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Abstract— In this paper, we consider an amplify-and-forward-
based two-way relaying network, in which the relays need to
harvest energy from the received radio frequency signals to
remain active in the network and assist data exchange between
two transceivers. In particular, considering time-switching archi-
tecture, we investigate the problem of joint energy harvest-
ing (EH) time allocation and distributed beamforming in the
presence of interference. Specifically, assuming that the perfect
knowledge of the interfering links is not available, we study three
different design approaches. First, we maximize the sum-rate of
the network subject to individual EH power constraints at relays.
Resorting to the semi-definite relaxation (SDR) and successive
upper-bound minimization techniques, we devise an iterative
algorithm that efficiently solves such a challenging problem. Next,
we minimize the total power consumed by the relays subject to
the rate constraints at the transceivers. Finally, we minimize the
EH-phase duration subject to the individual EH power con-
straints at the relays as well as the rate constraints at the
transceivers. The rate constraints, however, make both second
and third design optimization problems non-convex and com-
plicated. Although no closed-form solutions are available for
these approaches, we propose efficient schemes by applying the
SDR technique followed by semi-definite programming problems.

Index Terms— Distributed beamforming, energy harvesting,
two-way networks.

I. INTRODUCTION

TWO-WAY relaying methods (bidirectional communica-
tions) between two users (transceivers) have recently

received significant research interest due to its advantage
of overcoming the half-duplex loss in the conventional
one-way relaying-based approach [1]. The simplest form of
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a two-way relay network consists of two single-antenna trans-
ceivers and a number of distributed single-antenna relays [2].
Among different two-way relaying approaches proposed in
the literature, the multiple access broadcast (MABC) bidi-
rectional relaying strategy is well-known for its bandwidth
efficiency [3], where only two time slots are needed to
accomplish information exchange between two transceivers.
Specifically, in the first time slot, both transceivers simultane-
ously transmit their information to the relays, while the relays
broadcast the processed versions of their received signals in
the second time slot. Depending on the ability of relays to
regenerate/decode their received signals, various transmission
schemes have been developed. In this work, we adopt an
amplified-and-forward (AF)-based MABC relaying protocol
due to its implementation simplicity and smaller transmission
delay [4].

It is well-known that the performance of two-way relaying
networks can be improved through the multi-antenna based
beamforming technique. However, in certain resource con-
strained networks, such as wireless sensor networks (WSNs),
the relay size, cost, and power consumption are limited such
that each terminal could be equipped with only a single
antenna [5]. In order to exploit the multi-antenna gain in such
resource-limited scenarios, the distributed relay beamforming
algorithms [3]–[9] were developed based on specific design
criteria, such as the signal-to-noise ratio (SNR) balancing
method [3], total (relay) transmit power minimization tech-
nique [4], and sum-rate maximization approach [6]. In all
of these cooperative schemes [3]–[9], the relays expend their
own energies to assist the data exchange between transceivers.
The relays’ energy is typically supplied by a limited-capacity
battery, and once the battery drains out, the relay can no longer
remain active in the network. So, the short lifetime of the
battery-powered relays significantly limits or even prohibits
the applicability of existing beamformers in practical two-way
scenarios.

Although the lifetime of the relays can be extended by
periodic recharging or replacement of their batteries, it incurs
a high operation burden and cost, and can be cumber-
some or might be even impossible (e.g., for biomedical
devices implanted in the human body [10]). As a result,
energy harvesting (EH) [11] has recently become an appealing
solution for prolonging the lifetime of energy-limited relays
without the need for periodic battery replacements or external
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power cables. In the past few years, the use of EH-based
relays has gained considerable research interest in wireless
cooperative (sensor) networks since they provide perpetual
power supplies by collecting energy from the ambient radio-
frequency (RF) signals; see [12]–[14], and the references
therein. Recently, two-way cooperative networks with an
EH-based relay have been the focus of numerous studies; for
example, see [15]–[19], and the references therein. However,
all the aforementioned works only consider the case where
a single EH-based relay assists the information exchange
between a pair of transceivers; and the research on two-way
networks with multiple EH-based relays is missing in the
literature. Accordingly, we focus on the important and general
scenario where multiple EH-based relays cooperate with each
other to establish the connection between two transceivers.
Specifically, in this work, we develop the advanced distrib-
uted beamforming signal processing technique for such a
network.

Due to practical limitations, the relays are not able to
harvest the energy and process the data at the same time.
Attentive to this, we adopt a time-switching (TS) [11] archi-
tecture, in which relays periodically switch between EH and
information transmission (IT) tasks. Since the EH time allo-
cation factor (also called time switching ratio) significantly
affects whole network performance, it is desired to optimally
adjust the EH and IT mode durations via finding the optimal
EH time allocation factor, which will be studied in this
work. However, none of the previous publications obtained
optimal time allocations. Recently, [10] and [20] studied the
problem of time slot allocation for the scenario where one
multi-antenna access point coordinates energy transfer and
information transfer to/from a set of single-antenna users;
but all aspects of [10] and [20], including the underlying
assumptions, system model, and so on, are different from the
corresponding aspects of our work.

Furthermore, none of the previous works have yet studied
the effect of interference on two-way relaying networks with
EH-based relays. Such a study becomes very important as
interference exists in many practical situations. In particular,
the interference can be even beneficial for the EH-based relays
because the interference can provide a new source of power
for relay recharging. As an example of networks with interfer-
ence, one may consider the underlay two-way relay networks,
where a pair of secondary users exchange information through
multiple relays in the presence of a primary network. In this
setting, the primary-to-secondary interference can be utilized
for EH. In this work, we consider a system with interference
to investigate the effect of interference.

To the best of our knowledge, this is the first paper
that investigates the problem of distributed beamforming for
two-way cooperative networks with EH-based relays. In partic-
ular, to achieve the best performance of the system, we jointly
optimize the EH time allocation factor and distributed beam-
forming coefficients. Also, we study the role that interfer-
ence plays in the considered network. In practice, acquiring
the instantaneous channel state information (CSI) of the
(e.g., primary-to-secondary) interfering links would be diffi-
cult (e.g., for the secondary network). Therefore, we adopt

a realistic assumption that the actual interfering links are
unknown to the users; instead, only their second order sta-
tistics are known.1 Such an assumption allows us to consider
uncertainty through the introduction of the covariance matrix
of the CSI of the interfering links. The main contributions of
this paper thus include:

• We jointly obtain the optimal distributed beamforming
coefficients and EH time allocation factor via three
different design approaches, namely i) sum-rate maxi-
mization approach, ii) total relay transmit power mini-
mization technique, and iii) optimal EH time allocation
method.

• In the first approach, we maximize the sum-rate of
the two-way relaying network, subject to individual
EH power constraints at the relays. This strategy in
general leads to a complicated non-convex optimization
problem. To overcome this difficulty, we resort to the
semi-definite relaxation (SDR) technique and the idea of
successive upper-bound minimization (SUM) [22], which
enables us to devise an efficient scheme that iteratively
obtains intended design parameters.

• In the second method, we aim to minimize the total power
consumed by relays, subject to two constraints on the
data rate of the two transceivers. Although no closed-
form solution is available under this setup, we present an
efficient method by applying the SDR technique followed
by a semi-definite programming (SDP) problem.

• In the last technique, we minimize the EH-phase duration
since it does not contribute to the information throughput,
subject to individual EH power constraints at the relays
as well as rate constraints at transceivers. This design
approach results in a challenging non-convex optimiza-
tion problem. However, applying the same strategy used
in the second method enables us to propose an efficient
algorithm that iteratively finds beamforming vector and
the EH time allocation factor.

• We investigate the effect of interference on the per-
formance of two-way networks with multiple EH-based
relays. Although the interference increases the amount of
harvested energy by the relays, the forwarded interference
by the relays reduces the achievable sum-rate of two
users. Hence an overall effect of the interference in
our system turns out to be negative since the negative
impact of interference outweighs its benefit. Nevertheless,
note that, compared to the non-energy harvesting system,
the impact of the interference is mitigated in the energy
harvesting system because the interference has some
positive effect in the energy harvesting system.

• Moreover, we perform extensive simulation trials from
various aspects and obtain useful and important insights
into the effect of various parameters on the system
performance.

The rest of the paper is organized as follows. In Section II,
we first present the EH-based two-way relaying system and
the channel model. Then, we detail the time switching-

1We would like to emphasise that the perfect knowledge of the network
links is available at both users, which is in line with the related
literature [3], [4], [8], [9], [21].
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based relaying protocol for EH and IT tasks at the relays.
In Section III, we derive our sum-rate maximization approach
to jointly obtain the optimal beamforming vector and the
EH time allocation factor. Section IV is devoted to the total
relay transmit power minimization strategy, while the optimal
EH time allocation scheme is studied in Section V. Simulation
results are presented in Section VI, and conclusions are drawn
in Section VII.

Notation: Throughout this paper, bold upper case symbols
denote matrices and bold lower case symbols denote vectors.
Superscripts (·)∗, (·)T , and (·)H stand for complex conjugate,
transpose, and Hermitian, respectively. Also, we use E{·} to
denote the statistical expectation, var{·} to denote the variance
of the random variable, and CN (μ, σ 2) represents circularly
symmetric complex Gaussian distribution with mean μ and
variance σ 2. Furthermore, diag(x) represents a diagonal matrix
with the elements of the vector x as its diagonal entries
and IN is an N × N identity matrix. We use xi and [A]i, j

to denote the i -th element of the vector x and the (i, j)-th
element of the matrix A, respectively. Also, Tr{A} represents
the trace of the matrix A. λmin(A) and λmax(A) are used
to represent the smallest and largest eigenvalue of matrix A,
respectively. For two matrices, A and B, of the same dimen-
sion, m × n, the Hadamard product, A � B, is a matrix,
of the same dimension as the operands, with elements
given by [A � B]i, j = [A]i, j [B]i, j . For two Hermitian
matrices A and B, A � B means that A − B is positive semi-

definite (PSD). Finally, we define δ(k) =
{

1, k = 2
2, k = 1

.

II. ENERGY-HARVESTING BASED RELAYING

A. System and Channel Model

This paper considers a two-way relay network which con-
sists of two users (TX1 and TX2) and L energy-constrained
relays (Rl , l = 1, . . . , L). No direct link between TX1 and TX2
exists. As a result, they exchange information with the help
of relays. All nodes are equipped with a single antenna and
operated in the half-duplex mode. Additionally, it is assumed
that the relays operate in an interference environment. Such
an assumption applies to underlay cognitive two-way relay
networks, where the primary transmitter impose interference
on secondary relays.2 Fig. 1(a) schematically presents the
considered system model.

All involved links follow the block-fading model, i.e., they
stay fixed during the transmission of each block of duration T
but change independently from one block to another. Also,
the channel reciprocity holds for all user-relay links, i.e., the
channel coefficient from the k-th user to the l-th relay (hk,l )
is the same as the channel coefficient from the l-th relay
to the k-th user (hl,k), where k = 1, 2 and l = 1, . . . , L.
Hereafter, we use hk � [hk,1, hk,2, . . . , hk,L ]T to denote the
L × 1 channel vector between TXk and the relays, where

2It is worth noting that, in the context of underlay cognitive two-way relay
networks, the interference from the primary transmitter to TXk (k = 1, 2) is
usually modeled as additive noise at the k-th secondary transceiver; for more
details please see [7], [23], [24] and the references therein. Herein, inspired by
this common model, we consider the scenario where only relays are affected
by the interference.

Fig. 1. (a) Illustration of energy-harvesting based relaying network, in which
two users intend to exchange information with the help of energy-constrained
relays in the presence of interference. (b) The relays, which do not have fixed
power supplies, adopt the time-switching (TS) receiver architecture. (c) Frame
structure of the harvest-then-cooperate protocol.

k = 1, 2. Throughout the paper, we assume that h1 and h2
are known, which is in line with related literature; e.g.,
see [3], [8], [9] and the references therein.3 Moreover,
the L × 1 vector g � [g1, g2, . . . , gL]T represents the inter-
fering link from the interferer to the relays, where gl stands
for the interfering link coefficient from the interferer to Rl

(l = 1, . . . , L). In practice, it is difficult to obtain the
perfect knowledge of the interfering links. Therefore, in the
sequel of this study, we assume that the actual interfering
link g is unknown; instead, only its second-order statistics
G � E

{
ggH

}
is available.

B. Time Switching-Based Relaying Protocol

As depicted in Fig. 1(b), the relays adopt the TS-based
protocol which divides the whole communication process
into two phases: (i) EH-phase and (ii) IT-phase. In the
EH-phase, the relays harvest the energy from the received
signals, whereas, in the IT-phase, they utilize the harvested
energy for information transmission. Let 0 < τ < 1; then
in each transmission block of time duration T , the first τT
amount of time is assigned to the EH-phase, while the remain-
ing (1−τ )T fraction of each block is assigned to the IT-phase.
Then, the IT-phase is further divided into two equal-duration
time-slots, namely (1 − τ )T/2. As illustrated in Fig. 1(c),
in the first time-slot of the IT-phase, both users transmit
their signals simultaneously to the relays. In the second one,
the relays broadcast back to the users. The harvest-then-
cooperate protocol for the considered network is described
as follows.

1) EH-Phase: In this phase, all relays focus on harvesting
energy from both the information and interference signals. Let
P1, P2, and PI denote the transmit power of TX1, TX2, and
the interferer, respectively. Then, the harvested energy at the

3Recently, the authors in [4] proposed a pilot symbol signaling scheme to
obtain h1 and h2. To avoid the redundancy, we leave out the details and refer
the interested reader to [4].
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l-th relay during each transmission block can be expressed as

EH,l(τ ) = η
(

P1|h1,l |2 + P2|h2,l |2 + PI E
{|gl|2

})
τT,

l = 1, . . . , L, (1)

where 0 < η < 1 is the energy conversion efficiency. Note
that it is desirable to spend the shortest possible time for the
EH-phase (minimize τT fraction of time) since it does not
directly contribute to the information throughput.

2) IT-Phase: Employing the high efficiency two time-slot
bidirectional relaying scheme, TX1 and TX2 simultaneously
send their data to the relays during the first time-slot of
IT-phase. Accordingly, the signals received by the relays can
be expressed in a vector form as

r =
√

P1h1s1 +
√

P2h2s2 +
√

PI gsI + n, (2)

where r � [r1, r2, . . . , rL ]T is an L × 1 vector whose
l-th entry is the signal received by the l-th relay. In (2), s1, s2,
and sI represent the signals transmitted from TX1, TX2, and
the interferer respectively, which are normalized as E{|s1|2} =
E{|s2|2} = E{|sI |2} = 1. Also, n � [n1, n2, . . . , nL ]T denotes
the L × 1 vector of additive white Gaussian noises at the
relays and its components are independently and identically
distributed (i.i.d.) as CN (0, σ 2

n ).
In the second time-slot, the relays employ the AF pro-

tocol to forward the received signals to both users. To be
specific, the l-th relay sends w∗

l rl , where wl is a complex
beamforming weight.4 Defining beamforming vector w =
[w1, w2, . . . , wL ]T , the signals transmitted from the relays
can be represented in a vector form as

z = WH r, (3)

where z is an L × 1 vector and W � diag(w). Notice that the
total relay transmit power PR � E

{ |z|2 }
during the IT-phase

is obtained as

PR = wH (
P1U1 + P2U2 + PI G � IL + σ 2

n IL
)
w, (4)

where Uk � diag
([|hk,1|2, . . . , |hk,L |2]) for k = 1, 2. Finally,

TX1 and TX2 receive the sum signals from all relays, which
are respectively given as

y1 =
√

P1hT
1 WH h1s1 +

√
P2hT

1 WH h2s2

+ √
PI hT

1 WH gsI + hT
1 WH n + v1 (5)

y2 =
√

P1hT
2 WH h1s1 +

√
P2hT

2 WH h2s2

+ √
PI hT

2 WH gsI + hT
2 WH n + v2, (6)

where vk denotes the noise at TXk which is assumed to be
CN (0, σ 2

vk
) for k = 1, 2. Notice that as stated in [4], while

both users estimate the unknown design parameters, only one
of them sends the estimated values to the relays over a control
channel.

By knowing hk , W, Pk , and sk , each source TXk , k = 1, 2,
successfully eliminates the self-interference component

4In the proposed scheme, transceivers first calculate beamforming weights.
Then, one of them sends the obtained values to relays over a control channel;
for more details, please see [3], [4], and the references therein. So, applying
this implementation strategy, there is no need for information exchange among
energy-constrained relays.

√
PkhT

k WH hksk from its own received signal. Accordingly,
the remaining signal for TXk , k = 1, 2, can be expressed as

yk − √
PkwH diag(hk)hksk = yS,k + yN,k , k = 1, 2, (7)

where hT
k WH = wH diag(hk), k = 1, 2. In (7), yS,k =√

Pδ(k)wH diag(hk)hδ(k)sδ(k) and yN,k =√
PI wH diag(hk)gsI+

wH diag(hk)n + vk are respectively the intended signal com-
ponent and the noise component of yk , k = 1, 2. Thus,
the effective SNR at TXk , k = 1, 2, can be obtained as

SNRk = Pδ(k)wH diag(hk)hδ(k)hH
δ(k)diag(hk)

H w

wH
(
σ 2

n Uk + PI (G � hkhH
k )

)
w + σ 2

vk

, k = 1, 2.

(8)

C. Individual EH Power Constraints

In the network under study, the relays are considered to
be energy-constrained. That is, they do not have any fixed
power supplies, and hence, need to harvest energy from
the RF signals radiated by TX1, TX2, and interference to
remain active in the network, and assist the data exchange
between users. Here, for simplicity, we suppose that there is no
energy buffer to store the harvested energy during the previous
transmission frames (Harvest-Use), which is in line with the
literature; for example, see [25], [26], and the references
therein. This means that the transmit power of each relay
is restricted to its harvested power during the corresponding
EH-phase, i.e.

PR,l ≤ EH,l(τ )

(1 − τ )T/2
, l = 1, . . . , L, (9)

where PR,l denotes the transmit power of the l-th relay during
the IT-phase. By (1) and (4) and defining D � P1U1 + P2U2 +
PI G � IL +σ 2

n IL , the individual EH power constraints can be
rewritten as

Dl,l |wl |2 ≤ τ

1 − τ
Pl , l = 1, . . . , L, (10)

where Pl � 2η
(
P1|h1,l |2 + P2|h2,l |2 + PI E

{|gl|2
})

.

III. SUM-RATE MAXIMIZATION

In this section, we aim to obtain the relay beamforming
weights w as well as the EH time allocation factor τ such
that the sum-rate of the two users is maximized while the
individual EH power constraints at the relays are satisfied
at the same time. The problem of interest is mathematically
formulated as

max
w,τ

R1(τ, w) + R2(τ, w)

s. t. Dl,l |wl |2 ≤ τ

1 − τ
Pl , l = 1, . . . , L, (11)

where R1(τ, w) and R2(τ, w) denote the maximum achievable
rates for the end-to-end link from TX1 to TX2 and TX2 to
TX1, respectively. Making use of (8), R1(τ, w) and R2(τ, w)
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can be respectively expressed as5

R1(τ, w) =
(1 − τ

2

)

× log2

(
1 + P2wH diag(h1)h2hH

2 diag(h1)
H w

wH
(
σ 2

n U1 + PI (G � h1hH
1 )

)
w + σ 2

v1

)
(12)

R2(τ, w) =
(1 − τ

2

)

× log2

(
1 + P1wH diag(h2)h1hH

1 diag(h2)
H w

wH
(
σ 2

n U2 + PI (G � h2hH
2 )

)
w + σ 2

v2

)
. (13)

Defining f � diag
(
hk

)
hδ(k) and Qk � σ 2

n Uk + PI (G �
hkhH

k ), the optimization problem (11) can be rewritten as

max
w,τ

1 − τ

2

[
log2

(
1 + P2wH ffH w

wH Q1w + σ 2
v1

)

+ log2

(
1 + P1wH ffH w

wH Q2w + σ 2
v2

)]
(14a)

s. t. Dl,l |wl |2 ≤ τ

1 − τ
Pl , l = 1, . . . , L . (14b)

The objective function (14a) is not convex and may thus
not be amenable to a computationally efficient solution.
In fact, the structured noise terms wH Q1w and wH Q2w,

which are forwarded by relays, make log2

(
1+ P2wH ffH w

wH Q1w+σ 2
v1

)
+

log2

(
1 + P1wH ffH w

wH Q2w+σ 2
v2

)
expression non-convex. Moreover,

the product between this expression and (1 − τ ) makes opti-
mizing (14a)–(14b) over w and τ much more challenging.
To efficiently handle the formulated problem, we leverage
the ideas of SDR and SUM techniques, which alleviate the
difficulties substantially as we will show in what follows.

We begin by introducing a new variable � � wwH , where
� denotes a rank one symmetric PSD matrix [27], [28].
This enables us to equivalently replace the quadratic terms
wH ffH w, wH Q1w, and wH Q2w in (14a) by the linear terms
tr
{
ffH�

}
, tr

{
Q1�

}
, and tr

{
Q2�

}
, respectively. Doing so,

we obtain the following equivalent formulation of (14a)–(14b)

max
�,τ

1 − τ

2

[
log2

(
1 + P2tr

{
ffH�

}
tr
{
Q1�

} + σ 2
v1

)

+ log2

(
1 + P1tr

{
ffH �

}
tr
{
Q2�

} + σ 2
v2

)]

s. t. �l,l ≤ τ

1 − τ

Pl

Dl,l
, l = 1, . . . , L

� � 0, rank� = 1. (15)

Defining Ak � Pδ(k)ffH + Qk for k = 1, 2, and dropping the
rank constraint, we relax the optimization problem (15) as

max
�,τ

1 − τ

2

2∑
k=1

[
log2

(
tr
{
Ak�

} + σ 2
vk

)

− log2
(
tr
{
Qk�

} + σ 2
vk

)]

s. t. �l,l ≤ τ

1 − τ

Pl

Dl,l
, l = 1, . . . , L

� � 0. (16)

5Hereafter, without loss of generality, we set T = 1 for notation simplicity.

Applying the SDR technique has been widely used in the
context of relay beamforming, and in most cases, directly
resulted in convex SDP formulations [27], [28], which can
be efficiently solved by off-the-shelf solvers, e.g., CVX [29].
However, the objective function of (16) is still non-convex
and difficult to solve. To be more precise, the expression

2∑
k=1

[
log2

(
tr
{
Ak�

}+σ 2
vk

)− log2
(
tr
{
Qk�

}+σ 2
vk

)]
belongs to

the class of the so-called difference-of-convex functions (DC)
programming problems which are in general NP-hard. Mul-
tiplying such a non-convex expression by (1 − τ ) makes the
objective function very challenging.

Since solving (16) directly does not appear to be possible,
we propose a novel scheme that successively optimizes a
sequence of approximate objective functions instead. More
specifically, starting from a feasible point, we iteratively
approximate (16) by considering a locally tight lower bound
of the objective function, which is the key idea of SUM tech-
nique [22], [30]. We will analytically show that the obtained
solution via our proposed method is a stationary point for the
SDR of the original problem.

To proceed, let
(
�̄, τ̄

)
be a feasible point of (16). A good

observation is that log2(x) is a concave function, and there-
fore log2(x) can be upper bounded by its first-order Taylor
approximation, i.e., for any x and x0 ∈ R, we have

log2(x) ≤ log2(x0) + x − x0

x0 × ln(2)
. (17)

In view of (17), the second expression in the objective
function of (16) can be upper bounded by its first-order
approximation, i.e.,

log2

(
tr
{
Qk�

} + σ 2
vk

)
≤ log2

(
tr
{
Qk�̄

} + σ 2
vk

)

+ 1

ln(2)

tr
{
Qk�

} + σ 2
vk

tr
{
Qk�̄

} + σ 2
vk

− 1

ln(2)
,

(18)

where k = 1, 2. Clearly, the resulting approximation is affine
with respect to the whole tr{Qk�} + σ 2

vk
. Also, note that the

above bound is tight (i.e., the inequality turns into equality)
when � = �̄. Exploiting (18), optimization problem (16) can
be approximated as

max
�,τ

1 − τ

2

2∑
k=1

[
log2

( tr
{
Ak�

} + σ 2
vk

tr
{
Qk�̄

} + σ 2
vk

)

− 1

ln(2)

tr
{
Qk�

} + σ 2
vk

tr
{
Qk�̄

} + σ 2
vk

+ 1

ln(2)

]

s. t. �l,l ≤ τ

1 − τ

Pl

Dl,l
, l = 1, . . . , L

� � 0, (19)

where the objective function is a locally tight lower bound of
that in (16).

Due to the coupling of 1−τ and � in the objective function,
(19) is not convex in its current form [30]. To handle this
difficulty, we define θ � 1−τ and � � θ�, where 0 < θ < 1.
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Then, problem (19) can be equivalently rewritten as

max
�,θ

2∑
k=1

[
θ log2

( tr
{
Ak�

} + θσ 2
vk(

(θ̄ )−1tr
{
Qk�̄

} + σ 2
vk

)
θ

)

− 1

ln(2)

tr
{
Qk�

} + θσ 2
vk

(θ̄ )−1tr
{
Qk�̄

} + σ 2
vk

+ θ

ln(2)

]

s. t. 	l,l ≤ (1 − θ)
Pl

Dl,l
, l = 1, . . . , L

� � 0, (20)

where the scalar 1
2 is dropped for simplicity. In the following

lemma, we show the concavity of the logarithmic term in
objective function of (20), which guarantees the convexity of
problem (20).

Lemma 1: The function θ log2

( tr
{

Ak�
}
+θσ 2

vk(
(θ̄)−1tr

{
Qk�̄

}
+σ 2

vk

)
θ

)
is

concave with respect to
(
�, θ

)
.

Proof: See Appendix A. �
The optimization problem (20) is convex, and hence, can

be efficiently solved using off-the-shelf solvers, such as
CVX [29]. It is worth pointing out that once a solution �̂

is obtained via (20), the optimized vector ŵ should be then
synthesized from �̂. If (20) results in a rank-one beamforming
matrix, the optimized beamforming vector ŵ can be easily
obtained by applying rank-one decomposition of �̂. In general,
however, there is no guarantee for a rank-one beamforming
matrix solution due to applied SDR technique. This is simply
because the feasibility set of problem (16) is a subset of the
feasibility set of optimization problem (15) [31]. Fortunately,
several efficient randomization techniques have been proposed
in the literature to provide a good rank-one approximation
to the original rank-one problem [32]. Such a technique first
generates a set of candidate weight vectors {ŵ j }, based on
the obtained beamforming matrix. Then, they select the best
beamforming vector ŵ among these candidates. We leave out
the details to avoid the redundancy and refer the interested
reader to [5], [31], and [32].

Problem (20) is obtained by approximating optimization
problem (16) at a given feasible point. In fact, (20) maximizes
the lower bound of the objective function of problem (16).
Therefore, it is possible to refine the performed approximation
by tightening the lower bound in an iterative manner. Specif-
ically, assume that

(
�(i), θ (i)

)
be the optimal beamforming

matrix and the EH time allocation factor obtained in the
i -th iteration. By replacing �̄ and θ̄ in (20) with �(i) and θ(i),
the update rule of the iterative algorithm is equivalent to
solving the following problem during the (i + 1)-th iteration(
�(i+1), θ (i+1)

)

= arg max
�,0<θ<1

2∑
k=1

[
θ log2

( tr
{
Ak�

} + θσ 2
vk(

(θ(i))−1tr
{
Qk�

(i)} + σ 2
vk

)
θ

)

− 1

ln(2)

tr
{
Qk�

} + θσ 2
vk

(θ(i))−1tr
{
Qk�

(i)} + σ 2
vk

+ θ

ln(2)

]

s. t. 	l,l ≤ (1 − θ)
Pl

Dl,l
, l = 1, . . . , L

� � 0. (21)

Note that the update rule (21) implies that the iterative(
�(i), θ (i)

)
is feasible to optimization problem (16), which

in turn guarantees the feasibility of the update rule (21) at
each iteration. Therefore, the objective function of (21) is
a monotonically increasing function of iteration number i .
We now present two lemmas that ensure the convergence of
proposed algorithm.

Lemma 2: Every limit point of the iterates
(
�(i+1), θ (i+1)

)
obtained via the proposed iterative method is a stationary point
of problem (16).

Proof: The proof is similar to that of Theorem 1 in [22],
and is thus omitted for brevity. �

Lemma 3: Let
(
�∗, θ∗) denote a stationary point of

problem (16). Then

lim
i→∞

∣∣�(i) − �∗∣∣ = 0 (22)

lim
i→∞

∣∣θ(i) − θ∗∣∣ = 0. (23)

Proof: The proof is a direct consequence of Corollary 1
in [22] and Claim 1 in [27]. �

The above Lemma shows that the approximation made
in deriving (21) is asymptotically tight as i → ∞.
However, as we will discuss later in Section VI-A, our
proposed iterative algorithm converges to the optimal solu-
tion only after few iterations even in the presence of
interference.

Remark 1: Overall, we have made two approximations in
deriving our solution for the original problem (14a)–(14b).
First, we applied the technique of SDR and obtained (16).
Then, using the first-order Taylor expansion, we recast (16)
as a convex problem (20). Note that in our computer simu-
lations, there never happened even a single case where the
solution to the intended problem had a rank higher than
one. That is, at the very least, we could numerically confirm
that the “relaxed" problem (16) is exactly equivalent to the
original problem (14a)–(14b); see [27] and the references
therein for insightful analyses. It is clear that applying the
first-order Taylor approximation leads to performance loss.
However, to refine the tightness of the performed modification,
we equivalently rewrite (20) as (21) and proposed an efficient
iterative algorithm to solve (21). As we have mathematically
shown, the proposed strategy refines the tightness of the
performed modifications in an iterative manner and is globally
convergent.

Remark 2: As mentioned before, finding the exactly optimal
solution of optimization problem (14a)–(14b) is intrinsically
difficult. As a result, we proposed an efficient convex approx-
imation strategy that iteratively obtains the beamforming vec-
tor and the EH time allocation factor, which was referred
as algorithm I. The optimization problem (14a)–(14b) also
can be approximately solved using a combination of a one-
dimensional exhaustive search over τ and a maximization
problem over w (that we call two-stage algorithm). A sum-
mary of two-stage algorithm is presented in Appendix B
for simplicity of exposition. Note that the computational
complexity of the two-stage algorithm is much higher than
that of Algorithm I. However, it is presented only to obtain
useful and important insights by investigating the effect of τ on
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Fig. 2. Maximum achievable sum-rate of two users versus the EH time
allocation factor τ , when P1 = 1, P2 = 10, and PI = 1.

the network performance, and by showing that there exists
a unique optimal τ value which maximizes the achievable
sum-rate of two users. It is important to remark that the
EH time allocation factor τ plays two completely opposite
roles in the considered network. On the one hand, according
to (14b), τ can boost the energy harvesting of relays, but on
the other hand, as shown in (14a), degrades the maximum rate.
Therefore, there should exist an optimal value of 0 < τ < 1
such that the cost function (14a) is highest while satisfying
constraints (14b) at the same time. To further look into this
aspect, using the two-stage algorithm, in Fig. 2 we present
the achievable sum-rate of two users versus the time EH time
allocation factor τ . For the scenario6 of P1 = 1, P2 = 10,
and PI = 1, it is seen from Fig. 2 that the achievable
sum-rate is first increasing and then decreasing over τ . This
can be explained as follows. For small τ values, the relay
transmit power given in (14b) is the dominant factor. In this
regime, as the relays harvest more energy with increasing the
EH-phase duration τ , more energy is available to broadcast
back to the users, and hence, the achievable sum-rate increases.
However, for larger τ values, the IT-phase duration becomes
the limiting factor. In this regime, increasing τ decreases the
achievable sum-rate due to the reduction of IT-phase duration.
This figure and all other performed simulations confirm that
there exists a unique optimal τ value which maximizes the
achievable sum-rate of two users. So, for an optimal network
performance, it is desired to accurately adjust the EH and IT
fractions of each transmission block via finding the optimal τ
value.

The steps of the proposed SUM-based scheme are described
in Algorithm I.

IV. TOTAL RELAY TRANSMIT POWER MINIMIZATION

In this section, we obtain the beamforming vector w and the
EH time allocation factor τ such that the total relay transmit
power is minimized while the minimum rate requirements at
the end users are satisfied at the same time. Mathematically,

6The detailed simulation parameters will be presented in Section VI.

Algorithm 1 Iterative Algorithm for Solving Problem (11)
1. Initialization:

Find w̄w̄H and τ̄ that are feasible to (16).
Set θ(0) = 1 − τ̄ , �(0) = w̄w̄H , and i = 0.

2. Iteration:
2.1) Update

(
�(i+1), θ (i+1)

)
by solving (21).

2.2) Increment i and go to Step 2.1 until the stopping
criterion is met or i reaches imax.

3. Final approximations:
θ̂ = θ(i+1) determines the EH time allocation factor.
Beamforming vector ŵ synthesizes from �̂ = �(i+1).

we solve the following problem:

min
w,τ

PR

s. t. R1(τ, w) ≥ R1; R2(τ, w) ≥ R2, (24)

where R1 and R2 are the minimum required rates for TX1
and TX2, respectively. Using PR in (4) and following the
steps similar to (12)–(14a), we can rewrite the optimization
problem (24) as

min
w,τ

wH (
P1U1 + P2U2 + PI G � IL + σ 2

n IL
)
w

s. t.
(1 − τ )

2
log2

(
1 + P2wH ffH w

wH Q1w + σ 2
v1

)
≥ R1

(1 − τ )

2
log2

(
1 + P1wH ffH w

wH Q2w + σ 2
v2

)
≥ R2. (25)

Note that the optimization problem (25) is particularly chal-

lenging because firstly log2

(
1 + P2wH ffH w

wH Q1w+σ 2
v1

)
and log2

(
1 +

P1wH ffH w
wH Q2w+σ 2

v2

)
are non-convex; and secondly the product

between these non-convex terms and design parameter (1−τ )
makes the constraints untractable. Although there seems no
way to directly solve such a complicated problem, in what
follows, we will present an efficient method by applying the
SDR technique followed by an SDP problem.

To this end, let us first define the matrix � � wwH such that
� � 0 and rank� = 1. Then, the optimization problem (25)
can be equivalently rewritten as

min
�,τ

tr
{(

P1U1 + P2U2 + PI G � IL + σ 2
n IL

)
�

}

s. t.
(1 − τ )

2
log2

(
1 + P2tr

{
ffH�

}
tr
{
Q1�

} + σ 2
v1

)
≥ R1

(1 − τ )

2
log2

(
1 + P1tr

{
ffH�

}
tr
{
Q2�

} + σ 2
v2

)
≥ R2

� � 0, rank� = 1. (26)

It is obvious that the rank-one constraint is not convex.
Therefore, employing an SDR technique, we ignore the rank-
one constraint in (26). That is, we aim to solve the following
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relaxed problem for fixed τ = t value:

min
�

tr
{(

P1U1 + P2U2 + PI G � IL + σ 2
n IL

)
�

}

s. t.
P2tr

{
ffH�

}
tr
{
Q1�

} + σ 2
v1

≥ γ1

P1tr
{
ffH�

}
tr
{
Q2�

} + σ 2
v2

≥ γ2

� � 0, (27)

where γ1 � 22 R1/(1−t) − 1 and γ2 � 22 R2/(1−t) − 1. Note
that the variables γ1 and γ2 can be interpreted as the minimum
required SNRs at TX1 and TX2, respectively. In order to
solve (27), we provide some useful properties in the following
lemma.

Lemma 4: For every feasible point of the optimization
problem (27), the expressions tr

{(
P1U1 + P2U2 + PI G� IL +

σ 2
n IL

)
�

}
, tr

{
Q1�

}
, and tr

{
Q2�

}
are non-negative.

Proof: See Appendix C. �
Applying Lemma 3, we have tr

{
Qk�

} + σ 2
vk

≥ 0 for
k = 1, 2. Using this fact enables us to reformulate (27) as
the following SDP problem:

min
�

tr
{(

P1U1 + P2U2 + PI G � IL + σ 2
n IL

)
�

}

s. t. tr
{(

P2ffH − γ1Q1
)
�

}
≥ γ1σ

2
v1

tr
{(

P1ffH − γ2Q2
)
�

}
≥ γ2σ

2
v2

� � 0. (28)

The feasibility of optimization problem (28) for any given pair
of (γ1, γ2) can be checked via its constraints. In particular,
the optimization problem (28) is infeasible if for a given value
of γ1, the matrix

(
P2ffH −γ1Q1

)
is negative definite. Similarly,

for any given value of γ2 that leads to a negative definite matrix(
P1ffH − γ2Q2

)
, the problem in (28) becomes infeasible.

To develop our solution to the optimization prob-
lem (28), we first obtain the set of feasible val-
ues of γ1 and γ2. Noting that Pδ(k)ffH − γkQk =
Q

1
2
k

(
Pδ(k)Q

−1
2

k ffH Q
−1
2

k − γkIL

)
Q

1
2
k , k = 1, 2, and using

Lemma 3, one can prove that

λmax

(
Pδ(k)Q

−1
2

k ffH Q
−1
2

k − γkIL

)
≥ 0, k = 1, 2. (29)

It is worth stressing that λmax

(
Pδ(k)Q

−1
2

k ffH Q
−1
2

k − γkIL

)
=

Pδ(k)fH Q−1
k f − γk because Q

−1
2

k ffH Q
−1
2

k is a rank-one matrix.
Therefore, we obtain

γk ≤ Pδ(k)fH Q−1
k f, k = 1, 2. (30)

Note that the two constraints in (30) are the necessary condi-
tions for (28) to be feasible.

Without loss of optimality, we first add the two conditions
of (30) as the additional constraints to problem (28). Then,

we have the following optimization problem

min
�

tr
{(

P1U1 + P2U2 + PI G � IL + σ 2
n IL

)
�

}

s. t. tr
{(

P2ffH − γ1Q1
)
�

}
≥ γ1σ

2
v1

tr
{(

P1ffH − γ2Q2
)
�

}
≥ γ2σ

2
v2

γ1 ≤ P2fH Q−1
1 f, γ2 ≤ P1fH Q−1

2 f

� � 0. (31)

Suppose that Popt
R is the optimal value of problem (31).

This means that Popt
R is the minimum required power by the

relays to support the target rates R1 and R2 at end users
TX1 and TX2, respectively. Recalling the adopted harvest-
then-cooperate protocol, we conclude that (R1, R2) must be
an achievable rate pair if Popt

R ≤ PH (t), where PH (t)
represents the total harvested power by the relays during the
corresponding EH-phase. Based on (1), we have

PH (t) = 2

(1 − t)

L∑
l=1

EH,l(t)

= 2ηt

1 − t
1T (

P1U1 + P2U2 + PI G � IL
)
1. (32)

Accordingly, if Popt
R > PH (t), then (R1, R2) is not achievable.

Based on this key observation, one can easily check whether
the optimal value Popt

R of (31) is smaller or greater than PH (t)
for any given τ = t value, where 0 ≤ τ ≤ 1.

Exploiting the above properties and the idea of bisection
method [29], we propose an efficient scheme that iteratively
solve problem (27). The steps of this iterative method are
summarized in Algorithm II.

Algorithm 2 Iterative Algorithm for Solving Problem (27)
1. Initialization:

Set tl = 0 and tu = 1.
2. Iteration:

2.1) Update t = 1
2 (tl + tu)

γ1 = 22 R1/(1−t) − 1, γ2 = 22 R2/(1−t) − 1
PH (t) = 2ηt

1−t 1T
(
P1U1 + P2U2 + PI G � IL

)
1

2.2) Solve (31) with updated γ1 and γ2 values.
2.3) Update t with the bisection technique. If Popt

R ≤
PH (t), update tl = t . Otherwise, set tu = t .

2.4) Go to Step 2.1 until (tu − tl) < ε, where ε is a
predefined small value.

3. Final approximations:
If Popt

R ≤ PH (t), then t determines the EH time
allocation factor. Also, beamforming vector w
is extracted from �opt .

It should also be noted that, since Algorithm II solves (26)
without rank-one constraint, the obtained �opt is not neces-
sarily rank-one.7 However, it was shown in [33] that there
always exists a rank-one optimal solution for problems with
three or less linear constraints [7], [27]. Therefore, if the
optimal beamforming matrix �opt found by Algorithm II is

7Fortunately, in our simulations, all obtained �opt s are rank-one.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:31:39 UTC from IEEE Xplore.  Restrictions apply. 



SALARI et al.: JOINT EH TIME ALLOCATION AND DISTRIBUTED BEAMFORMING 6403

not rank-one, then the proposed transformation techniques
in [33] and [34] can be used to extract the rank-one solution
from �opt .

V. OPTIMAL EH TIME ALLOCATION

In this section, we consider our last design approach, where
we aim to optimize the EH time allocation factor subject to
both rate and individual EH power constraints. Specifically,
we are interested in the following design problem:

min
w,τ

τ

s. t. R1(τ, w) ≥ R1

R2(τ, w) ≥ R2

Dl,l |wl |2 ≤ τ

1 − τ
Pl , l = 1, . . . , L . (33)

The optimization problem (33) is challenging because the
rate constraints are non-convex and complicated. To overcome
this issue, we leverage a similar strategy to that in the previous
section, which alleviates the difficulties substantially as we
will show below.

Considering � � wwH as the optimization variable in (33)
and dropping the rank constraint, we have

min
�,τ

τ

s. t. tr
{(

P2ffH − γ1Q1
)
�

}
≥ γ1σ

2
v1

tr
{(

P1ffH − γ2Q2
)
�

}
≥ γ2σ

2
v2

�l,l ≤ γ3
Pl

Dl,l
, l = 1, . . . , L

� � 0, (34)

where γ1 � 22 R1/(1−τ ) − 1, γ2 � 22 R2/(1−τ ) − 1, and
γ3 � τ/(1 − τ ). Note that γ1 and γ2 should be chosen
such that γ1 ≤ P2fH Q−1

1 f and γ2 ≤ P1fH Q−1
2 f. Otherwise,

(34) becomes infeasible. In general, there is no guarantee
for a rank-one beamforming solution due to the applied
rank relaxation technique. However, the proposed techniques
in [33] and [34] cannot be employed here for extracting the
rank-one beamforming matrix. This is because those methods
are only applicable to problems with three or less linear
constraints while (34) has L+2 linear constraints. Instead, one
can obtain accurate rank-one approximations through applying
the randomization techniques in [5], [31], and [32].

Notice that the optimization problem in (34) is quasi-
convex. This is due to the fact that, for any fixed value
of τ , the set of feasible � in optimization problem (34) is
convex [35]. Let τopt represent the optimal value of τ obtained
by solving (34). We see that if, for any fixed value of τ ,
the following convex feasibility problem

Find �

s. t. tr
{(

P2ffH − γ1Q1
)
�

}
≥ γ1σ

2
v1

tr
{(

P1ffH − γ2Q2
)
�

}
≥ γ2σ

2
v2

�l,l ≤ γ3
Pl

Dl,l
, l = 1, . . . , L

� � 0 (35)

becomes feasible; then τ ≤ τopt and all corresponding rate and
individual EH power constraints are achievable. Otherwise,
if (35) becomes infeasible; then we have τ > τopt , which
means that the corresponding rate and/or individual EH power
constraints are not achievable. Based on this key observation
and recalling that 0 ≤ τ ≤ 1, we now propose an efficient
scheme that iteratively solve (34) using the bisection tech-
nique. The steps of the elaborated technique are summarized
in Algorithm III.

Algorithm 3 Iterative Algorithm for Solving Problem (34)
1. Initialization:

Set τl = 0 and τu = 1.
2. Iteration:

2.1) Update τ = 1
2 (τl + τu)

γ1 = 22 R1/(1−τ ) − 1, γ2 = 22 R2/(1−τ ) − 1,
and γ3 = τ/(1 − τ ).

2.2) Solve (35) with updated γ1, γ2, and γ3 values.
2.3) If (35) is feasible, update τl = τ . Otherwise,

τu = τ .
2.4) Go to Step 2.1 until (τu − τl) < ε, where ε is a

predefined small value.
3. Final approximations:

τ determines the EH time allocation factor. Also,
the beamforming vector is synthesized from �opt .

VI. SIMULATION RESULTS

In this section, the presented theoretical analysis is validated
by a set of Monte-Carlo simulations. Throughout all simula-
tions, it is assumed that all relay nodes are essentially at equal
distances from both users and the distance between adjacent
relays is more than half of the wavelength of the operating
frequency. In each simulation run, the channel vectors h1
and h2 are generated as complex zero-mean Gaussian random
vectors with variances σ 2

h1
and σ 2

h2
, respectively. The channel

vectors h1 and h2 are assumed to be independent of each
other. Also, the interfering link coefficient gl , l = 1, . . . , L,
is modeled as gl = ḡl + g̃l , where ḡl is the mean of gl .
In addition, g̃l is a zero-mean Gaussian random variable. It is
assumed that g̃l and g̃m are independent for l �= m. Let θl be
a uniform random variable randomly selected from interval
[0, 2π] and αg be the parameter used to control the level
of the uncertainty in the interfering links. Then, for any gl ,
l = 1, . . . , L, we have ḡl = e jθl /

√
1 + αg and var{g̃l} =

αg/(1+αg). Based on this channel modeling, we can write G
as G = ggH + αg

1+αg
IL .

Throughout all simulations, the noise power is assumed to
be one (Watts) at all relays and users. Since all signal and
interference power values are obtained by normalizing (divid-
ing) them by the noise power, the powers and the normalized
powers become the same. To be more precise, those values
are unitless because those powers are actually normalized
powers (by noise power). Unless stated otherwise, σ 2

h1
, σ 2

h2
,

and αg are set to 0 dB. All the results to be presented were
averaged over 104 simulation runs.
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Fig. 3. Convergence property of Algorithm I under different scenarios.

Note that this is the first work that considers the problem of
joint EH time allocation and distributed beamforming design
in two-way relaying networks under realistic assumptions,
such as EH-based relays, interference, and imperfect CSI.
Thus, in the literature, there is no comparable work to compare
the performance of the proposed schemes. However, the pre-
sented two-stage algorithm in Appendix B is a good means to
obtain useful and important insights into the effect of various
parameters on the system performance.

A. Sum-Rate Maximization

We first study the effect of the number i of iterations on
the convergence characteristics of Algorithm I. In Fig. 3(a),
we depict the achievable sum-rate curves versus the number
i of iterations when the interfering power is set to 1. Here,
the number L of relays varies while other parameters are kept
fixed. Also, Fig. 3(b) shows the achievable sum-rate curves
against the number i of iterations for different interfering
power PI values. Here, the number L of relays is set to 20.
These figures reveal that Algorithm I converges after about
10 iterations even in the presence of strong interference.
Therefore, throughout the simulations, the maximum iteration
number is chosen as imax = 10 iterations.

Next, we demonstrate how the proposed algorithm benefits
from increasing the number L of relays. Specifically, Fig. 4
presents the throughput achieved by Algorithm I against L for
different interfering power values, while Fig. 5 illustrates the
EH time allocation factor τ obtained by Algorithm I versus L
for different number i of iterations. In the related simulations,
we set P1 = P2 = 5. From Fig. 4 it is seen that increasing

Fig. 4. Throughput achieved by Algorithm I versus number L of relays with
user transmit powers P1 = P2 = 5 and for different interfering power PI
values.

Fig. 5. The EH Time allocation factor τ obtained by Algorithm I against
number L of relays with interfering power PI = 1 and for different number i
of iterations.

Fig. 6. The sum-rate curves versus the EH time allocation factor τ under
different interfering power values with user transmit powers P1 = P2 = 1
and L = 20.

the number L of relays improves the achievable sum-rate of
two users. Fig. 5 confirms this observation from another point
of view. In fact, the behavior of plotted curves in Fig. 5
reveals that increasing the number L of relays reduces the
EH-phase duration τT , and at the same time increases the
IT-phase duration (1 − τ )T . These observations are consistent
with our previous analysis. Also notice that the growing rate of
throughput slows down with increasing L, as shown in Fig. 4.

Finally, we investigate the effect of interference on the
performance of the considered energy-harvesting based relay-
ing network. In Fig. 6, we have plotted the throughput
of our sum-rate maximization method against the EH time
allocation factor τ , for different interfering power PI values.
It must be emphasized that the presented curves in Fig. 6
are drawn by using the algorithm proposed in Appendix B,
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Fig. 7. Throughput achieved by Algorithm I against interfering power PI
with user transmit powers P1 = P2 = 5 and for different number L of relays.

which consists of an exhaustive search over τ and an iterative
maximization over w. Also, Fig. 7 illustrates the achieved
throughput by Algorithm I against the interfering power PI ,
for different number L of relays. Based on (1), the interference
increases the amount of harvested energy by the relays, and
hence, one may expect this increased energy to result in
better system performance. However, Figs. 6 and 7 reveal
that the achievable sum-rate of two users becomes worse
with increasing interference power. This can be explained as
follows. Generally speaking, the relays amplify and forward
their received signal which consists of the users’ transmit data,
interference, and additive noise. The forwarded interference by
the relays reduces the effective SNRs at both users, which in
turn degrades the achievable rates shown in (12) and (13). This
means under all possible scenarios (or range of parameters)
the negative impact of interference outweighs its benefit in
our considered system model.

B. Relay Power Minimization

We study our second approach (Algorithm II), which is
based on minimizing the total relay transmit power subject to
the rate constraints. For convenience, it is assumed that both
users have the same minimal required rates, i.e., R1 = R2.
Also, hereafter, and unless stated otherwise, L is set to 20.

It is worth mentioning that the necessary conditions for
feasibility of (31) are γk ≤ Pδ(k)fH Q−1

k f, where k = 1, 2.
However, as the signal, interference, noise, and channel values
are randomly generated, these conditions may not hold for
some percentage of simulation runs. To deal with this fact,
similar to [7] and [36], the problem is called feasible only
when it is actually feasible in more than half of the simulation
runs. Otherwise, the problem is classified as infeasible. Notice
that all infeasible points are dropped from figures displaying
the behaviour of Algorithms II and III.

To further look into the effect of channel quality on the
feasibility of problem (31), the probability that (31) is feasible,
called the feasibility probability, is shown in Fig. 8. Specif-
ically, Fig. 8 illustrates the feasibility probability against the
same minimal required rates R1 and R2 for different σ 2

h1
and

σ 2
h2

values. Here, we assume P1 = P2 = 6.3 and PI = 2.
It can be observed from this figure that increasing σ 2

h1
and

σ 2
h2

(channel quality) improves the feasibility probability of
problem (31).

Fig. 8. Feasibility probability of the problem (31) versus the same minimal
required rates R1 and R2 for TX1 and TX2 with different values of
σ 2

h1
= σ 2

h2
= σ 2

h and for αg = 5 dB.

Fig. 9. The average powers obtained by Algorithm II against the same
minimal required rates R1 and R2 for TX1 and TX2 with different values of
σ 2

h1
= σ 2

h2
= σ 2

h .

Fig. 9 presents the average values of the minimum total
relay transmit power (PR) and the total harvested power by
the relays during the corresponding EH-phase (PH ) versus
the same minimal required rates R1 and R2, for different σ 2

h1

and σ 2
h2

values. In the related simulations, we set P1 = 8,
P2 = 3.15 and PI = 0. We can see that PH decreases
significantly as R1 and R2 are increased. This is due to the
fact that increasing the minimal required rates reduces the
EH-phase duration. Also, Fig. 9 reveals that the total relay
transmit power is restricted to the total harvested power by
the relays during the corresponding EH-phase.

C. Optimal EH Time Allocation

In this subsection, we investigate the performance of our
last approach (Algorithm III) proposed in Section V. Fig. 10
shows the feasibility probability of problem (34) versus the
same minimal required rates R1 and R2, for different PI

values. In the related simulations, we assume that the users’
transmit powers are originally set to P1 = 10 and P2 = 0.
Also, we set σ 2

h1
= σ 2

h2
= αg = 5 dB. Fig. 10 demonstrates

that increasing the interference substantially degrades the
feasibility probability. This observation is supported by our
previous analysis.

Fig. 11 displays the average value of the EH time allocation
factor, τ , obtained by Algorithm III against the same minimal
required rates R1 and R2, for different σ 2

h1
and σ 2

h2
quantities.

In the related simulations, we set P1 = P2 = 4, PI = 0.3,
and αg = 0 dB. Similar to the previous figures, Fig. 11 clearly
demonstrates that the EH time allocation factor decreases as
R1 and R2 are increased.
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Fig. 10. Feasibility probability of the problem (34) against the same minimal
required rates under different interfering power values.

Fig. 11. The EH time allocation factor obtained by Algorithm III against
the same minimal required rates R1 and R2 for TX1 and TX2 with different
values of σ 2

h1
= σ 2

h2
= σ 2

h .

VII. CONCLUSIONS

In this paper, we considered an AF-based two-way relaying
network consisting of two transceivers and multiple EH-based
relays. The relays do not have fixed power supplies, and hence,
periodically switch between the EH and IT modes to harvest
the energy from the RF signals and assist data exchange.
To achieve the best performance of the system, we jointly
obtained the optimal EH time allocation and the beamforming
vector in the presence of the interference with imperfect CSI.
Specifically, we developed three different design approaches,
namely the sum-rate maximization approach, the total relay
transmit power minimization technique, and the optimal EH
time allocation method.

APPENDIX A
PROOF OF LEMMA 1

We begin the proof by recalling that if f (x) is a con-
vex (concave) function, then its perspective function g(x, y) =
y f (x/y) is also a convex (concave) function [37]. Next,
we define the function g(�, θ) as

g(�, θ)

= θ log2

( tr
{
Ak�

} + θσ 2
vk(

(θ̄ )−1tr
{
Qk�̄

} + σ 2
vk

)
θ

)

= θ log2

( tr
{
Ak�/θ

}
(θ̄ )−1tr

{
Qk�̄

} + σ 2
vk

+ σ 2
vk

(θ̄ )−1tr
{
Qk�̄

} + σ 2
vk

)
.

(A.1)

Note that g(�, θ) is the perspective function of

f (�)

= log2

( tr
{
Ak�

}
(θ̄ )−1tr

{
Qk�̄

} + σ 2
vk

+ σ 2
vk

(θ̄ )−1tr
{
Qk�̄

} + σ 2
vk

)

= log2

( σ 2
vk

(θ̄ )−1tr
{
Qk�̄

} + σ 2
vk

)
+ log2

(
1 + 1

σ 2
vk

tr
{
Ak�

})
.

(A.2)

Now, we only need to show that f (�) is a concave function.
The first term in (A.2) is a constant value. Also, one can

easily show that Ak is a Hermitian and positive definite matrix.
In addition, for any z � 0, log2(1 + z) is concave. Therefore,

log2

(
1 + 1

σ 2
vk

tr
{
Ak�

})
is concave, and hence, f (�) is a

concave function. The concavity property of f (�) is inherited
to the function g(�, θ) by the perspective operation. This
completes the proof.

APPENDIX B
TWO-STAGE ALGORITHM

We start by rewriting Equation (14a)–(14b) as

max
w

1 − τ̄

2

[
log2

(
1 + P2wH ffH w

wH Q1w + σ 2
v1

)

+ log2

(
1 + P1wH ffH w

wH Q2w + σ 2
v2

)]
(B.1a)

s. t. Dl,l |wl |2 ≤ τ̄

1 − τ̄
Pl , l = 1, . . . , L, (B.1b)

where τ = τ̄ denotes a fixed value and 0 < τ̄ < 1. Next,
applying the same approach as that given in Section III-A,
we approximate the non-convex problem (B.1a)–(B.1b) as
following convex problem

max
��0

(1 − τ̄

2

) 2∑
k=1

[
log2

( tr
{
Ak�

} + σ 2
vk

tr
{
Qk�̄

} + σ 2
vk

)

− 1

ln(2)

tr
{
Qk�

} + σ 2
vk

tr
{
Qk�̄

} + σ 2
vk

+ 1

ln(2)

]

s. t. �l,l ≤ τ̄

1 − τ̄

Pl

Dl,l
, l = 1, . . . , L . (B.2)

where � � wwH denotes a rank one symmetric PSD matrix.
In (B.2), �̄ � w̄w̄H , where w̄ is a feasible point of optimiza-
tion problem (B.1a)–(B.1b). Also, Qk � σ 2

n Uk+PI (G�hkhH
k )

and Ak � Pδ(k)ffH + Qk for k = 1, 2. Finally, to improve
the accuracy of the performed approximation, we adopt an
iterative strategy. Particularly, let �(i) represent the optimal
beamforming matrix obtained in the i -th iteration. Then,
at the (i + 1)-th iteration, we optimize the following problem
for (B.1a)–(B.1b):

�(i+1) = arg max
��0

(1 − τ̄

2

) 2∑
k=1

[
log2

( tr
{
Ak�

} + σ 2
vk

tr
{
Qk�

(i)} + σ 2
vk

)

− 1

ln(2)

tr
{
Qk�

} + σ 2
vk

tr
{
Qk�

(i)} + σ 2
vk

]

s. t. �l,l ≤ τ̄

1 − τ̄

Pl

Dl,l
, l = 1, . . . , L, (B.3)
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So far, we have presented a method to obtain the beamform-
ing vector w under the assumption that τ = τ̄ is a fixed value.
Now, we extend this method to the general scenario where
both beamforming vector and the EH time allocation factor
are unknown. To this end, we first discretize the uncertain
area 0 < τ < 1 into a sufficiently fine grid. Then, for each
vertex of this grid, such as τ̄ , we find the optimal beam-
forming vector via the iterative algorithm (B.3). The solution
of (B.1a)–(B.1b) corresponds to the couple (w̄, τ̄ ) with the
largest sum-rate value. In summary, the proposed scheme
consists of a one-dimensional exhaustive search over τ and
an iterative maximization over w. In practice, however,
such a combination involves high complexity. Thus, pro-
viding computationally efficient algorithms is necessary, as
in Section III-A.

APPENDIX C
PROOF OF LEMMA 3

We first prove that the objective function of problem (27) is
non-negative. To this end, we recall that any feasible point
of (27), such as �, is positive semi-definite, i.e., � � 0.
It is worth stressing that the PSD matrices have non-negative
eigenvalues, and the trace of a matrix is equal to the sum of
its eigenvalues. In view of this observations, one can easily
show that tr

{
�

} ≥ 0. On the other hand, P1U1 + P2U2 +
PI G � IL + σ 2

n IL is a Hermitian and positive definite matrix
because U1, U2, and G�IL are real-valued diagonal matrices.
It was shown in [37] that all eigenvalues of positive definite
matrix A are positive, i.e., λmin(A) > 0. Therefore, we have
λmin(P1U1+P2U2+PI G�IL +σ 2

n IL
)

> 0. Accordingly, it can
be found that λmin(P1U1+P2U2+PI G�IL +σ 2

n IL
)
tr
{
�

} ≥ 0.

So, we only need to show that tr
{
�

(
P1U1 + P2U2 + PI G �

IL +σ 2
n IL

)} ≥ λmin(P1U1 + P2U2 + PI G � IL +σ 2
n IL

)
tr
{
�

}
.

It has been proven in [38] that for any Hermitian PSD
matrix A and Hermitian matrix B,

λmin(B)tr
{
A

} ≤ tr
{
AB

} ≤ λmax(B)tr
{
A

}
. (C.1)

Replacing A and B in (C.1) with � and P1U1+ P2U2+ PI G�
IL + σ 2

n IL completes the proof.
To show tr

{
Q1�

}
and tr

{
Q2�

}
are non-negative, we can

use a similar idea. Note that PI (G � hkhH
k ), k = 1, 2 are

PSD matrices because G = E
{
ggH

}
and hkhH

k , k = 1, 2
are Hermitian and PSD. Since the matrices Uk , k = 1, 2 are
Hermitian and positive definite, the matrices Qk = σ 2

n Uk +
PI (G � hkhH

k ), k = 1, 2 are also Hermitian and positive
definite. Using this fact and replacing A and B in (C.1) with
� and Qk , one can easily prove that tr

{
Qk�

} ≥ 0, k = 1, 2.
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