
IEICE TRANS. FUNDAMENTALS, VOL.E103–A, NO.9 SEPTEMBER 2020
1095

PAPER
Wireless-Powered Filter-and-Forward Relaying in
Frequency-Selective Channels

Junta FURUKAWA†∗, Student Member, Teruyuki MIYAJIMA†a), and Yoshiki SUGITANI†b), Members

SUMMARY In this paper, we propose a filter-and-forward relay scheme
with energy harvesting for single-carrier transmission in frequency-selective
channels. The relay node harvests energy from both the source node trans-
mit signal and its own transmit signal by self-energy recycling. The signal
received by the relay node is filtered to suppress the inter-symbol interfer-
ence and then forwarded to the destination node using the harvested energy.
We consider a filter design method based on the signal-to-interference-plus-
noise power ratio maximization, subject to a constraint that limits the relay
transmit power. In addition, we provide a golden-section search based algo-
rithm to optimize the power splitting ratio of the power splitting protocol.
The simulation results show that filtering and self-energy recycling of the
proposed scheme are effective in improving performance. It is also shown
that the proposed scheme is useful even when only partial channel state
information is available.
key words: wireless energy harvesting, filter-and-forward relaying, inter-
symbol interference, self-energy recycling, full-duplex

1. Introduction

Wireless energy harvesting (WEH) is considered as a promis-
ing technology to prolong the lifetime of energy constrained
wireless nodes [1], [2]. Especially, simultaneous wireless
information and power transfer (SWIPT) technology using
radio frequency (RF) signals has attracted significant atten-
tion to wireless communications, such as the Internet of
Things (IoT) and 5G networks [3]. A potential applica-
tion of SWIPT is relay networks, where a relay node with
a nominal battery capacity can harvest energy from the RF
signal that is conveying information from a source node [3].
This makes relay nodes independent of battery exchange or
recharging, which is expensive and inconvenient [4].

Several studies on relay transmissions using WEH have
been conducted till date [3], [5]. In the pioneering study [5],
Nasir et al. considered an amplify-and-forward (AF) relay
scheme with WEH, in which a relay node simply forwards
a properly scaled signal using the energy harvested from
the signal transmitted by the source node. Although the
AF scheme successfully operates in frequency-flat channels,
it suffers from performance degradation in wideband com-
munications over frequency-selective channels, due to inter-
symbol interference (ISI). A common approach to combat
ISI in AF relaying is to apply orthogonal frequency divi-
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sion multiplexing (OFDM) with cyclic prefix (CP). How-
ever, OFDM is not suitable for EH-based relay nodes that
have limited power supply. This is because the power am-
plifier efficiency of OFDM is significantly low due to a high
peak-to-average power ratio, and the bandwidth efficiency
is reduced due to the existence of CP. In addition, OFDM
is sensitive to hardware impairments, such as phase noise
and transceiver I/Q imbalance, in low power devices. Mean-
while, an alternative approach to suppress ISI is to employ a
filter-and-forward (FF) relay scheme [6], where a relay node
processes received signals by a time-domain FIR filter and
forwards the output. Since the FF scheme can be applied to
single-carrier transmission without CP, the above-mentioned
drawbacks of OFDM can be avoided. So far, there has been
no report on the development of an FF relay scheme using
WEH.

More recently, a new EH technique called self-energy
recycling has been studied in [7]–[10]. In the self-energy
recycling systems, EH nodes operate in full-duplex mode
and harvest energy from their own transmitted RF signal.
Then, the so-called self-interference signal at full-duplex
nodes turns to be beneficial as it provides additional energy.
In [7]–[10], the authors considered AF relay schemes with
self-energy recycling, where a relay node operating in full-
duplex mode harvests energy from the received signal and
forwards the amplified signal using the harvested energy
simultaneously. It has been reported in [7] that the AF
scheme with self-energy recycling is superior to the time
switching protocol based AF scheme without self-energy
recycling, in frequency-flat channels. To the best of our
knowledge, self-energy recycling has not yet been applied to
FF relaying in frequency-selective channels.

In this paper, we propose a FF relay scheme with self-
energy recycling for single-carrier transmissions without CP.
In the proposed scheme, the relay node effectively suppresses
ISI in frequency-selective channels by using FIR filters, and
is energy efficient owing to self-energy recycling and EH
from the signal transmitted by the source node. The filter
coefficients are designed tomaximize signal-to-interference-
plus-noise power ratio (SINR) at the destination node, with a
constraint to limit relay transmission power. As the proposed
scheme is based on the power splitting (PS) protocol, the
power splitting ratio is optimized using the golden-section
search. In addition, a filter design for a partial channel state
information (CSI) case is considered, where only second-
order statistics of relay-to-destination channels are available.

Throughout this paper, the following notations are used:
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(·)T , (·)H , and (·)∗ indicate the transpose, Hermitian trans-
pose, and complex conjugate of a vector or matrix, re-
spectively. ⊗ denotes the Kronecker product, ∗ denotes
convolution, 0N×M is a N × M matrix whose elements
are all zero, IN denotes the N × N identity matrix, em is
the mth column of the identity matrix, toeplitz(AN×M, L)
refers to a N L × (M + L − 1) block-Toeplitz matrix de-
fined by toeplitz(AN×M, L) , [AT

0 · · ·A
T
L−1]T where Al ,

[0N×l AN×M 0N×(L−1−l)], and vec(A) forms a vector by
stacking columns of A.

2. System Model

This study considers a relaying system with a FF relay node
with energy harvesting as shown in Fig. 1. A pair of source
(S) and destination (D) nodes communicate via the relay
node (R), where a direct path between S and D does not
exist because of severe pathloss and shadowing. It is assumed
that all the channels are frequency-selective, and the received
signal suffers from ISI. Both S andD operate in half-duplex
mode and have a single antenna. Figure 2 shows the structure
of the FF relay node, R, equipped with Nt transmit antennas
and Nr receive antennas. R harvests energy from its received
signals using the power splitting protocol and has FIR filters
that suppress ISI occurring in the whole channel between S
and D.

Figure 3 shows the protocol of the proposed scheme. A
time slot with duration T is divided into two phases of T/2
each. In the first phase, S transmits the information symbols
with power Ps , while R harvests energy from a portion of
the received signals and processes the remaining portion
as information-bearing signals. In the second phase of the
remainingT/2, the relay node,R, operating in the full-duplex
mode transmits the filter outputs toward D, while receiving
its own transmitted signals simultaneously†.

First, the information processing aspect of the proposed
scheme is considered. In the first phase, the discrete-time
complex envelope of the received signals of R is represented
by a Nr × 1 vector r1[n] = [r1,1[n] · · · r1,Nr [n]]T as

r1[n] =
1√
dm

SR

L f −1∑
l=0

fls[n − l] +mR
1 [n], (1)

where dSR is the distance betweenS andR, m is the path loss
exponent, fl = [ f1,l · · · fNr ,l]T is the lth tap of the channels
between the relay antennas and S, L f is the length of the
S-to-R channel impulse responses (CIR), the transmitted
symbols s[n] are i.i.d., and mR

1 [n] is the noise introduced
by the receive antenna of R. The received signals are split
in λ : 1 − λ proportion for EH and information processing,
where λ is the power splitting ratio, 0 < λ ≤ 1. The split
†As with the previous researches in [7]–[10], although R op-

erates in the full-duplex mode in the second phase, the proposed
system is not a full-duplex system in terms of data transmission.
The data transmission rate is the same as the half-duplex system
since information reception and forwarding at R are performed in
different phases.

Fig. 1 Relaying system using FF relay with energy harvesting.

Fig. 2 Structure of FF relay node R with energy harvesting.

Fig. 3 Protocol of FF relaying with energy harvesting.

signal
√

1 − λr1[n] is processed by FIR filters. The baseband
output signal of the ith FIR filter at R is given by

ti[n] =
Lw−1∑
l=0

wH
i,l

(√
1−λr1[n − l] + zR[n − l]

)
, (2)

where wi,l = [w1,i,l · · · wNr ,i,l]T is the lth tap coefficient of
the ith filter, Lw is the length of the filter impulse response,
and zR[n] is the noise introduced by RF band to baseband
signal conversion at R [5]. Substituting (1) into (2), we have

ti[n] = wH
i

*
,

√
1 − λ
dm

SR
F̄s̄[n]+

√
1−λm̄R

1 [n]+z̄R[n]+
-
, (3)

where

wi , [wT
i,0 wT

i,1 · · · wT
i,Lw−1]T ∈ CNr Lw×1,

F̄ , toeplitz(F, Lw ) ∈ CNr Lw×(L f +Lw−1),

F , [f0 · · · fL f −1] ∈ CNr×L f ,

s̄[n] , [s[n] · · · s[n − L f − Lw + 2]]T ,
m̄R

1 [n] , [(mR
1 [n])T · · · (mR

1 [n − Lw + 1])T ]T ,
z̄R[n] , [(zR[n])T · · · (zR[n − Lw + 1])T ]T .

In the second phase, R transmits the filter outputs t[n] =
[t1[n] · · · tNt [n]]T , while receiving its own transmitted sig-
nals passed through loop channels. The complex envelope
of the received signal at the ith receive antenna of R is given
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by

r2,i[n] =
Lh−1∑
l=0

hT
i,lt[n − l] + mR

2,i[n], (4)

where hi,l =
√
β[h1,i,l · · · hNt,i,l]T is the lth tap of the loop

channels from the transmit antennas to the ith receive antenna
of R, β is the loop channel gain, Lh is the length of the
loop CIR, mR

2,i[n] is the noise at the ith receive antenna of
R. Note that the received signal from its own transmitter
corresponding to the first term in (4) is not harmful since it
is not the self-interference, but is rather a useful component
as an EH source. The transmitted signals t[n] pass through
channels and are finally received at D. The received signal
at D is given by

y[n] =
1√
dm

RD

Nt−1∑
i=1

Lg−1∑
l=0

gi,lti[n − l] + vD[n], (5)

where dRD is the distance between R and D, gi,l is the lth
tap of the channel between the ith transmit antenna of R and
D, Lg is the length of the R-to-D CIR, and vD[n] is the sum
of the antenna and conversion noises at D. Substituting (3)
into (5), and after some manipulation, we get

y[n] = gTW̆H
(
aF̆s̆[n] + bĬm̆R

1 [n] + cĬz̆R[n]
)
+ vD[n] (6)

= wHĞ
(
aF̆s̆[n] + bĬm̆R

1 [n] + cĬz̆R[n]
)
+ vD[n], (7)

where

a ,

√
1 − λ

dm
SRdm

RD
, b ,

√
1 − λ
dm

RD
, c ,

1√
dm

RD

,

W̆ , [ILg ⊗ wT
1 · · · ILg ⊗ wT

Nt
] ∈ CNtNr Lw×Mt Lg,

w , [wT
1 · · ·w

T
Nt

]T ∈ CNtNr Lw×1,

s̆[n] ,
[
s[n] s[n − 1] · · · s[n− L f − Lw− Lg+3]

]T
,

m̆R
1 [n] ,

[
(mR

1 [n])T · · · (mR
1 [n−Lw−Lg+2])T

]T
,

z̆R[n] ,
[
(zR[n])T · · · (zR[n−Lw−Lg+2])T

]T
,

g , vec(G),
G , [g1 · · · gNt ],
gi , [gi,0 · · · gi,Lg−1]T ,

Ğ , G ⊗ INr Lw ∈ C
NtNr Lw×Nr LwLg,

Ĭ , [ĬT0 · · · ĬTLg−1]T ∈ CNr LwLg×Nr (Lw+Lg−1),

Ĭl , [0Nr Lw×l INr Lw 0Nr Lw×(Lg−1−l)],

F̆ , toeplitz(F̄, Lg) ∈ CNr LwLg×(L f +Lw+Lg−2) .

In (7), the first term awHĞF̆s̆[n] contains the desired sym-
bol and ISI components. Let the dth entry of s̆[n] be the
desired symbol, where d is an arbitrary decision delay. The
remaining entries in s̆[n] correspond to the ISI component.
Then, we can rewrite (7) as

y[n] = awHĞf̃s[n−d+1]︸                 ︷︷                 ︸
ys [n]:Desired symbol

+ awHĞF̃s̃[n]︸         ︷︷         ︸
yi [n]:ISI

+ bwHĞĬm̆R[n] + cwHĞĬz̆R[n] + vD[n]︸                                              ︷︷                                              ︸
yn[n]:Noise

, (8)

where f̃ is the dth column of F̆, F̃ is a matrix obtained by
removing f̃ from F̆, and s̃[n] is a vector obtained by removing
s[n − d + 1] from s̆[n]. In (8), ys[n], yi[n] and yn[n] denote
the desired symbol, ISI, and noise components, respectively.

Next, EH operation aspect performed at the relay node
R with Nr receive antennas is considered. In the first phase,
R receives the signals r1[n] in (1) from S and harvests the
energy from its power-split signals

√
λr1[n]. As the har-

vested power that originates from the noise is very small, it
can be ignored. The harvested power in the first phase can
be expressed as [4], [11]

p1 = ηE
[
‖
√
λr1[n]‖2

]
= ηλ

*.
,

Ps

dm
SR

Nr∑
i=1

L f −1∑
l=0
| f i,l |2

+/
-
, (9)

where 0 < η ≤ 1 is the power conversion efficiency, and
Ps , E[|s[n]|2]. In the second phase, R harvests energy
from r2,i[n] in (4). The harvested power in the second phase
is given by

p2 = η

Nr∑
i=1

E
[
|r2,i[n]|2

]
= ηwHDhw, (10)

where

Dh ,
Nr∑
i=1

HiD̃HH
i ∈ C

NtNr Lw×NtNr Lw ,

Hi ,
[
diag{hT

i,0} ⊗ INr Lw · · · diag{hT
i,Lh−1} ⊗ INr Lw

]
,

D̃ , ILh
⊗ D̂ ∈ CNtNr LwLh×NtNr LwLh ,

D̂ ,



D · · · D
...

. . .
...

D · · · D


∈ CNtNr Lw×NtNr Lw ,

D , Ps
(1 − λ)

dm
SR

F̄F̄H
+ (1 − λ)σ2

mR
1

INr Lw + σ
2
zR

INr Lw .

Finally, the total power pEH obtained by the EH processing
during two phases is obtained as the sum of (9) and (10), i.e.,
pEH = p1 + p2. The relay node, R, uses only the harvested
power, pEH , for information transmission. The purpose of
the filter design is to determine the FIR filters w at R, such
that the effect of ISI is suppressed and the desired component
is enhanced when the relay transmit power is limited to pEH .

3. Filter Design Method

A filter design method for the case where the perfect knowl-
edge of the R-to-D channels {gi,l } is available is considered,
and it is shown that the method is also applicable to the
case with only partial knowledge of {gi,l }. Furthermore, the
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optimum power splitting ratio λ is determined based on the
golden-section search.

We assume that R has the perfect CSI of S-to-R chan-
nels by estimating the channels at R. This assumption is
reasonable when the S-to-R channels remain unchanged for
several time slots. We also assume that R obtains the CSI
of R-to-D channels by feeding back the CSI obtained by
channel estimation at D to R. The feedback uses a low-rate
link which does not affect data communication.

3.1 Filter Design Based on Perfect CSI

This case assumes that perfect instantaneous CSI of R-to-D
channels is available atR. This assumption ismet if theR-to-
D channels remain unchanged for several time slots. Here,
we propose to determine w so as to maximize the received
SINR at D under a constraint on the relay transmission
power. The optimization problem can be formulated as

max
w

SINR s.t. pt ≤ pEH, (11)

where pt is the power consumed atR for signal transmission,
which is expressed as

pt =
Nt∑
i=1

E[|ti[n]|2] = wH D̄w, (12)

where

D̄ , INt ⊗ D ∈ CNtNr Lw×NtNr Lw .

The constraint ensures that the transmitted power of the relay
node does not exceed the harvested power pEH . From (8),
we have the received SINR at D as

SINR =
wHQsw

wHQiw + wHQnw + σ2
vD

, (13)

where

Qs , a2PsĞf̃f̃HĞH,

Qi , a2PsĞF̃F̃HĞH,

Qn ,
(
b2σ2

mR
1
+ c2σ2

zR

)
ĞĬĬHĞH,

and σ2
vD
, σ2

mR
1
, σ2

zR
are the power of vD[n],mR

1,i[n], zRi [n],
respectively. Using (9), (10), (12), (13), we can write (11)
as

max
w

wHQsw
wHQi+nw + σ2

vD

s.t. wH D̆w ≤ p1, (14)

where Qi+n , Qi + Qn and D̆ , D̄ − ηDh . By introducing
a vector w̃ , D̆1/2w, we can rewrite (14) as

max
w

w̃HQ̃sw̃
w̃HQ̃i+nw̃ + σ2

vD

s.t. ‖w̃‖2 ≤ p1, (15)

where Q̃s , D̆−1/2QsD̆−1/2 and Q̃i+n , D̆−1/2Qi+nD̆−1/2.
The objective function in (15) monotonically increases
as ‖w̃‖2 increases since it can be expressed as
ŵHQ̃sŵ/(ŵHQ̃i+nŵ+σ2

vD
/‖w̃‖2) where ŵ = w̃/‖w̃‖. The

objective function is maximized when ‖w̃‖2 = p1, and hence
the constraint in (15) becomes ‖w̃‖2 = p1. As a result, the
optimization problem (15) can be treated as a generalized
eigenvalue problem [6], [14] and the solution is obtained by
the following equation.

w̃opt =
√

p1P
{
Q̃s, Q̃i+n + (σ2

vD
/p1)INr Nt Lw

}
, (16)

where P{A,B} denotes the normalized principal generalized
eigenvector of the matrix pair (A,B). Finally, the optimal
filter coefficients wopt are obtained, and the maximum SINR
at D can be written as

wopt = D̆−1/2w̃opt, (17)

SINRmax = Lmax
{
Q̃s, Q̃i+n + (σ2

vD
/p1)INr Nt Lw

}
, (18)

whereLmax{A,B} denotes the largest generalized eigenvalue
of matrix pair (A,B). Note that the computational com-
plexity of the proposed method is governed by the general-
ized eigenvalue decomposition in (16), whose complexity is
O

(
(Nt Nr Lw )3

)
[13].

3.2 Filter Design Based on Partial CSI

In the previous subsection, it was assumed thatR has the per-
fect knowledge of the CSI of R-to-D channels. However,
this assumption might not be reasonable in some cases such
as the R-to-D channels change rapidly, and thus channel
estimation and CSI feedback consume communication re-
sources. Here, we consider the case where only the second-
order statistics (SOS), which are less burdensome than the
perfect CSI, of R-to-D channels are available at R.

First, the power of the desired signal component in (8)
can be rewritten as†

E
[
| ys[n]|2

]
= a2Pstrace(f̃HW̆E[g∗gT ]W̆H f̃)

= a2Pstrace(W̆H f̃ f̃HW̆R∗g)

= a2Psvec(W̆∗)T (RH
g ⊗ f̃ f̃H )vec(W̆)

= a2PswHMH (RH
g ⊗ f̃ f̃H )Mw

, wHQsos
s w, (19)

where Rg = E[ggH ] represents the SOS of R-D channels,

M , [M1,1 · · ·M1,Lg · · ·MNt,1 · · ·MNt,Lg ]T ,
Mi,l , [0NtNr Lw×((l−1)Nr Lw ) M̃T

i

0NtNr Lw×((Lg−l)Nr Lw )],
M̃i , [0Nr Lw×(i−1)Nr Lw INr Lw 0Nr Lw×(Nt−i)Nr Lw ].

In the same way, the power of ISI and noise components can
†Weuse trace(ABCD) = [vec(AT )]T (DT ⊗B)vec(C) to derive

the third line from the second line.
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be rewritten. Then we obtain the received SINR at D as

SINRsos =
wHQsos

s w
wHQsos

i+nw + σ2
vD

, (20)

where Qsos
i+n , Qsos

i +Qsos
n ,

Qsos
i , a2PsMH (RH

g ⊗ F̃F̃H )M, (21)

Qsos
n ,

(
b2σ2

mR
1
+ c2σ2

zR

)
MH (RH

g ⊗ ĬĬH )M. (22)

The SINR in (20) is the same form as that in (14). In a similar
way as shown in Sect. 3.1, the optimal filter coefficients wsos

opt
can be obtained, which maximize the SINR (20) under the
relay transmit power constraint as

wsos
opt = D̆−1/2w̃sos

opt, (23)

w̃sos
opt =

√
p1P

{
Q̃sos

s , Q̃sos
i+n + (σ2

vD
/p1)INr Nt Lw

}
, (24)

where Q̃sos
s , D̆−1/2Qsos

s D̆−1/2 and Q̃sos
i+n , D̆−1/2Qsos

i+nD̆−1/2.
Also, the SINR is obtained as

SINRsos
max = Lmax

{
Q̃sos

s , Q̃sos
i+n + (σ2

vD
/p1)INr Nt Lw

}
.

(25)

3.3 Determination of Power Splitting Ratio

In the filter design method explained above, the power-
splitting ratio λ is given. As will be shown in the next
section, λ affects the received SINR at D. Therefore, it is
important to appropriately determine λ. If λ is too small, the
amount of the harvested energy becomes low, while if λ is
too large, the magnitude of the information-conveying signal
becomes small. Since the SINR degrades in both cases, it
might be assumed that the SINR is a unimodal function of
λ. As the golden-section search (GSS) method is efficient
in finding the extremum of a unimodal function [15], it is
employed to find the maximum value of the SINR. In Al-
gorithm, the optimum value of λ is searched by iteratively
updating tentative SINR and λ without calculating the filter
coefficients at each iteration. The determination process of
λ by the GSS method is summarized in Algorithm. After
λopt is determined, the optimal filter coefficients wopt are
computed using (17) or (23).

4. Simulation Results

Simulation results have been provided for the performance
evaluation of the proposed scheme. Unless otherwise stated,
the simulation parameters are as follows: the number of
transmit and receive antennas are Nt = 2 and Nr = 2,
the length of the FIR filters is Lw = 3, the power con-
version efficiency is η = 0.5, the source transmission power
Ps = 20 dBm, the power of all noises is −70 dBm, the mod-
ulation scheme is quadrature phase shift keying (QPSK),
the termination tolerance of the golden-section search is
ελ = 10−2, the distance between S and R is dSR = 20,

Algorithm Determination of the power splitting ratio λ
Initialization: Set [A, B] = [0, 1], φ = 1+

√
5

2 , λ(1)
l
= (Aφ + B)/2,

λ(1)
u = (A+ Bφ)/2, n = 1.

Compute SINR(1)
λl

for λ(1)
l

and SINR(1)
λu

for λ(1)
u using (18) or (25).

while |SINR(n)
λl
− SINR(n)

λu
| ≥ ελ do

if SINR(n)
λl

< SINR(n)
λu

then

Set A← λ(n)
l

and SINR(n+1)
λl

← SINR(n)
λu

.

Set λ(n+1)
u = (A+ Bφ)/2.

Compute SINR(n+1)
λu

for λ(n+1)
u using (18) or (25).

else {SINR(n)
λl

> SINR(n)
λu

}

Set B ← λ(n)
u and SINR(n+1)

λu
← SINR(n)

λl
.

Set λ(n+1)
l

= (Aφ + B)/2.
Compute SINR(n+1)

λl
for λ(n+1)

l
using (18) or (25).

end if
Set n = n + 1

end while
if SINR(n+1)

λl
> SINR(n+1)

λu
then λopt = λl else λopt = λu .

Fig. 4 Relation between SINR and power splitting ratio λ.

the distance between R and D is dRD = 15, the path loss
exponent is m = 3, the loop channel gain is β = −15 dB,
the CIRs fl, gl, hl are modeled as zero-mean, unit-variance,
complex Gaussian random variables, and their lengths are
L f = Lg = 3 and Lh = 2, respectively. Average SINR and
bit error rate (BER) are obtained from 103 simulation trials,
where each trail has independent channel realization and 106

data symbols.
The GSS method used in Algorithm can be applied

to unimodal functions. Since it is difficult to theoretically
prove the unimodality of the average SINRwith respect to the
power splitting ratio λ, we confirm it numerically. Figure 4
shows the average SINR at D as a function of λ. It can be
observed that the average SINR is a unimodal function of
λ. Therefore, the method described in 3.3 can effectively
find the optimum value of λ. It can also be seen that the
optimum value of λ is close to 1.0. This implies that most
of the received signal should be used as energy source rather
than for information processing, in an energy-restricted relay
node.
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Fig. 5 SINR evolution through power splitting ratio determination algo-
rithm.

Fig. 6 Effect of source transmission power Ps on SINR.

In Fig. 5, the SINR evolution is illustrated using the
power splitting ratio determination algorithm. For compari-
son, the result when the exhaustive search of λ is performed
is also shown. As expected, it is seen that the performance of
the proposed algorithm improves as the number of iterations
increase, and that the performance of the proposed algorithm
hardly changes after 8 iterations.

Figure 6 shows the effects on SINR when the source
transmission power Ps is varied. It can be observed that the
performance of the proposed method with Lw = 3 is close to
that of the exhaustive search of λ, and that the performance
improves as the source transmit power Ps increases. This
is because the energy pEH harvested by the relay node in-
creases as Ps increases. For comparison purposes, we also
show the results of the AF scheme [7] and the proposed
method with Lw = 1, where the relay design method in [7]
is applied to an AF relay node corresponding to Lw = 1 by
ignoring the delayed waves in the channels. Note that it is
not straightforward to apply the AF scheme [7] to OFDM
because the AF relay design cannot be done per subcarrier
basis due to the dependency of the harvested energy on all
the subcarriers. It is clear that the performance of the AF
scheme is poor because it cannot suppress ISI. In addition,

Fig. 7 Effect of loop channel gain β on SINR.

Fig. 8 BER performance for various antenna configurations.

we can see that the performance of the AF scheme is worse
than that of the proposed method with Lw = 1. This is
because the AF scheme cannot harvest the energy from the
delayed waves efficiently.

The effect of the loop channel gain β at R is shown in
Fig. 7. It can be seen that the performance of the proposed
scheme is always better than when there is no self-energy
recycling; therefore, confirming its importance. It can also
be observed that the performance of the proposed scheme
improveswith β because the harvested energy pEH increases
as β increases.

Figure 8 shows the average BER against the source
transmission power, Ps , for various antenna configurations.
Four types of relays have been compared, i.e., SISO, SIMO,
MISO, and MIMO. The relays other than MIMO experience
error floor in BER curves because they cannot suppress ISI
significantly. Unlike them, the BER of the MIMO relay
decreases as the source transmit power Ps increases, because
the MIMO relay has a capability to suppress ISI completely.

The ISI suppression capability can be explained inmore
detail as follows. The ISI suppression in the system shown in
Fig. 1 can be viewed as a multichannel equalization problem
where there are Nr Nt subchannels whose CIR is ci, j,l =
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Fig. 9 BER performance for various filter lengths Lw .

f i,l ∗ gj,l and Nr Nt corresponding FIR equalizers wi, j,l for
i = 1, · · · , Nr, j = 1, · · · , Nt . Our primary purpose is to
achieve the zero-forcing (ZF) equalization which suppresses
ISI completely in the absence of noise; in other words, to
find w such that wHC = [1 0 · · · 0] where C =

[
Ğf̃ ĞF̃

]

from (8). It is known that the ZF equalization by FIR filters
can be achieved if and only if the subchannels {ci, j,l } have
no common zeros [12]. In the case of SISO, this condition
is not met because there is only one subchannel. In the
case of SIMO and MISO, the condition is not met because
the subchannels contains a common channel, f1,l for SIMO
and g1,l for MISO. Thus, only MIMO relay can satisfy the
condition. When the ZF equalization can be achieved, the
matrix, C, whose size is Nt Nr Lw × (L f + Lw + Lg − 2) has
full column rank [12], and we have

Nt Nr Lw ≥ L f + Lw + Lg − 2. (26)

As this condition can also be satisfied by increasing the num-
ber of relay antennas Nt or Nr , the MIMO configuration is
again preferable. Note that increasing the number of anten-
nas or the filter length results in not only ISI suppression,
but also significant performance improvement.

In Fig. 9, BER performances are shown for various filter
lengths Lw . It can be seen that the performance of the AF
scheme using self-energy recycling, which corresponds to
the case with Lw = 1, hardly improves even if the source
transmission power, Ps , increases. This is because the AF
scheme cannot compensate for severe ISI. Meanwhile, the
performance of the proposed FF scheme (Lw > 1) is effective
because of its ISI suppression capability. Also, it can be seen
that the performance improves as Lw increases up to Lw = 9.

Finally, the case where only the SOS of R-to-D chan-
nels are available is considered. The following model is
employed for the R-to-D CIRs [14]:

gi,l ,
1

√
1 + α

(ĝi,l +
√
αg̃i,l), (27)

where ĝi,l and g̃i,l ∼ CN (0, 1) are the mean and variable
components of gi,l , and α is a parameter which controls
the level of uncertainty in gi,l . Then, the SOS of R-to-D

Fig. 10 BER performances for various uncertainty levels α.

channels is given by

Rg = E[ggH ] =
1

1 + α
(ĝĝH + αINt Lg ), (28)

where ĝ , [ĝT1 · · · ĝ
T
Nt

]T . In each simulation trial, a mean
value ĝi,l was generated and 102 realizations of g̃i,l were
generated. Figure 10 plots the BER performances for various
α. For reference, two extreme cases are shown, α = 0
corresponding to the perfect CSI (Rg = ggH ) and α = 103

corresponding to no CSI (Rg ≈ INt Lg ). It can be seen
that the performance of the case with SOS (α = 10−1 or
10−2) is significantly better than that of the case with no CSI
(α = 103). This implies that the SOS is useful when the
perfect CSI is unavailable.

5. Conclusion

This paper has investigated a filter-and-forward relay with
self-energy recycling for single-carrier transmission in
frequency-selective channels. In this study, we have pro-
posed the filter design method and the determination algo-
rithm of the power splitting ratio. Simulation results showed
that the proposed algorithm can provide the power splitting
ratio close to the optimum value. It was also shown that
filtering and self-energy recycling are effective in improving
performance. Moreover, it was observed that the proposed
method works well even when only the partial CSI for relay-
destination channels is available.
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