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Abstract—In this paper, we consider relay-assisted simultane-
ous wireless information and power transfer (SWIPT) for two-
hop cooperative transmission, where a half-duplex multi-antenna
relay adopts decode-and-forward (DF) relaying strategy for
information forwarding. The relay is assumed to be energy-free
and needs to harvest energy from the source node. By embedding
power splitting (PS) at each relay antenna to coordinate the
received energy and information, joint problem of determining
PS ratios and power allocation at the multi-antenna relay node is
formulated to maximize the end-to-end achievable rate. We show
that the multi-antenna relay is equivalent to a virtual single-
antenna relay in such a SWIPT system, and the problem is
optimally solved with closed-form. To reduce the hardware cost of
the PS scheme, we further propose the antenna clustering scheme,
where the multiple antennas at the relay are partitioned into
two disjoint groups which are exclusively used for information
decoding and energy harvesting, respectively. Optimal clustering
algorithm is first proposed but with exponential complexity. Then
a greedy clustering algorithms is introduced with linear complex-
ity and approaching to the optimal performance. Several valuable
insights are provided via theoretical analysis and simulation
results.

Index Terms—Simultaneous wireless information and power
transfer (SWIPT), energy harvesting, decode-and-forward (DF)
relaying, multi-antenna relay.

I. INTRODUCTION

Energy harvesting is a promising method to prolong the life-

time of energy-constrained wireless networks. Compared with

conventional energy supplies such as batteries with fixed op-

eration time, energy harvesting from surrounding environment

potentially provides an immortal energy supply. However, the

conventional energy harvesting depends on natural energy

sources (like solar, wind, vibration and so on), which can not

be controlled and are not always available. Recently, radio-

frequency (RF) signals radiated by transmitters provide self-

sustainable and controllable energy source for wireless energy

harvesting and thus attracts considerable research interests [2],

[3]. Since RF signals carry both energy and information at

the same time, simultaneous wireless information and power

transfer (SWIPT) processing enables new resource allocation

schemes at transceivers and thus has drawn a significant

attention in wireless communications.

The prior works [4], [5] investigated the fundamental

“energy-rate” tradeoff of SWIPT, where however the receiver
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is able to perform information decoding and energy harvesting

independently from the same received signal without any loss,

which is not practically realizable yet due to the current circuit

limitations as pointed out by [6], [7]. Thus the authors of [6],

[7] proposed two practical designs with separated information

decoding and energy harvesting receiver for SWIPT, namely

“time switching” (TS) and “power splitting” (PS). If the TS

is employed at the receiver, the received signal is processed

by either energy harvesting or information decoding. With PS

employed at the receiver, the received signal is split into two

signal streams with a certain ratio by a power splitter, where

one stream is to the energy receiver and the other one is to

the information receiver. The authors in [8], [9] investigated

the tradeoff between the ergodic rate and average energy for

SWIPT. In [10], the transmit beamforming and the PS strategy

were jointly optimized for the multiple-input single-output

(MISO) multiuser system. The authors in [11] studied SWIPT

based energy-efficiency in downlink orthogonal frequency

division multiplexing (OFDM) systems. SWIPT has been also

considered as an efficient solution for physical layer security

[12]–[15].

In relay or sensor networks, the intermediate relay (or

sensor) nodes often have limited battery storage and require

external charging to remain active. Therefore, SWIPT is more

important and applicable in relay or sensor networks. Several

works investigated SWIPT in cooperative single-input single-

output (SISO) relay systems. For instance, outage and ergodic

capacity for both TS and PS were derived in [16], where

the relay has the energy harvesting function and harvests

a fraction of energy from the source, then the relay uses

the harvested energy to forward the source’s information to

the destination. This is referred to as the “harvest-then-use”

energy harvesting system. Both decode-and-forward (DF) and

amplify-and-forward (AF) were studied in this work. The

optimization of energy arrivals for throughput maximization

using Lagrangian duality was proposed in [17] for multiuser

full-duplex relay system. Outage probability and diversity gain

of SWIPT were characterized in [18] where multiple relays

assist a source-destination pair. Power allocation strategies

were studied in [19] where a relay node with energy harvesting

function assists multiple source-destination transmissions. The

authors in [20] investigated the optimal TS ratio for full-duplex

relaying systems. In [21], game theory for interference relay

channels with PS was studied. The authors in [22] studied the

TS in a multi-relay network with relay beamforming. Outage

of PS-based SWIPT with DF full-duplex was studied in [23].
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The author in [24] studied optimal PS strategies for both AF

and DF relaying in multi-relay assisted cooperative networks.

Two protocols with/without direct link and optimal resource

allocation schemes for SWIPT based OFDM relay system

were investigated in [25].

Since multiple-input multiple-output (MIMO) or multi-

antenna technique has been adopted as an efficient solution

to achieve high spectral efficiency for current and future

broadband wireless systems, a handful of recent works also

discussed SWIPT in MIMO relay systems. Efficient algorithms

for SWIPT in MIMO-OFDM AF relay system were proposed

in [26], where the relay harvests and then uses the energy from

the source for information forwarding. Self-energy recycling

for wireless-powered full-duplex MIMO AF relay was studied

in [27], in which one of the relay antennas is used to harvest

energy from the source and the others are used to receive

information. The authors in [28] studied SWIPT in MIMO AF

relay systems, where secure relay beamforming was designed

for a destination, eavesdropper and energy receiver. Antenna

clustering methods were proposed in [29], [30], where the

multiple antennas of the relay node are partitioned into two

disjoint sets, with one for energy harvesting and the other

for information decoding. SWIPT in MIMO AF was also

investigated in [31], [32], where the relay harvests energy from

the source’s information flow and the destination’s energy flow.

In [33], the authors considered TS in full-duplex MIMO DF

relaying, where time allocation with different precoder designs

were proposed.

In view of these related works on SWIPT based multi-

antenna relay systems, it is found that most works focused on

AF relaying strategy, and the DF relaying strategy is much

less investigated. Though [33] considered DF relaying, the

work only considered TS at the relay node. Thus, the optimal

transceiver architecture design and optimal wireless resource

allocation for SWIPT based multi-antenna DF relaying leave

a large space to be exploited. This motivates our paper.

In this paper, we consider a classical three-node coopera-

tive relay transmission, where the half-duplex relay node is

equipped with multiple antennas and the source and destina-

tion are equipped with a single antenna. The source node is

with fixed energy supply, and the relay node has no energy

or is not willing to expend its own energy to help the source,

i.e., the harvest-then-use based SWIPT is adopted. Specifically,

assume that the relay node has the energy harvesting function,

it harvests the energy from the source’s signal for helping the

information transmission from the source to the destination.

The main contributions of this paper are summarized as

follows:

• We investigate PS based SWIPT in multi-antenna relay

system using DF relaying strategy, where power split-

ting ratios and the allocation of the harvested power at

the relay node are jointly optimized to maximize the

end-to-end information rate. The distinct feature of the

formulated problem is that the multiple relay antennas

have individual power splitters to make the system more

flexible. By doing so, an additional dimension of spatial

diversity can be explored and hence the new resource

allocation problem becomes complicated and challenging.

S D
h g

R

Fig. 1. System model.

• Efficient algorithm is proposed to optimally solve the

joint optimization problem. In particular, we reveal that

the power splitting ratios of the relay antennas should

be identical at the optimum. Moreover, we show that

the multi-antenna relay system is equivalent to a virtual

single-antenna relay system.

• To ease the hardware implementation of the PS scheme,

we propose the antenna clustering scheme, where the

multiple antennas of the relay are partitioned as two

disjoint groups with one for information decoding and

the other for energy harvesting. Optimal and suboptimal

clustering methods are proposed. It is notable that the pro-

posed suboptimal method is only with linear complexity

and approaches to the optimal performance.

• Valuable insights are provided via simulations. In par-

ticular, we show that the optimal power splitting ratio

of PS remains unchanged with the transmit power and

only depends on the channel conditions of the second

hop, while the optimal time allocation factor of TS is

decreasing with the transmit power.

The rest of this paper is organized as follows. Section

II describes the system model. Section III and Section IV

present the problem formulation and optimal solution of

the PS scheme. Section V proposes the antenna clustering

problem and the corresponding solutions. Simulation results

and discussions are provided in Section VI. Finally, Section

VII concludes this paper.

II. SYSTEM MODEL

We consider a two-hop cooperative relay network as shown

in Fig. 1, where the relay node R is equipped with multiple

antennas and the source S and destination D are equipped with

a single antenna. The considered three-node configuration is

a very general model that can be applied to many wireless

communication applications, such as cellular or ad hoc net-

work. If in a cellular network, the communication of a D2D

pair (i.e., the single-antenna source-destination pair) can be

assisted by a multi-antenna relay node. If in an ad hoc network,

a multi-antenna transmitter without its own transmission task

at some time can help another pair (i.e., the single-antenna

source-destination pair). The relay node is half-duplex for

practical consideration. The antenna set of the relay node is

denoted as A = {1, · · · , N}. It is assumed that the direct

link between the source and the destination is unavailable due

to the shielding effect caused by obstacles. This is the well

known Type-II relay model in the 3rd generation partnership

project long term evolution advanced (3GPP LTE-A). We

assume that the additive white Gaussian noises (AWGN) at all

nodes are independent circular symmetric complex Gaussian

random variables, each having zero mean and unit variance.



3

(a)

Power 

SplitterAntenna 1

Power 

SplitterAntenna N

  

Information 

Receiver

Energy 

Receiver

a

a

a

a

(b)

Antenna 1

Antenna N

  

Information 

Receiver

Energy 

Receiver

Fig. 2. Illustration of multi-antenna relay receiver: (a) power splitting scheme
and (b) antenna clustering scheme.

The transmission from the source to destination is divided

into consecutive frames, where the channel fading remains

unchanged within each transmission frame but varies from one

frame to another. We also assume that perfect channel state

information (CSI) are available for centralized processing,

which can be obtained for the following way: In the training

phase, the relay broadcasts pilot signal, while the source and

destination receive the pilot signal for channel estimation and

then feed the CSI back to the relay. The relay collects the

global CSI for resource allocation.

The relay node has the energy harvesting function to harvest

energy from the received signals by PS employed at the relay

receiver. The relay has no energy (or does not freely expend its

own energy) to help the source, but it can forward the source’s

information by using the energy harvested from the source.

There are two points about the multi-antenna DF relaying to

be noted. First, the received signal at every relay antenna can

be jointly decoded at the relay. Second, the harvested power

at all relay antennas in the first hop are added up as a total

power for information forwarding over all relay antennas in

the next hop.

III. PROBLEM FORMULATION AND OPTIMAL SOLUTION

FOR THE PS PROTOCOL

In this section, the joint optimization problem of determin-

ing PS ratios and power allocation at the multi-antenna relay

is studied.

A. Problem Formulation

We use h̃i to denote the complex channel coefficient of the

source to relay antenna i, g̃i the complex channel coefficient

of relay antenna i to the destination, and denote hi = |h̃i|2
and gi = |g̃i|2 as the channel power gains.

For the PS embedded multi-antenna relay, the transmission

frame is divided into two equal phases. At the first phase, the

source transmits signal x to the relay node, and the received RF

signal at relay antenna i is ri = h̃ix+ni, where E[|x|2] = P
is the source’s power and ni is the received AWGN at relay

antenna i. Denote 0 ≤ αi ≤ 1 as the power splitting ratio

at relay antenna i, as shown in Fig. 2(a). By ignoring the

received AWGN ni, i.e., ri = h̃ix, the received RF signal used

to information decoding is
√
αiri =

√
αih̃ix whose power is

Phi, and the received RF signal used to energy harvesting is√
1− αiri =

√
1− αih̃ix whose power is Phi(1−αi). Note

that at the information receiver of the relay node, the received

RF signal
√
αiri is first converted to a complex baseband

signal and then digitalized by an analog-to-digital converter

(ADC) for further decoding [7]. Thus the ADC output for

decoding is r′i = ri + ncov =
√
αih̃ix + ncov, where ncov

is the noise introduced by the RF band to baseband signal

conversion and assumed to be zero mean and unit variance.

Let pi denote the transmit power of relay antenna i in the

second hop, we can easily obtain the end-to-end achievable

rate of the PS as

RPS ≤ 1

2
min

{

log2

(

1 +
∑

i∈A

Phiαi

)

,

log2



1 +

(

∑

i∈A

√
pigi

)2




}

. (1)

Here the pre-log factor 1
2 is due to the fact that two phases

are used for information transmission. Note that the first term

of the min-operator in (1) is because of that the information

received at the multiple antennas of the relay can be decoded

jointly in the first hop, and the second term is due to the fact

that the second hop is actually a MISO channel [34, p.179].

Our goal is to maximize the end-to-end achievable rate by

jointly determining the transmit power and power splitting

ratio on each relay antenna. Let α = [α1, · · · , αN ]T and

p = [p1, · · · , pN ]T , the problem can be mathematically

formulated as

P1: max
α,p,RPS

RPS (2a)

s.t.
∑

i∈A

pi ≤
∑

i∈A

ζPhi(1− αi) (2b)

0 ≤ αi ≤ 1, ∀i ∈ A (2c)

pi ≥ 0, ∀i ∈ A, (2d)

where ζ is the energy conversion efficiency, and the constraint

(2b) ensures that the transmit power of the relay node can not

exceed its harvested power. Since the circuit power consump-

tion can be assumed as a constant in general, adding the the

circuit power consumption in the power constraint (2b) does

not affect our algorithm in the sequel.

B. Optimal Solution

Note that the region of RPS is a convex set, the constraint

(2b) is linear, and the constraint (2c) is affine. Therefore,

the problem P1 is a convex problem, and we can use the

Lagrangian dual method to find the globally optimal solution.

We first let the non-negative Lagrangian multipliers λ and β
associate with the two rate constraints of RPS , and µ with the
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total power constraint (2b). The Lagrangian of P1 is written

as

L(λ, β, µ,α,p, RPS)

= RPS + λ

[

1

2
log2

(

1 +
∑

i∈A

Phiαi

)

−RPS

]

+ β





1

2
log2



1 +

(

∑

i∈A

√
pigi

)2


−RPS





+ µ

[

∑

i∈A

ζPhi(1− αi)−
∑

i∈A

pi

]

. (3)

Denote D as the set of {α,p, RPS} satisfying the primary

constraints, then the dual function of P1 is given by

gPS(λ, β, µ) = max
{α,p,RPS}∈D

L(λ, β, µ,α,p, RPS). (4)

To compute the dual function gPS(λ, β, µ), we need to find

the optimal {α∗,p∗} to maximize the Lagrangian under the

given dual variables {λ, β, µ}.

The part of the dual function with respect to the rate variable

RPS can be expressed as

g0(λ, β) = max
RPS≥0

(1− λ− β)RPS . (5)

To make sure that the dual function is bounded, the condition

(1−λ−β) = 0 must hold such that g0(λ, β) ≡ 0 [35], which

implies that β = 1 − λ. Note that 0 ≤ λ ≤ 1 such that β is

non-negative. Then we can remove the variables RPS and β
in following derivations.

By removing RPS and β in (3), the Lagrangian is rewritten

as

L(λ, µ,α,p) =
λ

2
log2

(

1 +
∑

i∈A

Phiαi

)

+
1− λ

2
log2



1 +

(

∑

i∈A

√
pigi

)2




− µ
∑

i∈A

pi − µ
∑

i∈A

ζPhiαi. (6)

We first derive the optimal power splitting ratios α
∗ on the

relay antennas in the following proposition.

Proposition 1. For the multi-antenna DF relaying, the optimal

power splitting ratios on all relay antennas should be the

same. Define α1 = · · · = αN , α, the optimal identical

power splitting ratio α∗ is

α∗ =

[

1
∑

j∈A Phj

(

λ∗

δµ∗ζ
− 1

)

]1

0

, (7)

where δ , 2 ln 2 and [x]ba , max{min{x, b}, a}.

Proof: For any given dual variables {λ, µ}, it is readily

to verify that the Lagrangian L(λ, µ,α,p) is concave in

α. By applying the optimality Karush-Kuhn-Tucker (KKT)

conditions [36] with respect to α, the following conditions

always hold at the optimal dual point {λ∗, µ∗}:

∂L(λ, µ,α,p)

∂α∗
i











< 0, α∗
i = 0

= 0, 0 < α∗
i < 1

> 0, α∗
i = 1

∀i, (8)

where

∂L(λ, µ,α,p)

∂α∗
i

=
λ∗Phi

δ(1 +
∑

j∈A Phjα∗
j )

− µ∗ζPhi

= Phi

[

λ∗

δ(1 +
∑

j∈A Phjα∗
j )

− µ∗ζ

]

. (9)

As the term λ∗

δ(1+
∑

j∈A
Phjα

∗
j
) − µ∗ζ in above is identical

for all i and thus is a constant, it must be α∗
1 = · · · = α∗

N .

Substituting the result to this constant term and equating it to

be zero, (7) can be obtained.

This completes the proof.

We then turn to the optimal power allocations p
∗ of the

relay node. Denote PR ,
∑

i∈A ζPhi(1 − α∗
i ) as the total

harvested power of the relay for given power splitting ratio

α∗
i = α∗. As the second hop is actually a MISO channel,

the optimal power allocation of the relay node follows the

maximal-ratio combining (MRC) (see Appendix A), i.e.,

p∗i =
gi

∑

j∈A gj
PR, ∀i. (10)

After finding the optimal {α∗,p∗}, we turn to solve the

dual problem which can be expressed as

min
{λ,µ}

gPS(λ, µ)

s.t. 0 ≤ λ ≤ 1, µ ≥ 0. (11)

As a dual function is always convex [36], we adopt the

ellipsoid method to simultaneously iterate the dual variables

λ and µ to the optimal ones by using the defined subgradients

as follows

∆λ =
1

2
log2

(

1 +
∑

i∈A

Phiα
∗
i

)

− 1

2
log2



1 +

(

∑

i∈A

√

p∗i gi

)2


 , (12)

∆µ =
∑

i∈A

ζPhi(1 − α∗
i )−

∑

i∈A

p∗i . (13)

So far we have solved P1 optimally by the routine of the

dual method, which is an iterative algorithm (see Algorithm

1 formally) for updating the dual variables. We can also find

the optimal solution for P1 without any iteration by carefully

exploring Proposition 1 and (10) in the dual method.

C. Equivalence to Single-Antenna Relay Case

To obtain more insights, we first consider a special case

where the relay node is equipped with one antenna. In this
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case, assume that h and g are the channel gains of the first

and second hops, P1 becomes

max
0≤α≤1

RPS ≤ 1

2
min{log2 (1 + Phα) ,

log2 (1 + ζPh(1− α)g)}. (14)

It is straightforward that the optimal solution of the

problem (14) must happen at log2 (1 + Phα) =
log2 (1 + ζPh(1− α)g), which results in α∗ = ζg

1+ζg
.

It is interesting that α∗ in above only depends on the energy

conversion efficiency and the second hop channel gain, and

is regardless of the source’s transmit power and the channel

gain of the first hop.

Then, based on Proposition 1 and (10) obtained in the dual

method, and the above single antenna example, we have the

following proposition:

Proposition 2. The multi-antenna relay can be regarded as

a “virtual” single-antenna relay by letting h ,
∑

i∈A hi and

g ,
∑

i∈A gi. Thus P1 is equivalent to the problem (14) and

the optimal solution is

α∗ =
ζg

1 + ζg
, (15)

and the optimal achievable rate is

R∗
PS =

1

2
log2

(

1 +
ζPhg

1 + ζg

)

. (16)

Proof: First, based on Proposition 1 that all relay antennas

have the same power splitting ratio α, we can write the

information rate of the first hop as 1
2 log2(1 + Phα), and the

harvested power is PR = ζPh(1 − α), where h ,
∑

i∈A hi.

Based on (10) that all harvested power ζPh(1 − α) is

proportionally allocated to each relay antenna based on its

channel gain of the second hop, we obtain that the received

signal amplitude at the destination from each relay antenna i is√
pigi = gi

√

PR∑
j∈A

gj
, and thus the SNR at the destination is

(
∑

i∈A

√
pigi)

2 = PR

∑

i∈A gi. Let g ,
∑

i∈A gi, the infor-

mation rate of the second hop is 1
2 log2(1 + PRg). Therefore,

RPS defined in (1) is equivalent to the objective function of

the single-antenna problem (14). Applying the similar method

as for the problem (14), the conclusions are obtained.

Proposition 2 establishes the equivalence between the opti-

mal PS for the multi-antenna and single-antenna DF relaying

systems. It also suggests that we can treat the multiple relay

antennas as a “virtual” single antenna with the channel gains of

the two hops as h =
∑

i∈A hi and g =
∑

i∈A gi, respectively.

IV. ANTENNA CLUSTERING SCHEME

In Section III, we propose the optimal solution for the PS,

in which a power splitter is required on each relay antenna

to adjust the power splitting ratio. However, this could be

very costly to implement in practice. Thus in this section,

we introduce an antenna clustering scheme as shown in Fig.

2(b). In this scheme, instead of splitting the power at each

relay antenna, the relay antenna set A is divided into two

disjoint subsets ΩI and ΩE , where the relay antennas in ΩI

Algorithm 1 Dual Method for P1

1: initialize {λ, µ} as non-negative values.

2: repeat

3: Find the optimal power splitting ratios α
∗(λ, µ) using

Proposition 1.

4: Compute the optimal power allocations p
∗(λ, µ) using

(10).

5: Update {λ, µ} by the ellipsoid method using the sub-

gradients defined in (12) and (13).

6: until {λ, µ} converge.

are exclusively used for information decoding and the others

in ΩE are exclusively used for energy harvesting. That is,

αi =

{

1, if i ∈ ΩI

0, if i ∈ ΩE

∀i. (17)

Compared with the PS, the antenna clustering scheme is

practically more favorable since the antenna clustering only

needs time switcher at each relay antenna and the power

splitters of the PS are more costly.

Then the end-to-end achievable rate of the antenna cluster-

ing scheme is

RAC ≤ 1

2
min

{

log2

(

1 +
∑

i∈ΩI

Phi

)

,

log2



1 +

(

∑

i∈A

√
pigi

)2




}

. (18)

The problem is to maximize the end-to-end rate by jointly

partitioning the relay antenna set and allocating the harvested

power, which can formulated as

P2: max
ΩI ,ΩE ,p

RAC (19a)

s.t.
∑

i∈A

pi ≤
∑

i∈ΩE

ζPhi (19b)

pi ≥ 0, ∀i ∈ A (19c)

ΩI ∩ ΩE = ∅, ΩI ∪ΩE = A. (19d)

P2 is a mixed integer programming (MIP) problem and usu-

ally NP-hard due to the combinatorial nature. In the following

subsections, we discuss the optimal and suboptimal antenna

clustering algorithms, respectively.

A. Optimal Antenna Clustering

In this subsection, we propose the optimal solution for the

problem P2. Firstly, it is observed that given any antenna

partitions ΩI and ΩE , the optimal power allocations follow

(10), where PR =
∑

i∈ΩE
ζPhi.

Substituting the above results into P2 to eliminate the power

allocation variables p, the problem is reduced to a combinato-

rial optimization problem of set partition. The optimal antenna

partition Ω∗
I and Ω∗

E can be found by exhaustively searching

over all 2N possible antenna combinations to maximize the

resulting rate.
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Algorithm 2 Greedy Algorithm for P2

1: initialize ΩI = ΩE = ∅. Randomly select two antennas

(i = 1, 2 without loss of generality) into ΩI and ΩE ,

respectively.

2: for i = 3 : N do

3: Assume ΩI = ΩI ∪ i, compute the end-to-end rate and

denote it as R′
AC ;

4: Assume ΩE = ΩE∪ i, compute the end-to-end rate and

denote it as R′′
AC ;

5: if R′
AC > R′′

AC then

6: Update ΩI = ΩI ∪ i;
7: else

8: Update ΩE = ΩE ∪ i;
9: end if

10: end for

B. Greedy Antenna Clustering

The optimal antenna clustering algorithm by the exhaustive

search is of exponentially increasing complexity with the

number of relay antennas N . In this subsection, we propose a

low-complexity greedy algorithm for antenna clustering which

is only with linear complexity O(N) instead of O(2N ) by

the exhaustive search. The simulation results will show that

the proposed greedy algorithm approaches to the optimal

performance by the exhaustive search.

The key idea of the proposed greedy algorithm is switching

an antenna into ΩI or ΩE based on the rate improvement.

Specifically, at the beginning of the algorithm, we assume that

ΩI and ΩE have only one antenna respectively. For the rest

N − 2 antennas, each antenna is put into one of ΩI and ΩE

if the resulting rate improvement is greater than the other.

We present the greedy algorithm in Algorithm 2. It is

obvious that the complexity of Algorithm 2 is O(N), which

is linear in the number of the relay antennas. In [29], the

algorithm selects L antennas out of total N antennas at

the relay for information decoding and the rest for energy

harvesting, which is a “binary knapsack problem”. As binary

knapsack problem is NP-complete, it needs a high (even it is

polynomial) computational complexity for finding an efficient

solution. In [30], for every time the algorithm selects one

best relay antenna switched from the energy harvesting set

to the information decoding set. Thus, a total of (N +1)N/2
possibilities are needed to search at the worst case and the

complexity of the greedy antenna clustering method in [30] is

O(N2). Therefore, our algorithm has much lower complexity

compared with that of [29] and [30].

V. SIMULATIONS

In this section, extensive numerical results are provided to

evaluate the performance of the proposed algorithms. For the

purpose of performance comparison, the TS scheme is also

considered as a benchmark which can be solved similarly to

the PS and the details are omitted here.

We consider a two-dimensional plane where the distance

between the source and the destination is 10, and the relay
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Fig. 3. Rate performance comparison of different algorithms versus the
source’s transmit power P when N = 4.
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Fig. 4. Rate performance comparison of different algorithms source’s transmit
power P when N = 8.

node is located in a line between the source and the destina-

tion. The source-to-relay and relay-to-destination distances are

denoted as d and 10−d, respectively, where 0 < d < 10. Each

channel fading is modeled as c ·L−θ, where c is the Rayleigh

fading factor, L is the distance, and θ is the path loss exponent

which is set to be 2. The number of relay antennas, N = 4 and

N = 8, are both considered. The energy conversion efficiency

coefficient is assumed as ζ = 80%.

A. Performance Comparison

In this subsection, we consider the case where the relay node

is at the middle of the source and the destination, i.e. d =
5. We evaluate the proposed algorithms versus the source’s

transmit power P in terms of SNR (dB).

Figs. 3 and 4 compare the rate performance of different

schemes with N = 4 and N = 8 relay antennas, respectively.
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Fig. 5. Optimal α∗ and t∗ versus source’s transmit power P .

From the two figures, we first observe that the achievable

rates of all schemes are increasing with the source’s transmit

power P . This is because higher transmit power leads to more

harvested power at the relay, so does for the system’s SNR per-

formance. Moreover, more relay antennas also result in higher

rates. This is because that more relay antennas not only provide

more spatial diversity but also harvest more power from the

source. We also observe that the TS scheme is slightly better

than the PS scheme in low SNR region, while the PS scheme

outperforms the TS scheme over a wide range of SNR, and the

performance gain goes to large when SNR increases. Finally,

it is shown that the greedy antenna clustering (AC) scheme

performs closely to the optimal one, which demonstrates the

effectiveness of the greedy AC scheme. It is also noted that

when N = 8, Fig. 4 shows that the greedy AC scheme almost

approximates the optimal AC scheme. This means that more

relay antennas improves the performance of the greedy AC

scheme.

Then, we investigate the optimal power splitting ratio α∗

and the optimal time allocation factor t∗ of the PS and TS

respectively in Fig. 5. It is observed that when the source’s

transmit power P increases, the optimal power splitting ratio

α∗ of the PS scheme remains unchanged. In addition, only

about α∗ = 0.04 of the received power is used for information

decoding, and the most received power is sent to energy

harvesting. This shows that the wireless energy decay by path

loss is the bottleneck of SWIPT. For the TS, it shows that

the optimal time allocation factor t∗ decreases as the source’s

transmit power P increases. This indicates that the wireless

charging time can be reduced if the charging power becomes

large.

B. Impacts of Relay Locations

In this subsection, we investigate the impacts of the relay

locations where we vary the source-to-relay distance d from 1
to 9. Here we fix the source’s transmit power as P = 30 dB.
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Fig. 6. Rate performance comparison of different algorithms versus the relay
locations when N = 4.
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Fig. 7. Rate performance comparison of different algorithms versus the relay
locations when N = 8.

Figs. 6 and 7 show the performance of different schemes

versus the relay locations with N = 4 and N = 8 relay

antennas, respectively. We observe that all schemes have the

worst performance when the relay node is located at the middle

of the source and the destination, and have better performance

when the relay node is close to the source or destination. The

reason may be that, when the relay is close to the source, it

yields a relatively higher energy harvesting efficiency. When

the relay is close to the destination, a relatively better channel

quality of the relay-to-destination link is available such that the

system performance may be improved, although a relatively

lower energy harvesting efficiency is achieved in this case. It

is also observed that the PS scheme performs best and the

TS scheme performs worst under this SNR. In addition, the

performance of the greedy AC scheme is very close to that

of the optimal AC scheme, especially the number of relay
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Fig. 8. Optimal α∗ and t∗ versus the relay locations.

antennas is large (i.e., N = 8). Moreover, we find that the

optimal AC scheme almost achieves the same performance of

the PS scheme when the number of relay antennas is large.

Fig. 8 shows the impacts of relay locations on the optimal

power splitting ratio α∗ and the optimal time allocation t∗.

It first observes that the optimal power splitting ratio α∗

increases when the relay node is moving to the destination.

This means that more received power is split to information

decoding in this case. It is also observed that the wireless

charging time t∗ is firstly increased and then decreased when

the relay moves away from the source. The possible reason is

given in above paragraph.

VI. CONCLUSION

In this paper, we studied SWIPT in multi-antenna DF relay

networks, where the relay adopts the “harvest-then-use” based

energy harvesting strategy to forward information. The PS

relay receiver architecture was first considered and the cor-

responding joint resource allocation problem was formulated

and solved optimally. Then the antenna clustering scheme

was proposed to ease implementation cost, where the relay

antennas are partitioned into two disjoint groups with one

for information decoding and the other for energy harvesting.

Optimal and suboptimal clustering algorithms were developed.

A few important conclusions have been made through

theoretical analysis and extensive simulations. Firstly, for the

multi-antenna DF relaying, the harvested power at the relay

is optimally allocated to the relay antennas based on the

proportional criterion according to their second hop channel

gains. Secondly, for the PS scheme, the optimal power splitting

ratios of the relay antennas are the same. Thirdly, the PS

scheme has a large performance gain over the TS scheme in

high SNR, while the TS is slightly better in low SNR. Fourthly,

for all schemes, placing the relay in the middle of the source

and the destination results in the worst performance, and it is

better to place the relay closer to the source or destination. Last

but not least, the optimal power splitting ratio of PS remains

unchanged with the transmit power and the channel gains of

the first hop, while the optimal time allocation factor of TS is

decreasing with the transmit power.

APPENDIX A

DERIVATION OF (10)

We can obtain the following optimality condition for p∗ by

applying KKT conditions:

∂L(λ, µ,α,p)

∂p∗i

{

< 0, p∗i = 0

= 0, p∗i > 0
∀i, (20)

where

∂L(λ, µ,α,p)

∂p∗i
=

(1− λ∗)
(

∑

j∈A

√

p∗jgj

)√
gi

δ

(

1 +
(

∑

j∈A

√

p∗jgj

)2
)

√

p∗i

− µ∗.

(21)

Thus, the optimality condition (20) becomes

√

gi
p∗i

≤
δ

(

1 +
(√

∑

j∈A p∗jgj

)2
)

µ∗

(1− λ∗)
(

∑

j∈A

√

p∗jgj

) , D, ∀i, (22)

which shows that the the right side of the formula is the same

for each i and thus is a constant defined as D. This means that
√

gi/p∗i ≤ D should be satisfied for each i, and then implies

that p∗i > 0 (or p∗i 6= 0) for each i and the equality in (22)

always holds. Thus, we have

p∗i =
gi
D2

, ∀i. (23)

Moreover, according to the complementary slackness [36],

we have

µ∗

[

∑

i∈A

ζPhi(1− α∗
i )−

∑

i∈A

p∗i

]

. (24)

As µ∗ 6= 0 at the optimum, it must be

∑

i∈A

p∗i =
∑

i∈A

ζPhi(1− α∗
i ) , PR, (25)

where PR is the total harvested power of the relay.

Combining (23) and (25), the optimal relay power allocation

(10) is obtained.
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