmission is employed, and all the channels are frequency-selec-
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tive and quasi-static during data transmission. Each FF relay node has an FIR filter

to cooperatively suppress ISI occurring at D and harvests energy from its received

signals. We also assume that D computes the filter tap coefficients and feeds them

back to Ri using a low-rate feedback link. As shown in Fig. 1(b), a time slot of

duration T consists of two phases of T=2 each. In the first phase, Ri receives a

signal from S, and harvests energy from a portion of the received signal and

processes the remaining portion as an information-bearing signal. In the second

phase, Ri operating in the full-duplex mode transmits its filter outputs toward D,

while it receives signals from all the relay nodes.

First, we explain the information processing aspect. In the first phase, the

discrete-time complex envelope of the received signal of Ri is represented as

r1;i½n� ¼
PLf�1

l¼0 fi;ls½n � l� þ mR
1;i½n�, where fi;l is the lth tap of the channel

impulse response (CIR) between S and Ri, Lf is the length of fi;l, s½n� are i.i.d.

transmitted symbols, and mR
1;i½n� is the noise introduced by the receive antenna of

Ri. We apply the power splitting scheme which divides the received signal into a

λ portion for energy harvesting (EH) and a 1 � � portion for information process-

ing, where 0 < � � 1 is the power splitting ratio. The baseband output signal of the

FIR filter at Ri is written as

ti½n� ¼
XLw�1

l¼0
wi;l

ffiffiffiffiffiffiffiffiffiffiffi
1 � �

p
r1;i½n � l� þ zRi ½n�; ð1Þ

where wi;l is the lth tap filter coefficient of Ri, Lw is the length of the filter, and

zRi ½n� is the noise introduced by the RF band to the baseband signal conversion at

Ri [2]. In the second phase, Ri transmits its filter outputs ti½n� using the harvested

power pEH ;i described later. The transmitted signal ti½n� passes through a fre-

quency-selective channel and then reaches D. The baseband received signal at D
can be written as

y½n� ¼
XNR

i¼1

XLg�1

l¼0
gi;lti½n � l� þ vD½n�; ð2Þ

where gi;l is the lth tap of the CIR between Ri and D, Lg is the length of gi;l,

and vD½n� is the sum of the antenna and conversion noises at D. Substituting (1)

into (2) and performing simple mathematical manipulations, we obtain

(a) Relaying network. (b) Protocol.

Fig. 1. Filter-and-forward relay network with wireless energy harvest-
ing.
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y½n� ¼ wH �Gð
ffiffiffiffiffiffiffiffiffiffiffi
1 � �

p
�F�s½n� þ

ffiffiffiffiffiffiffiffiffiffiffi
1 � �

p
�I �mR

1 ½n� þ �I�zR½n�Þ þ vD½n�; ð3Þ
where w ≜ ½w1;0 w2;0 � � �wNR;Lw�1�T , �s½n� ≜ ½s½n� � � � s½n � Lf � Lw � Lg þ 3��T ,
�mR
1 ½n� ≜ ½mR

1;1½n� � � �mR
1;NR

½n � Lw � Lg þ 2��T , �zR½n� ≜ ½zR1 ½n� � � � zRNR
½n � Lw �

Lg þ 2��T , �G ≜ ½ILw �G0 � � � ILw �GLg�1�, Gl ≜ diagf½g1;l � � � gNR;l�g, �I ≜
½�IT0 � � � �ITLg�1�T , �Il ≜ ½0NRLw�lINRLw0NRLw�ðLg�1�lÞ�, �F ≜ toeplitzð �F; LgÞ, �F ≜
toeplitzðF; LwÞ, F ≜ ½f0 � � � fLf�1�, fl ≜ ½f1;l � � �fNR;l�T , the operator � denotes the

Kronecker product, and toeplitzðAN�M; LÞ ≜ ½AT
0 � � �AT

L�1�T is a NL � ðM þ L � 1Þ
block-Toeplitz matrix with Al ≜ ½0N�l AN�M 0N�ðL�1�lÞ�. The first term in (3),

wH �G �F�s½n�, contains the desired and ISI components. We assume that the dth entry

s½n � d þ 1� of �s½n� is the desired symbol. For later convenience, we denote a

vector obtained by removing s½n � d þ 1� from �s½n� as ~s½n�. Also, we denote the

dth column of �F as ~f and the remaining matrix as ~F.

Next, we explain the EH operation performed at Ri. In the first phase, Ri

harvests the power from a portion of the signal transmitted from S. The harvested
power in the first phase is given as p1;i ¼ �E½j ffiffiffi

�
p

r1;i½n�j2�, where 0 < � � 1 is the

power conversion efficiency. In the second phase, Ri receives the signals trans-

mitted from all the relay nodes. The complex envelope of the received signals of

Ri is given as r2;i½n� ¼
PNR

j¼1
PLh�1

l¼0 hj;i;ltj½n � l� þ mR
2;i½n�, where hj;i;l is the lth

tap of the CIR between Rj and Ri, Lh is the length of hl;j;i, and mR
2;i½n� is the noise

introduced by the receive antenna. Then, Ri harvests the power from the signals

r2;i½n�. The harvested power in the second phase is given as p2;i ¼
�E½jr2;i½n�j2� ¼ �wHHi

~DHH
i w, where

~D ≜ ILh � �D; �D ≜ ½ �D1; � � � ; �DNR
�; �Di ≜ ½ �DT

1;i; � � � ; �DT
NR;i

�;
Di;i ≜ Psð1 � �ÞAi

�F �FHAH
i þ �2mR

1
ð1 � �ÞAiA

H
i þ �2zRAiA

H
i ;

Di;j ≜ Psð1 � �ÞAi
�F �FHAH

j ; Ai ≜ ILw � Ei; Ei ≜ diagfeig;
Hi ≜ hTi � INRLw; hi ≜ ½h1;i;l � � � hNR;i;l�T ;

Ps ≜ E½js½n�j2�, ei is the ith column of the identity matrix, and �2
mR

1

; �2zR are the

powers of mR
1 ½n�; zR½n�, respectively. We assume that the harvested power originat-

ing from the noises is very small and thus can be ignored [2]. Finally, the total

harvested power pEH ;i at Ri is the sum of p1;i and p2;i, i.e., pEH ;i ¼ p1;i þ p2;i. The

purpose of the FIR filters w at relays is to suppress ISI occurring at D, while the

desired component is to be enhanced when the available transmit power is limited

to pEH ;i.

3 Filter design

We consider to determine the filter coefficients vector w to maximize the received

SINR at D. The optimization problem can be formulated as

max
w

SINR s:t: pt;i � pEH ;i; i ¼ 1; � � � ; NR ð4Þ
where pt;i ¼ E½jti½n�j2� ¼ wHDi;iw is the power consumed at Ri for signal trans-

mission. The multiple constraints ensure that the transmitted power of each relay

node does not exceed its harvested power.
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To solve the problem (4), we take a similar approach as in [6]. From (3), we can

rewrite (4) as

max
w

wHQsw

wHQiw þ wHQnw þ �2vD
s:t: wH ~Diw � p1;i; i ¼ 1; � � � ; NR ð5Þ

where Qs ≜ Psð1 � �Þ �G~f~fH �GH , Qi ≜ Psð1 � �Þ �G ~F ~FH �GH , Qn ≜ fð1 � �Þ�2
mR

1

þ
�2zRg �G�I�IH �GH , ~Di ≜ ðDi;i � �Hi

~DHH
i Þ, and �2vD is the power of vD½n�. We define a

semi-definite matrix W ≜ wwH and an auxiliary variable � > 0 corresponding to

SINR. Using a semi-definite relaxation [6], we have

max
W;�

� s:t: trfðQs � � � ðQi þQnÞÞWg � � � �2vD

trð ~DiWÞ � p1;i; i ¼ 1; � � � ; NR

W 	 0; ð6Þ
where W 	 0 implies that W is a positive semi-definite matrix. We solve this

optimization problem by using a bisection technique. The optimization procedure is

summarized as follows:

Step1) Set the initial interval of τ as ½�l; �u� ¼ ½0; �0�.
Step2) Set � :¼ ð�l þ �uÞ=2.
Step3) Solve the following feasibility problem.

find W s:t: trfðQs � � � ðQi þQnÞÞWg � � � �2vD
trð ~DiWÞ � p1;i; i ¼ 1; � � � ; NR

W 	 0: ð7Þ
If (7) is feasible, then �l :¼ �, otherwise �u :¼ �.

Step4) Repeat Step2) and Step3) until ð�u � �lÞ < ".

The error tolerance value ε is set to small value. After we obtain the solution Wopt,

we apply the randomization procedure [6] to obtain the filter coefficients vector w.

Using the eigen-decompositionWopt ¼ T�TH , we generate Np candidate vectors as

wp ¼ T
ffiffiffi
�

p
vp, p ¼ 1; 2; � � � ; Np, where vp is a vector with zero-mean unit-variance

complex Gaussian random variables. Finally, we choose the best solution among

these candidates that maximizes the SINR while satisfying the constraints in (4).

4 Simulation

We conducted simulations to evaluate the performance of the proposed system. The

relay nodes are placed at equal intervals along the line that is orthogonal to the line

through S and D. The closest distance between S and R is 10m. The closest

distance between R and D is 10m. The distance between the transmit antenna to

the receive antenna ofRi is 0.3m. The distance between adjacent relays is 1m. The

modulation scheme used is QPSK. The power of all noises is −90 dBm. Taking

into account the pass loss and Rayleigh fading, we can model the CIR coefficients

fi;l; gi;l; hj;i;l as zero-mean complex Gaussian variables with the variance of

�X;Y=d
m
X;Y where �X;Y is the average signal power attenuation which depends on

the antenna gains and carrier frequency. We set �Ri;Rj
¼ 10�3 and �S;Rj

¼
�Ri;D ¼ 10�2. The average BER is obtained from 103 trials, where each trial has

an independent channel realization and 106 data symbols. �0 is set to the maximum
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SINR at D when the relay transmit power is Ps. Other simulation parameters are as

follows: m ¼ 3, Ps ¼ 30 dBm, Lf ¼ Lg ¼ 3, Lh ¼ 2, Lw ¼ 3, � ¼ 0:9, � ¼ 0:5,

" ¼ 10�4, and Np ¼ 104.

Fig. 2 depicts the BER performances against the source transmit power Ps for

varying number of relay nodes NR. As can be seen, the performance improves as

Ps increases. This is because the available transmit power of Ri increases as Ps

increases. Moreover, it can be observed that the performance improves as NR

increases owing to the cooperative diversity achieved by spatially distributed relay

nodes.

Fig. 3 depicts the BER performances against the length of filter Lw for varying

NR. The performance of the AF scheme corresponding to the case with Lw ¼ 1

scarcely improves despite the increase in NR. This is because AF cannot compen-

sate for ISI. Alternatively, we observe that the use of FIR filter (Lw � 2) signifi-

cantly improves the performance as NR increases.

5 Conclusion

In this paper, we proposed a filter-and-forward relay network for single-carrier

transmissions in frequency-selective channels, where multiple relay nodes harvest

the energy from the RF signals. Our simulation results show that the proposed relay

network can efficiently suppress ISI and achieve a significant performance im-

provement owing to distributed multiple relay nodes.

Fig. 2. Effect of Ps and NR on BER.

Fig. 3. Effect of Lw and NR on BER.
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