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Abstract—This paper considers a three-phase two-way relay
system in which two single-antenna transceivers exchange data
with the help of a multi-antenna energy harvesting relay. An SNR
maximization problem is formulated under fixed total power and
fairness constraints. Given the fraction of energy harvested by
the relay in the first two phases, a closed-form expression for
the optimal power allocation between the transceivers is derived.
Simulation results show that three-phase two-way relaying can
have better performance than conventional two-phase two-way
relaying, especially if the number of antennas at the relay is
large.

Index Terms—Two-way relay, simultaneous information and
power transfer, energy harvesting, power allocation, signal to
noise ratio maximization.

I. INTRODUCTION

Simultaneous wireless information and power transfer
(SWIPT) has drawn a lot of recent attention because of its
capability to increase the reliability of wireless networks with
energy constraints [[I]. Compared to the conventional power
distribution in wireless networks [2]]-[5]], the role of SWIPT
becomes more important in severe environments where it
is difficult to share/provide energy for some distant nodes.
Power Splitting (PS) and Time Switching (TS) protocols have
been extensively considered for SWIPT in [6]-[8]. In the PS
protocol, the received signal is fed into a power splitter. A
fractional portion of the received power denoted by 0 < 0 < 1
is fed into the energy harvester and the remaining portion 1—6
is fed to the information receiver. The TS protocol is similar
except, rather than simultaneously receiving information and
harvesting energy, the receiver switches between information
receiving and energy harvesting over time.

One potential application of SWIPT is in the area of relay-
assisted bidirectional communication, also known as two-way
relaying (TWR). One or more intermediate relays assist two
transceivers A and B to exchange independent data with each
other [9]-[12]. Exact expressions for the outage probability,
ergodic capacity and diversity-multiplexing trade-off for a
TWR with an energy harvesting (EH) amplify and forward
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relay were derived in [13]. The problem of beamforming
design for sum-rate maximization under imperfect channel
state information (CSI) in a scenario that the transceivers
harvest energy from multiple relay nodes was considered in
[14]. Power allocation at the transceivers to minimize the
network outage probability was studied in [[15]. The optimal
beamforming design for a single multi-antenna EH relay
was derived in [[16]]. Most of this prior work, however, has
only considered two-phase TWR (2P-TWR), where A and
B simultaneously transmit in the first phase and the relay(s)
transmit in the second phase. Under the usual half-duplex
assumptions, the transceivers A and B do not receive each
other’s signals in the first phase. Consequently, the 2P-TWR
protocol does not utilize the direct link between A and B and
relies entirely on the relay to facilitate communication between
A and B.
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Fig. 1: System model for the three-phase two-way relaying
(3P-TWR) with energy harvesting.

In this paper, we analyze the performance of the three-
phase TWR (3P-TWR) system shown in Fig. || with a single
multiantenna EH relay in terms of the received signal to noise
ratio (SNR) at the transceivers. We assume the EH relay
uses the PS protocol to continuously harvest a fraction of
the energy while simultaneously receiving information from
transceivers A and B. Under total transceiver power and equal
SNR constraints, we derive closed-form expressions for the
optimal power allocation to maximize the SNR at transceivers
A and B. Our results show that 3P-TWR can outperform 2P-
TWR in certain settings. Our results also show that the effect
of the EH relay is only significant if the relay has a large
number of antennas to facilitate efficient energy harvesting



and directed transmission to the transceivers.

The following notation are used throughout the paper. Vec-
tors, an N x N identical matrix and the transpose operation are
denoted by bold lowercase letters, Iy and (-)7, respectively.
The notation = ~ CN(p,0?) denotes that z is a circularly
symmetric complex Gaussian random variable with mean u

and variance o2.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider the 3P-TWR model depicted in Fig.[I] in which
two transceivers A and B exchange independent data through
a half-duplex relay R. Transceivers A and B are equipped with
a single antenna, while relay R has N antennas and is also
powered by an EH device. A complete cycle of communication
is performed in three consecutive phases. In the first and
second phases, A and B take turns and broadcast their data
to R and the other transceiver. During these two phases, R
harvests a fraction of the energy from the received signals
using the PS protocol [6]. It is assumed the energy received
from the transmissions of A and B is the only source of energy
for retransmissions by R. Also, it is assumed that the required
power for signal processing at R is negligible compared to
the transmit power in the third phase. In the third phase, R
broadcasts a combination of its received signals during the first
and second phases to A and B, using the harvested energy.
After completing the three phases, each transceiver combines
its received signals based on the maximal ratio combining
(MRC) criterion.

The complex channels A — B, A — R and B — R are
denoted by hap, hagr and hpg, respectively. All of channels
are assumed to be fixed during the three phases and reciprocal,
i.e., hAB = hBA, hAR = th, and hBR = th.

Phase I: A — R and B
During this phase, the received signals at R and B are
obtained as

yi' = v/ Pahagwi + 21
le = \/EhABﬂfl —|—Zf3

where z; and P4 are the transmit data and power by A,
zf ~ CN(Onx1,0%Iy) and 28 ~ CN(0,02) are additive
white gaussian noise (AWGN) terms at R and B, respectively.
Assuming unit length of time for each phase so that the power
and energy terms can be used equivalently, R uses a fraction
VB (0 < 6 < 1) of its received signal for harvesting energy
according to the PS protocol. Hence, the harvested energy
(power) in phase I is obtained as

Q1 = n0|[hag|[*Pa
where 1 (0 < 1 < 1) is the conversion efficiency factor [8]].

Phase II: B — R and A
During this phase, the received signals at R and A are
obtained as

vy = \/Pghprrs + 25
yi* = \/Pphapwa + 2

where x5 and Pp are the transmit data and power by B, z ~
CN(Onx1,0%Iy) and z* ~ CN(0,0%) are AWGN terms at
R and A, respectively. The harvested energy in phase II is
obtained as

Q2 = nf||hpr|*Ps.

Phase IlII: R — A and B

During this phase, the relay uses the harvested energy to
broadcast a combination of the transceivers’ signals. The total
harvested energy in phases I and II is equal to @ = Q1 + Qs.
The relay R is constrained to use only harvested energy for
transmission in Phase III, averaged over the noise realizations.
Depending on different noise realizations zf* and zif, R may
use more or less instantaneous energy than the actual harvested
energy () in a given frame. Nevertheless, the average energy
expended by R is chosen to balance the harvested energy over
a large number of frames.

To maximize the transmission efficiency, R applies a beam-
forming matrix W; to yZ for i € {1,2}, where

5r = Wihag
The relay’s transmitted signal can then be written as

xp=v1—0 (@thxl + \/Pth:,RxQ) +z

where zf* =z + 2l with z? = W,z for i € {1,2}. The
received signals at A and B are obtained as
A T A
Yo = PhypXr + 2
B T B
Y2 = Phprxr + 2
where the energy scale factor 3 chosen to ensure the average

energy used for transmission is equal to the harvested energy
Q is defined as

Vo
E{|lxzl[}

_ n0(|harl|*Pa + |[hpr|* Pp)
(1= 0)(|Ihar|*Pp + |[hpr|[*Pa) + 2No?
Assuming availability of the perfect CSI of hs i and hpp at
both A and B, the back propagated self-interference in y5' and

yZ can be removed. The remaining signals at A and B can be
written as

55 = bk (VI= 0/ Pyhiyges +27) + 24
35 = B (VI—0v/Pabippa +27) + 25,

Finally, transceiver S € {A, B} performs MRC between y3
and §5. Considering independence among the noise terms, the
resulting SNRs for A and B (conditioned on the channel states)
can be written as
o, |hasl’Ps  5°(1 — 0)Pyllhaxll’
o? o? 2Nf?||hagll? +1)
. |hap|*Pa  B*(1 = 0)Pa|lbprll*
o2 o2 (2NB?||hpgl]> +1)
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To maximize the received SNR of the transceivers subject to
a total power constraint and an SNR equality constraint, we
pose the following optimization problem:

0 @
subject to: Y4 =B

0<0<1

Pay+ P =P.

In other words, we wish to find the optimum power alloca-
tion between transceivers A and B and the optimum energy
harvesting fraction # at R to maximize the SNR subject to an
equal SNR constraint and a total power constraint.

III. OPTIMAL POWER ALLOCATION

Considering the problem in (@), the Lagrange function £ is
defined as follows

L(Pa,Pg) =74+ M (Ya —3B) + XA2(Pa+ P — P) (5)

By taking the partial derivatives of £ with respect to the
unknown parameters P4, Pg, A1 and A, the following set
of equations are obtained:

%:%(14-)\1)—)\1%4—)\2 (6)
%:%(1+A1)—/\1§2+,\2 7
(‘%ﬁ=%—73 )]
%:PAJFPB—P. 9)

By setting the equations (6) to (@) equal to zero, these
equations can be rewritten as

054 Ne _
E(l"‘)\l) A1E+>\2_
04 B _
—8PB(1+>\1) —AlaPB +A2=0
YA — B =

Py+Pg—P=0.
To facilitate analysis, we define
¢sn = 2(1 = 0)|hsgl[*
¢sp = 2NB?||hsg|]* + 1

for S € {A, B}. With this notation, the SNR terms can be
rewritten as

1
Ya <hA32PB + m)

o2 $AD
1
VB = — <hAB2PA + ¢mv> :
o $BD

Replacing Pgp = P and P4 = P—P in the equation y4—%p =
0, we can write

P \hap*dap + dan _ P —P) \hag*éBD + ¢BN
$aD ¢BD

or, equivalently

Popp(|hapl®*dap+dan)=(P—P)pap(|has*¢sp+oBN).

Note that ¢ an, ®ap, ¢pn and ¢pp are also functions of P.
After substituting for these quantities and collecting terms, we
can write

A0)P? + B(O)P? +C(0)P +D(H) =0 (10)
where
2 (Y - 2)U(|Ihagll® - |hprl?)
+ (|has(V = W) /o?) = (V = W)(X
(Imagll? = |hprll*) = (has?(Y - 2))/0?)

B2 (Y - Z)(PU|hpr|® - PU(|Iharl* - |hpr]])
+ (PWlhagl*)/o* = (Plhas*(V — W))/c?)
— (PX|Ihprl|* + (PY|hap|*)/o*)(V — W)
= PY(U(|lharll® = [[barl[*) + (Ihas*(V = W))/o?)
— PW(X([[harl]® = [hprl]*) = (|hap*(Y = Z))/0?)
C£ — (Y- Z)(P?U||hprll* + (P*Wlhap|*) /%)

— PW(PX|hpg||* + (PY|hag|?*)/0?)

— PY(PU|hgg||* = PU(||harl|[* — ||hsrl?)

+ (PWlhag|?)/o® — (Plhap?(V —W))/0?)
D2 PY(P?Ul|lhggll* + (P*W|hagp|*)/o?)

and
U2 9(1 - 0)|[bagl*
V & 209No?|hag||* +0*(1 - 0)|[hpr|?
W £ 200No?||har|*|hprl]® + 0*(1 - 0)||harl]®
X £ n0(1 - 0)|lhprl*
Y 2 20N0?|[hprl[* + 021 - 0)| [l
Z £ mONo®||hagl]?|[hpr||* +o*(1 - 0)|[hpr|.

Observe that, given the power splitting parameter 6 and the
channel states, is a cubic equation in P = Pp. Hence,
(10) can be straightforwardly solved for P°P* € (0, P) to
compute the optimum power allocation. The optimum power
allocation follows as

PPt & popt (11)
PPt & p —port, (12)

Note that for P = 0, we get Y4 —7p < 0 and for P = P, we
get ¥4 — yp > 0, so since the function f(P) = 34 — 7p is
continuous, there is at least 1 solution for f(P) = 0 over the
interval (0, P). Computing the optimum value for € requires
using numerical methods such as a line search over discrete
values in the interval 0 < 6 < 1.

IV. SIMULATION RESULTS

This section presents several simulation results to demon-
strate the performance of 3P-TWR with an energy harvesting
relay. All of the results in this section assume a carrier



frequency f = 1 GHz, a power harvesting efficiency of
n = 0.5, and a noise variance of 02 = —70 dBm. To obtain the
power splitting parameter 6, the interval 0 < 6 < 1 is divided
into equal parts with length 0.05, and the 6 that maximizes
() is chosen as an approximation of the optimal value.

Figure [2] shows the sum-rate performance of the 3P-TWR
compared with the two-phase two-way relaying (2P-TWR)
without energy harvesting [3], for different values of P/c?
assuming a single-antenna relay (N = 1). The sum-rate can
be expressed as E{log,(1 + %)} and 2/3E{log,(1 + )} for
2P-TWR and 3P-TWR, respectively where ¥ = ¥4 = 4. The
channel gains are assumed to be |hap| = |har| = |hBr| =
—25 dB, corresponding to a free-space channel distance of
5 m and a path loss exponent of @ = 2. The same total
transmit power P is considered for all schemes, i.e., for the
3P-TWR with EH, P, + Pg = P and for the 2P-TWR,
Py + Pp + Pr = P. The results in Figure [2] show that the
sum-rate performance of the 3P-TWR with EH is better than
the 2P-TWR in low transmit power regime (which is realistic
in short range transmission), but as P/ o2 increases, 2P-TWR
performs better. This is due to the fact that it takes a total of
two phases for a complete round of transmission in 2P-TWR
compared to the three phases in 3P-TWR.
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Fig. 2: Sum-rate performance of the network vs. different noise
power values. The relay in this example has /N = 1 antennas.

Figure [3] shows the effect of the number of antennas at R
and the total transmit power P over the sum-rate performance
of the network with and without considering the direct link. In
the cases with the direct link, the channel gains are the same as
the previous example. In the cases without the direct link, we
set |hap| = 0. We can observe that for large N = 1000, the
sum rate capacity of the case without considering the direct
link increases faster than the ones with the direct link. This
happens because the former needs two phases for a complete
round of transmission and also for large NV, the the harvested
energy at the relay becomes large.

In Figure [4| the relay channel gains are fixed to |hagr| =
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Fig. 3: Sum-rate performance of the network vs. total transmit
power values and different number of antennas at the relay.

|hpr| = —20 dB and the direct channel’s gain changes from
—60 dB, i.e., almost completely blocked, to —20 dB. The
results show that even when the direct channel is 40 dB
weaker, the 3P-TWR has a better sum-rate performance. This
shows that because the relay uses an attenuated version of the
total power in the network, if the number of antennas at the
relay is not enough to harvest considerable energy, it will not
be effective to improve the overall power of the received signal
at the transceivers.
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Fig. 4: Sum-rate performance of the network vs. different

values for the ratio of the direct and the relay channel gains.

The relay in this example has N = 1 antennas.

Figure [5] demonstrates the effect of the power splitting
parameter 6 on the received SNR. We assume a total power
constraint of P = 0 dBm with the remaining parameters
identical to those in Figure 2] The results show that for small
N, the received SNR is not sensitive to variations of 8. This is
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Fig. 5: SNR vs. 6 for different values of N.

due to the fact that the relay provides negligible assistance in
this case since it only harvests a small amount of energy and is
unable to provide a significant signal to the transceivers in the
third phase. In fact, if the relay channels are set to zero, the
received SNR is equal to ~ 17.55 dB, which is approximately
the same SNR for N = 1 and N = 10 in Figure 5] When
N = 1000, however, the relay is able to harvest more energy
and is more efficient at directing the energy to the transceivers
in the third phase. In this case, a power splitting parameter
of 8 ~ 0.25 maximizes the SNR. Moreover, the N = 1000
antenna relay provides a significant SNR gain over the full
range of power splitting parameters tested.

V. CONCLUSIONS

Three-phase two-way relay communication with an energy
harvesting relay has been considered. A closed-form solution
for the optimal power allocation between the transceivers
which maximizes the received SNR subject to SNR equality
and total power constraints was derived. Simulation results
show that the optimal power allocation with a line search for
the optimal energy harvesting ratio in the 3P-TWR with EH
setup can have better performance than the conventional 2P-
TWR in terms of the received SNR, especially if the number
of antennas at the relay is large.
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