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Abstract
In this paper, we consider a dual-hop multiple-input multiple-output (MIMO) simultaneous wireless information and power
transfer (SWIPT) relay network, where the source node (SN) uses a transmission antenna selection (TAS) scheme to
concurrently send information and energy to the single-antenna relay node (RN). This helps to utilize the harvested energy to
forward the received signal. In addition, the destination node (DN) employs the maximum ratio combining (MRC) scheme
to process this forwarded signal. The performance of this MIMO SWIPT relay system is investigated in imperfect channel
state information (CSI) condition. Specifically, we derive the exact and approximate closed-form expressions for the outage
probability, the average capacity, and the symbol error probability (SEP). This is the first time the exact and approximate
formulas for the SEP of the energy harvesting networks are investigated. The Monte Carlo simulation results are provided
to demonstrate the relevance of the developed analytical results, showing that the system’s performance is significantly
impacted by the CSI imperfection, the number of antennas, and the energy harvesting duration.
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Nomenclature
Pr(.) Probability function
fU(u) Probability density function (PDF)
FU(u) Cumulative distribution function (CDF)
Γ (·), Gamma function
Γ (·, ·) Incomplete gamma function
CN (μ, σ 2) Circularly symmetric complex normal

distribution with mean μ and variance σ 2

E {·} Statistical expectation operator
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Kn (·) Modified Bessel function of the second kind of
order n

En (.) Integral exponential function of order n

W�,μ(.) Whittaker function [32]

1 Introduction

The energy supply for electronic devices has become
a hot studying topic in fifth generation (5G) and sixth
generation (6G) network.1 To enhance the energy efficiency
in 5G wireless networks, the authors of [2] proposed
novel resource allocation schemes for the energy efficiency
maximization problem in emerging scenarios of wireless
networks, including small cell, massive MIMO, massive
MIMO HetNets and cell-free. Additionally, there is another
way to address the energy issues, i.e. to harvest energy from
ambient energy sources.

The energy harvesting (EH) from ambient energy sources
has become a promising solution for energy-constrained
electronic devices, which are supported by limited energy
sources such as batteries. In some special applications,
charging battery is too expensive or even impossible, e.g.
sensor network working under toxic environment or body

16G will start entering the market by 2026 [1]
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area network, etc. In addition to some natural energy sources
such as solar, wind, etc., radio frequency (RF) signal can
be also utilized as an effective source for energy harvesting.
Compared with other kinds of sources, RF-based energy
harvesting, also called wireless energy transfer, has some
unique advantages. Since it is an active energy supplying
method, RF energy harvesting can provide more reliable
energy flow to guarantee the system performance.

Nowadays, Internet of Things (IoT) has received increas-
ing attentions from both industry and academia. It is also
considered as an important means of wireless connections
for the fourth industrial revolution. IoT was included in the
advanced wireless standards such as the fourth generation
(4G) and is currently being considered for the fifth gener-
ation (5G) of mobile communications. RF energy transfer
and harvesting techniques have recently become alternative
methods to power the next generation wireless networks.
Specially for 5G network, as this emerging technology
enables proactive energy replenishment of wireless devices,
it is advantageous in supporting applications with quality of
service (QoS) requirements.

The key idea of EH-RF, firstly proposed in [3], is to
encourage nodes to harvest energy from their received RF
information-bearing signals. However, it is not practical
for a receiver architecture to decode signals and to harvest
energy at the same time due to practical limitations [4].
The conventional receiver architecture for information
receiving is not operationally optimal for energy harvesting.
The reason is that the information receiver and energy
harvester operate at different signal threshold sensitivities
(e.g., -10 dBm for energy harvester, and -60 dBm for
information receiver) [5]. Motivated by this issue, Zhou
et al introduced two practical receiver architectures [6],
namely, the power splitting (PS) and the time switching
(TS) architectures. These schemes were also proposed for
cooperative networks, which considered both amplify-and-
forward (AF) and decode-and-forward (DF) protocols [7, 8].
A more general SWIPT cooperative relaying network, i.e.,
multiuser multirelay cooperative network, was considered
in [9]. In this work, the outage performances of DF, variable-
gain AF, and fixed-gain AF strategies were investigated.
Moreover, two new relay-destination selection schemes,
namely the direct links plus opportunistic CSI-based
selection scheme and the direct links plus partial CSI-
based selection scheme, were also proposed to drastically
reduce the numbers of CSI estimations and comparisons
of potential links compared with the optimal joint relay-
destination selection scheme. Regarding to the efficiency
aspect of the energy harvester, Dong et al investigated a
more effective architecture [10], that is not a traditional
linear energy harvesting process. Instead, the output power
is non-linearly related to the input power at the relay node
with an AF protocol.

A potential emerging technique for 5G networks is the
non-orthogonal multiple access (NOMA). The authors in
[11–14] investigated the SWIPT schemes to prolong the
lifetime of devices in NOMA networks. In these works, the
outage probabilities are analyzed. In addition, a generalized
SWIPT architecture, i.e. the hybrid time-switching/power-
splitting (TS/PS) EH receiver was considered in [11].
However, since the TS/PS and successive interference
cancellation architectures must be designed at near users,
this SWIPT model increases the complexity of the near
users.

To the best of our knowledge, relay networks with
energy harvesting policy are currently considered with the
general system configuration of three nodes in cooperation.
However, there is lack of discussions on the topic of
analyzing the system error probability. Moreover, most of
the aforementioned works on EH-MIMO systems assumed
the perfect channel state information (CSI) [15–18], also
only analyzed the EH-MIMO point-to-point system [19–
22] but not the EH-MIMO relaying networks. On the other
hand, the imperfect CSI was only taken into consideration
in cognitive underlay multihop networks [23], in secrecy
cooperative networks [24] and in MIMO network with
transmit antenna selection to enhance secure information
[25].

The MIMO systems are considered as a promising
technique and found its way in several recent wireless
communication networks, aiming at further improving the
systemQuality of Service (QoS). Therefore, it is meaningful
to investigate and analyze the performance ofMIMO system
taking into account the impact of some practical issues. The
combination of MIMO technique and energy harvesting is
thus an interesting topic. Applications of this configuration
are broad, for example, in a sensor network, healthcare,
medicine, environment managing, military operations, etc.
In practice, due to the complex time-varying wireless
communication environment that impacts to the channel
gains, their severe amplitude and phase fluctuations could
significantly degrade the system performance. When having
error in estimating amplitude of the channel gain, automatic
gain control (AGC) can be used to somehow properly scale
the received signal. However, even if in the absence of
noise, when the phase component is estimated in error, it
will be very difficult to (phase) compensate for the received
signal. Hence, in this work, we study the impacts of the CSI
imperfection on the MIMO relaying network with energy
harvesting and analyze the system performance. Then,
this approach could have both theoretical and practical
meanings.

There are several works investigating the energy harvest-
ing under imperfect CSI. In [26], Lee and Hong proposed
an energy-efficient power reallocation scheme using iter-
ative method. Benkhelifa et al investigated a MIMO DF
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two-hop system where the relay node harvests the self-
energy recycle and CSI is entirely unknown in all nodes
[27]. The main contribution of this work is to maximize
the achievable transmission rate of the overall system by
optimizing the source/relay pre-coders. The performance of
the cognitive relay network with imperfect CSI and energy
harvesting is studied in [28]. In other work, Zhang and
Pan investigated the impact of the outdate CSI for the
wireless powered dual-hop relaying MIMO system with
non-linear energy harvesting at relay node [29]. However,
since only focusing on the capacity or outage performance,
the above mentioned works leaved out an importance cri-
terion, namely the system error probability performance.
Specially, the standard performance characteristics of diver-
sity systems operating in fading channels were not evaluated
and so on the effects of energy harvesting duration on the
system performance.

Motivated by these issues, this paper proposes and
investigates a MIMO system with RF energy harvesting
to improve energy efficiency. Here, the transmit antenna
selection (TAS) and maximum ratio combining (MRC) are
employed at the source and destination nodes, respectively.
The system performance is investigated in terms of the
outage probability, ergodic capacity, and symbol error
probability (SER) under imperfect CSI condition. Based
on these outputs and result in [30] we conclude that when
using 0.33 time block for energy harvesting, the maximum
loss in signal-to-noise ratio (SNR) of this system is about
1.7 dB compared to the scheme without EH at relay node
(at SER = 5.10−6). The contributions of the paper are
summarized as follow:

– We propose a MIMO relaying system with the relay
node having limited energy and being able to trans-
fer power to recharge its batteries. We then consider
the impact of CSI imperfection on the performance of
TAS. When employing multiple antennas at the source
and the destination nodes, the system performance is
improved at the cost of increasing the complexity. For-
tunately, the antennas configurations and RF chains are
easily implemented by the current modern technolo-
gies. Configuring multiple antennas at the relay node
will increase its complexity because the harvester is
also deployed here [31]. For this reason, the advan-
tage of our proposed model is to minimize the hardware
and computation complexity of the relay node. Thus,
this configuration prolongs the lifetime of the network
with relay nodes being independent to or, at least,
using reduced power supply compared to other present
schemes.

– We derive the closed-form outage probability, ergodic
capacity and average symbol error probability. Due
to the relative challenge in deriving the cumulative

distribution functions (CDFs) of SNR in MIMO-
SWIPT system with imperfect CSI, the symbol error
probability expressions has not been analyzed before.
Recall that, the advantages of the MIMO system are
exploited: SEP performance improvement in the data
transmission phase and power efficiency enhancement
in the energy harvesting phase. This comes at the price
of increasing system complexity (mainly at the source
and destination nodes) and could be afforded by the
current technology advancements.

– The accurateness of our analysis is validated by
simulations. Besides, the numerical results indicate that
the diversity order of this MIMO-SWIPT system is
equivalent to the number of antennas configured at the
destination node. In this paper, we provide both the
analysis and the simulation results, which are more
advantageous than previous works in the literature
where only simulation results were presented.

The rest of this paper is organized as follows. Section 2
describes the system model, its operation and characterizes
the channel. The performance features are then analyzed
in Section 3. Section 4 presents and discusses numerical
results. Finally, conclusions are drawn in Section 5.

2 Systemmodel

We consider a MIMO dual-hop relay system where the
energy-limited relay node (R) assists the source node
(S) in communicating with the destination node (D) as
illustrated in Fig. 1. In this system, S and D are equipped
with NS and ND antennas, respectively, while R has one
(transmit/receive) antenna and the system operates in half-
duplex mode. S and D have fixed power supplies but R is
powered by wireless power transfered from S. Assume that
R has separate EH receiver and RF transceiver, hence, it can
harvest energy and communicate data independently. The
RF EH is in-band, namely, R can harvest RF energy from
the same frequency band as that of data communication.
Further, suppose that R employs Decode-and-Forward (DF)
protocol.

The direct link from S to D is assumed not available due
to far distance or shadowing fading. All fading channels

Fig. 1 The proposed MIMO SWIPT relay network
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Fig. 2 Time switching-based relaying (TSR) protocol

are quasi-static independent and identically distributed
(i.i.d), i.e. the fading coefficients remain fixed during the
transmission of one symbol block but vary independently
from block to block.

Denote h1,n ∼ CN (μ, Ω1,n), n = 1, 2, · · · , NS and
h2,m ∼ CN (μ, Ω2,m), m = 1, 2, · · · , ND respectively as
the channel coefficients from the S’s nth antenna to the
R’s (receive) antenna and from the R’s (transmit) antenna
to the D’s mth antenna, where Ω1,n = E{|h1,n|2} and
Ω2,m = E{|h2,m|2}. In this model, we assume that spaces
between antennas are large enough so that these antennas
are uncorrelated and that all channels from the S’s nth
antenna to the R’s antenna have the same average channel
gains, and so on for ones from R’s antenna to the D’s mth
antenna, i.e., Ω1,n = Ω1 and Ω2,m = Ω2. Further, without
loss of generality, we assume that all device-to-device links
are Rayleigh-distributed. Hence, the channel gains |h1,n|2
and |h2,m|2 are exponential random variables (RVs).

The time switching (TS) architecture [8] with illustration
in Fig. 2, is supposed for the operation of the relay node.2

In this figure, T is one block time in which a certain
block of information is transmitted from the source node
to the destination node. The communication process is split
into three time slots, where the first slot, αT (with 0 ≤
α ≤ 1) is used for energy harvesting at R. The remaining
block time, (1 − α)T , divided into two equal slots, is
used for information transmission. The first half of that,
(1−α)T /2, is used for the S-to-R information transmission
and the remaining half, (1 − α)T /2, is used for the R-to-
D information transmission. In the case where R does not
have an energy buffer to store the harvested energy, the
harvest-use (HU) architecture [33] can be used.

For the operation of TAS in S, the following procedure
is carried out: S regularly supervises the channel quality by
transmitting a set of pilot sequences from each antenna one
by one, R compares the received signals of all antennas,
and sends feedback to S about the selected antenna index
corresponding to the signal with maximum magnitude.
Then, S selects the single antenna out of setNS that provides
the highest instantaneous channel gain, to transmit data to

2The proposed analysis approach can also be applied to the power
spitting EH model [6].

R. Thus, the channel gain of TAS is modeled as |ĥSR|2 =
max

n∈1···NS}
|ĥ1,n|2.

Aiming at mitigating the adverse effects of fading,
TAS schemes are usually accompanied with maximal-ratio
combining (MRC) technique at D. As widely known, MRC
technique represents a trade-off between performance and
complexity. On the one hand, MRC is the optimal linear
combining technique yielding the best performance, but on
the other hand, its implementation is more complex because
it requires multiple channel estimations and also multiple
RF chains, each for one antenna. However, to improve
system performance the MRC technique is applied here.

The main objective of this paper is to focus on
investigating impact of CSI imperfection on the MIMO
relay systemwhere the RF energy harvesting is applied. Due
to the time-varying characteristics of the channel, the S-to-
D channel might alter whenever the feedback delay is larger
than the transmission block length T as depicted in Fig. 2.
Simply, we assume that the correlation coefficients, ρ1,n,
between the current channel coefficient ĥ1,n and the past
channel coefficient h1,n are the same, i.e., ρ1,n = ρ, n =
1, 2, · · · , NS.

Using the Markov chain model for the channel state
evolution, ĥSR is related to hSR by the following relationship
[34]

ĥSR = ρhSR +
√
1 − ρ2εSR, (1)

where 0 ≤ ρ ≤ 1. This coefficient3 can be viewed as
a measure of the channel fluctuation rate and is related
solely to the time delay. εSR is an error term due to
temporal changes in the channel, which is modeled by
a circular symmetric complex Gaussian random variable.
As elaborately discussed in [36], all random variables
{ĥSR, hSR, εSR} are modeled as CN (μ, σ 2). For a slowly
varying channel, the average fading power is supposed to
remain constant over the time delay, i.e., E{|ĥ1,i |2} =
E{|h1,i |2}.

We assume that the energy is only harvested from the
received signal during αT in each period.4 Hence, the
harvested energy is given by [8, eq.(2)].

Eh = αT ηPS max
n=1,··· ,NS

|ĥ1,n|2, (2)

where η is the energy conversion efficiency whose values
depend on the quality of the harvester, 0 < η < 1, and PS is
the S’s transmit power.

According to HU architecture, R uses all harvested
energy yielded in the harvesting phase to forward the

3The covariance between x and y is given as [35] ρ = cov(x,y)
var(x)var(y)

.
4Recently, there are several articles investigating EH from the co-
channel interference deployed in the future 5G network, and EH from
the interference in IoT network.
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received data to D. Hence, the transmit power of R is given
by

PR = 2αηPS

(1 − α)
max

n=1,··· ,NS
|ĥ1,n|2

= φPS max
n=1,··· ,NS

|ĥ1,n|2, (3)

where φ = 2αη/(1 − α).
The remaining communication takes place in two equal

time slots. In the first time slot, S transmits signal to R
through the selected antenna. Whereby, the received signal
at R, yR is given by

yR = √PSĥSRxS + nR, (4)

where nR ∼ CN (0, σ 2
R) is the additive white Gaussian noise

(AWGN) at the relay, and xS is the S’s modulated signal.
In the second time slot, R uses the harvested energy

to forward the received signal to D after re-encode.5 The
received signals are then combined at D using MRC. Hence,
the baseband signal at D is given as

yD = √PR

ND∑

m=1

h2,mx̃S + nD, (5)

where x̃S is the re-encode symbols at D and nD∼ CN (0, σ 2
D)

is the AWGN at D.

3 Performance analysis

3.1 Statistics of the end-to-end SNR

To evaluate the system performance, it is required the
cumulative distribution functions (CDF) and the probability
density function (PDF) of the end-to-end SNR.

Firstly, we derive the CDF and PDF of the output
instantaneous SNR of the link from the best antenna chosen
at S to the antenna at R under the impact of the imperfect
CSI. As described in [35], the channel gain of the first hop,
|h1,i |2, is considered as having exponential distribution.
Hence, the PDF and CDF are correspondingly given by
Eqs. 6 and 7, i.e.,

f|h1,i |2(y) = 1

Ω1
exp

(
− y

Ω1

)
, (6)

and

F|h1,i |2(y) = 1 − exp

(
− y

Ω1

)
. (7)

Let h1,(1) ≤ h1,(2) ≤ · · · ≤ h1,(NS) be the order statistics

obtained by arranging {h1,n}NS
n=1 in an increasing order of

magnitude. When the nth antenna is selected to transmit the

5We assume that all energy harvested from the RF signals is consumed
by the relay for forwarding the information to the destination.

modulated signal, the corresponding highest instantaneous
channel gain, h1,n, has the PDF expressed as [35, 7-14].6

f|h1,n|2(y) = NS

[
F|h1,i |2(y)

]NS−1
f|h1,i |2(y)

=
NS∑

n=1

(
NS

n

)
(−1)n−1 n

Ω1
exp

(
− ny

Ω1

)
. (8)

The relationship between the fading channel amplitudes
ĥ1,n and h1,n is described by the marginal distribution,
f|ĥ1,n|2(x) = ∫∞

0 f|ĥ1,n|2,|h1,n|2(x, y)dy or can be recast,
according to the conditional probability, as

f|ĥ1,n|2(x) =
∞∫

0

f|ĥ1,n|2,|h1,n|2(x|y)f|h1,n|2dy, (9)

where

f|ĥ1,n|2,|h1,n|2(x|y) =
f|ĥ1,i |2,|h1,i |2(x, y)

f|h1,i |2(y)
. (10)

Based on the joint PDF of two correlated fading channel
amplitudes, defined in [37, eq, 9.389], we can recast into the
form of Rayleigh fading channel as

f|ĥ1,i |2,|h1,i |2(x, y) = 1

(1 − ρ2)Ω2
1

e
− x+y

(1−ρ2)Ω1 I0

(
2ρ

√
xy

(1 − ρ2)Ω1

)
,

(11)

where I0(x) is modified Bessel function of first kind of
zero-th order, parameter ρ can be viewed as a measure of
the channel estimation quality.

Substitute (6) and (11)–(10), then replace (8) and (10)–
into (9), after that use [32, 6.614.3], this leads to the

form of
∞∫

0
e−αzI0(2

√
βz)dz = (1/α) exp(β/α). Hence,

after performing some manipulations and simplifications,
we have the PDF of SNR on the first hop as

f|ĥ1,n|2(x) =
NS∑

n=1

(
NS

n

)
(−1)n−1n

Ω1(1 + (n − 1)(1 − ρ2))

× exp

(
− nx

Ω1(1 + (n − 1)(1 − ρ2))

)
. (12)

Now, consider the operation of ND branch using MRC.7

Assume that each branch are independent and identically
distributed (iid), and are Rayleigh distributed. The output
SNR accords to a sum of independent exponential random

6To obtain (8), we use the probability that any k of the N elements are
below y. Hence, we need to enumerate the number of combinations of
k out of N variables. This is merely the binomial coefficient. Then, we
differentiate the result with respect to y.
7We consider the MRC scheme employed at D since MRC always
outperforms any other diversity combining schemes.
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variables [38]. Under the assumption of perfect channel
estimation at D, the PDF of the combined output SNR from
ND diversity branches follows the χ2 distribution with 2ND

degrees of freedom [39].

fγMRC(γ ) = γ ND−1

Γ (ND)Ω
ND
2

exp

(
− γ

Ω2

)
, (13)

where Γ (·) is Gamma function.
From the PDF in Eq. 13, we have CDF of γMRC in the

form of

FγMRC(γ ) = 1

Γ (ND)Ω
ND
2

x∫

0

γ ND−1 exp

(
− γ

Ω2

)
dγ . (14)

Applying [32, 3.381.1], then FγMRC(γ ) is recast as

FγMRC(x) = 1

Γ (ND)
γ

(
ND,

x

Ω2

)

= 1 − 1

Γ (ND)
Γ

(
ND,

x

Ω2

)
, (15)

where Γ (·, ·) denotes the lower incomplete Gamma
function.

Based on the CDF and PDF of each hop, the CDF of end-
to-end SNR is derived as follows. From the Eqs. 4 and 5
the instantaneous SNRs of the S-to-R and R-to-D links are
correspondingly given as

γSR = PS

σ 2
R

max
n=1,··· ,NS

|ĥ1,n|2, (16)

γRD = PR

σ 2
D

ND∑

m=1

|h2,m|2. (17)

From Eqs. 17 and 3 the SNR of the R-to-D link, γRD is
computed as

γRD = φPS

σ 2
D

max
n=1,...,NS

|ĥ1,n|2
ND∑

m=1

|h2,m|2. (18)

Due to the impaired detection at R, incorrectly decoded
signals might be forwarded to D. Hence, for any modulation
strategy, the dual-hop S → R → D channels can be
modeled as an equivalent single hop with output SNR
γe2e. In the medium and high SNR regimes, we can be
approximated the output instantaneous SNR of DF protocol,
γe2e, as follows [40, 41]

γe2e = min(γSR, γRD). (19)

When γe2e is in the form of Eq. 19, we can present its
CDF as

Fγe2e(x) = Pr(min{γSR, γRD} ≤ γth)

= 1 − Pr(γSR > γth, γRD > γth), (20)

where γth = 22R/(1−α) − 1 denotes the SNR threshold
for the relay or the destination node to correctly decode
information from the source, with R be the target
information transmission rate.

Thanks to the help of the conditional probability [35], we
can recast (20) as

Fγe2e(x) = 1 −
∞∫

ζ

[
1 − FγMRC

(
φ

x

)]
f|ĥ1,n|2(x)dx, (21)

where ζ = γth
PS
.

Substituting (12) and (15)–(21), and applying [32,
8.352.4] lead to the result of Eq. 22, shown at the top of the
next page, where δ = (1 + (n − 1)(1 − ρ2)

)
.

Fγe2e(x) = 1 −
NS∑

n=1

ND−1∑

k=0

(
NS

n

)
n(−1)n+1

k!Ω1δ

(
φ

Ω2

)k
∞∫

ζ

(
1

x

)k

exp

(
− φ

Ω2x
− nx

Ω1δ

)
dx. (22)

It is not difficult to see in Eq. 22 that when the lower limit of
the integration interval ζ approaching zero, i.e, γth � PS,
Fγe2e(x) is lower bounded by F

Appro
γe2e (x) of Eq. 23, shown

at the top of the next page, where, K1−v(x) is the modified
Bessel function first the kind of order 1 − v.

F
Appro
γe2e (x) = 1 −

NS∑

n=1

ND−1∑

k=0

(
NS

n

)
n(−1)n+1

k!Ω1δ

(
φx

Ω2

)k

2

(
φxΩ1δ

nΩ2

) 1−k
2 K

1−k

(

2

√
nφx

Ω1Ω2δ

)

. (23)

When ζ 	= 0, with the help of the Taylor series for
exponential function, i.e., exp (−x) = ∑∞

q=0
(−1)q

q! (x)q ,
Eq. 22 is then recast as Eq .24, shown at the top on the next

page. Consider the integral J (ζ ) in (24), let x = ζu, this

leads to J (ζ ) =
(
1
ζ

)k+q−1 ∫∞
1

(
1
u

)k+q

exp
(
−nζu

λ1δ

)
du.

For the case k + q ≥ 1, J (ζ ) is evaluated by [42, 5.1.4],
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resulting in Eq. 25a. Otherwise, when k + q < 1, it is
calculated by [32, 3.381.8], resulting in Eq. 25b. Finally, we

have the exact CDF of the output SNR as shown in Eqs. 24
and Eq. 25a, 25b.

F Exact
γe2e

(x) = 1 −
⎧
⎨

⎩

NS∑

n=1

ND−1∑

k=0

(
NS

n

)
n(−1)n+1

k!Ω1δ

Nt∑

q=0

(−1)q

q!
(

φγth

Ω2

)k+q

J (ζ )

⎫
⎬

⎭
, (24)

J (ζ ) =
∞∫

ζ

(
1

x

)k+q

exp

(
− nx

λ1δ

)
dx.

J (ζ ) =

⎧
⎪⎨

⎪⎩

(
1
ζ

)k+q−1
Ek+q

(
nζ
Ω1δ

)
, if k + q ≥ 1 (25a)

(
1
ζ

)k+q−1 (
nζ
Ω1δ

)−(k+q+1)
Γ
(
k + q + 1, nζ

Ω1δ

)
, if k + q < 1 (25b)

3.2 Outage probability analysis

The outage probability is defined as the probability that
instantaneous SNR falls below a threshold γth, i.e.,

OP =
γth∫

0

fγe2e (γ ) dγ = Fγe2e (γth). (26)

Substituting (23) or (24)–(26), we obtain the system’s
approximate and exact outage probabilities, which are the
CDFs of γe2e with outage threshold γth.

Other important performance criterion characteristics of
diversity systems operating over fading channels are the
error probability and capacity or average capacity, which
will be analyzed in the following sections.

3.3 Average symbol error probability

In this section, we evaluate the average symbol error
probability (SEP) of DF with imperfect CSI over Rayleigh
fading. For linearly modulated signals, such as M-PSK, the
conditional SEP under an arbitrary SNR, γe2e, is described
by [43]

Pe = aQ
(√

2bγe2e

)
. (27)

Then the average SEP can be determined as

P̄e = E

[
aQ
(√

2bγe2e

)]
= a

∞∫

0

Q
(√

2bγe2e

)
fγe2e (γ ) dγ,

(28)

where Q(x) =
(
1/

√
2π
) ∞∫

x

e−t2/2dt is the Gaussian Q-

function, a and b are the modulation-specific constants.
In this work we only consider binary phase-shift keying
(BPSK) modulation, hence a = 1 and b = 1. In the more

general case of M-PSK, a = 2 and b = sin2
(

π
M

)
. Following

to Eq. 32 in [43], the average SEP can be evaluated as

P̄e = a
√

b

2
√

π

∞∫

0

e−bγ

√
γ

Fγe2e (γ ) dγ . (29)

Replacing the CDF in Eq. 23 or Eqs. 24–29, we can recast
the average SEP expression as follows

P̄e = I1 − I2, (30)

where

I1 = a
√

b

2
√

π

∞∫

0

e−bγ

√
γ

dγ = a

2
, (31)

and I2 is calculated as in Eq. 33 and is approximated as in
Eq. 32.

I
Appro
2 =

NS∑

n=1

ND−1∑

k=0

(
NS

n

)
a
√

bn(−1)n+1

k!Ω1δ

×
(

1

Ω2

)k(
Ω1δ

nΩ2

) 1−k
2

φ
k+1
2 Γ

(
1 + 1

2

)√
Ω1Ω2δ

4nφ

× exp

(
nφ

2bΩ1Ω2δ

)
b− k+1

2 W− k+1
2 , 1−k

2

(
nφ

bΩ1Ω2δ

)
.

(32)

where W�,μ (z) denotes the Whittaker function [32].

IExact2 = a
√

b

2
√

π

NS∑

n=1

ND−1∑

k=0

Nt∑

q=0

n(−1)n+1(−1)q

q!k!

×
(

NS

n

)
1

Ω1δ

(
φ

Ω2

)k+q(
n

Ω1δ

)k+q−1

× αvΓ (μ + v)

μ(α + β)μ+v 2F1

(
1, μ + v; μ + 1; β

α + β

)
.

(33)
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where μ = k + q + 1
2 , β = b, v = 1 − k − q and

α = n
Ω1δPS

. 2F1 (α, β; γ ; z) is the Gauss hypergeometric
function, please see [32, 9.10 - 9.13]. Further details for
I
Appro
2 and IExact2 are given in Appendix A. By substitut-

ing IExact2 and I
Appro
2 into Eq. 30, we obtain the exact and

approximate closed-form expressions of SEP of the overall
system.

3.4 Average capacity

Based on the end-to-end CDF, shown in Eq. 23, we can
analyze the system average capacity. Actually, it is the
average mutual information of the S-R-D channel.

Following to the definition of Claude Shannon, the
instantaneous channel capacity of our proposed system is
given by

C = 1 − α

2
log2 (1 + γe2e) , (34)

where the scaling factor 1−α
2 is accounted for the fact that

communication between S and D is carried out in two
phases, with (1−α) is the remaining time for data reception
and transmission at R.

From Eq. 34, the average capacity of the system is hence,
calculated as

C̄ = E

{
1 − α

2
log2 (1 + γe2e)

}

= 1 − α

2

∞∫

0

log2 (1 + x) fγe2e (x) dx. (35)

Unfortunately, it is impossible to derive the closed-
form expression in Eq. 35, and we will resort to some
approximations for evaluations. Using the Jensen inequality
[44, eq. 4.5], C̄ is upper bounded by

C̄ ≤ (1 − α)

2
log2 (1 + E {γe2e}) , (36)

where E (x) is the expectation operator. Following to
[35, (5-44)], we have E {γe2e} = ∫∞

0

[
1 − Fγe2e (x)

]
dx.

After some algebraic manipulations, it results in the end-
to-end average SNR, E {γe2e}, then substituting this into
Eq. 36, we get the upper bound of the average capacity as in
Eq. 37, shown at the top of the next page.

In the other case, when using the exact CDF as in Eq. 24,
then, the upper bound of the average capacity could be
evaluated as in Eq. 38, shown at the top of the next page.
Please refer to the Appendix B for more details.

C̄ ≤ 1 − α

2
log2

⎛

⎝1 +
NS∑

n=1

ND−1∑

k=0

(−1)n+12nΩk
2

k!δ
(

NS

n

)(
Ω2δ

n

) 1−k
2

× 2k+2
(

1 − α

2αηPS

) k+1
2
(
8nΩ2(1 − α)

δ2αηPS

)−3−k
2

Γ

(
1

2

)
Γ

(
1 + 1

2

))

. (37)

C̄ ≤ 1 − α

2
log2

⎛

⎝1 +
NS∑

n=1

ND−1∑

k=0

(
NS

n

)
n(−1)n−1

λ1δk!
(

n

λ1δ

)−2

ϕ (q)

⎞

⎠ ,

where ϕ (q) =
Nt∑

q=0

(−1)q

q! (k + q + 1)

(
1

PS

)−k−q−1(
φ

λ2

)k+q

. (38)

4 Simulation results

In this section, we verify our analysis by comparing
the theoretical results with the Monte-Carlo simulation
counterparts. We also study the effect of the number of
antennas at source and destination nodes on the outage
probability and symbol error probability. Unless otherwise
notified, system model parameters are set up as follows.
Energy harvesting duration is α = 0.3. RF power
conversion efficiency is almost close to perfect, η = 0.95.
Channel correlation coefficient is ρ = 0.95. Distance from
the source node to the destination node is normalized to

unity. The relay node is located right between the source and
destination nodes. Target rate is R = 1[bpcu] with BPSK
signaling.

Figure 3 shows the system outage probabilities versus
SNR calculated by both (Monte-Carlo) numerical and
analytical methods. The analytical results are taken from
both approximate (23) and exact (24) expressions. Three
different antenna configurations are in consideration,
namely, [NS ND] = [1 1], [2 1], and [2 2]. It can
be observed that the derived analytical results reasonably
match with the simulation ones, confirming the correctness
of the derivations. Specifically, the exact calculations
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Fig. 3 Outage probability versus average SNRs with α = 0.3, ρ =
0.95, and different transmit/receive antenna configurations

of Eq. 24 perfectly agree with the numerical results.
Moreover, the analytical approximations by Eq. 23 get
better accuracies when increasing SNR. Therefore, it can be
used for precisely estimating the system outage probability
with a relatively low complexity. With relatively high
channel correlation coefficient ρ = 0.95, it is observed that
increasing number antennas leads to system performance
improvement. Further, although using 0.3 period for energy
harvesting, at high SNR, the system diversity order still
approximates to 2 in scenario [NS ND] = [2 2].

The effects of channel correlation ρ to the system outage
probability is illustrated in Fig. 4. In this case, we use
the antenna configuration of [NS ND] = [2 2] and the
exact analysis of Eq. 24 for reference. The curves show
that increasing ρ, i.e. decreasing feedback delay, results
in an improvement in the outage probability performance.
However, the improvement is only significant for ρ closely
approaching to 1. Hence, the channel correlation, or
equivalently the feedback delay, has strong effect to the
system performance. The regularity of R-to-S feedback
should be frequent enough for the expectation of great
system performance improvement. Otherwise, the use of
multi antennas at D has little meaning.

In Fig. 5, we investigate the effect of CSI imperfection on
the TAS scheme in terms of SEP, considering to the curves
with [NS, ND] = [2, 1]. As also being observed for OP
from previous figure, for 0.8 � ρ � 0.9, there is a little
improvement in SEP, while for ρ approaching to 1, the SEP
performance dramatically get better. In this figure, we also
compare the proposed system to the counterpart without EH
[30]. For equality in comparison, the CSI is assume to be
perfect, ρ = 1. Spending 0.33 period of time for harvesting
energy, but the SNR loss in our system is not significant
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Fig. 4 Outage probability versus average SNR with NS = 2, ND = 2,
α = 0.3 and different correlation coefficients ρ

compared to the counterpart without EH to guarantee the
same SEP (maximally, about 1.7 dB at the SEP = 5.10−6).
This certifies the applicability of our proposal in practice,
considering to the energy saving and simplicity of the relay
node. Moreover, the well match of analytical and numerical
SEP results again confirm the correctness of the derivations.

We inspect the effects of S’s antenna number to the
system SEP in Fig. 6. When increasing NS from 1 to 2, the
system gains large improvement in SEP. While NS = 3,
the SEP gain is actually insignificant. Thus, the increase
in the number of antenna of S does not result in diversity
order gain but provide the diversity gain for the operation
of TAS scheme. Therefore, it is not necessary to deploy
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Fig. 5 Symbol error probability versus average SNR with different
antenna configurations and correlation coefficients ρ
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Fig. 6 Symbol error probability versus average SNR with ρ = 0.9 and
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so many antennas at the source node because the reward
is not adequate. However, for a higher requirement of SEP
performance, the increasing of antenna number at S is also
an option.

Diversity order is verified in Fig. 7, where different
antenna configurations are used for simulating SEP.
Although using α = 0.33 period of time for harvesting
energy, the diversity order of the proposed system is
guaranteed by antenna number at D as can be seen from
these curves.

Figure 8 plots the system ergodic capacities versus SNR.
Analytic results are upper bounded using Jensen inequality
(36). This is a trade-off between complexity and accuracy
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Fig. 7 Symbol error probability versus average SNR with ρ = 1,
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Fig. 8 Exact and approximate ergodic capacities versus average SNR
with ρ = 1 and different number of antennas

for the difficulties in calculating the exact ergodic capacity.
Results in the figure show that this trade-off is acceptable.
Further, we can see that different numbers of antennas,
i.e [NS, ND] = [2, 2] and [NS, ND] = [2, 1], result in
different accuracies, i.e. the larger number of antenna, the
better approximation. This is because number of terms in
summation in Eq. 37 increases by number of antennas. As
seen in Fig. 8 the numerical results are well close to the
analytical (upper bounded) results, hence, it is reasonable
to use Jensen approximation for determining the ergodic
capacity.

In Fig. 9, we investigate the effects of channel correlation
to the system average capacity. It is observed that ρ strongly
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Fig. 9 Ergodic capacity versus average SNR with NS = 2, ND = 2
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Fig. 10 Outage probability of the MIMO-SWIPT relay network versus
α with ρ = 1, NS = 1, ND = 1 and different transmit power levels

affects the system average capacity. Specifically, ρ � 0.8
significantly reduces the system capacity.

Figure 10 demonstrates the impact of the fraction
harvesting energy duration 0 < α < 1 on the OP. Actually,
the optimal α is a complicated function of channel and
system parameters. Smaller α results in smaller energy for
R but larger α also yields smaller transmit power (at S) for
communication. Therefore, as the energy harvesting ratio α

increases from 0 to 1, the system OP reduces to an optimal
value then increases again. The optimal α corresponding to
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Fig. 11 Outage probability versus energy harvesting ratio α with
different channel correlation coefficients ρ

the smallest OP is then determined by this plot. Roughly,
this value is α = 0.33, insensitive to the transmit power PS.

We again investigate the sensitivity of the OP by the
channel correlation ρ in Fig. 11. Obviously, larger ρ gives
better OP. As be seen from these curves, α = 0.33 results in
optimal OP, insensitive to the channel correlations.

5 Conclusions

In this paper, we investigate the performance of MIMO
SWIPT relay network under imperfect CSI. We derive
the exact and approximate closed-form expressions for
outage probability. Using Jensen inequality, we calculate
the upper bound for ergodic capacity. Further, the exact
and approximate SEPs are also figured out. Our results can
be used to quantify the effect of time delay or channel
estimation error on the TAS scheme at the source node
and the relay node using DF scheme. Based on these
results, optimal energy harvesting duration is found out. For
this value, the proposed system acquires almost the same
performance compared to the counterpart without using
energy harvesting.

Appendix A

Aiming at the closed-form formulations for IExact2 and

I
Appro
2 , we start by determining the corresponding con-
stituent integral as follows: Substituting (23)–(29) and car-
rying out some manipulations, we have

I
Appro
2 = a

√
b

2
√

π

NS∑

n=1

ND−1∑

k=0

(
NS

n

)
n(−1)n+1

λ1δ
2

(
φλ1δ

nλ2

) 1−k
2

×
∞∫

0

e−bx

√
x

x
1−k
2

(
φx

λ2

)k

K1−k

(

2

√
nφx

λ1λ2δ

)

dx.

(39)

With the help of [32, 6.643.3], IAppro2 is then obtained as
in Eq. 32.

Similarly, for the case of IExact2 , substituting the exact
CDF in Eqs. 24–29, it hence is recast as

IExact2 = a
√

b

2
√

π

∞∫

0

e−bx

√
x

NS∑

n=1

ND−1∑

k=0

Nt∑

q=0

n(−1)n+1

q!k!
(

φ

Ω2

)k+q

×
(

NS

n

)
PS

k+q−1(−1)q

Ω1δ
xEk+q

(
nx

Ω1δPS

)
dx.

(40)
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With the help of [42, 5.1.45], and using En (z) =
zn−1Γ (1 − n, z), IExact2 can then be recast as

IExact2 = a
√

b

2
√

π

NS∑

n=1

ND−1∑

k=0

Nt∑

q=0

n(−1)n+1(−1)q

q!k!

×
(

NS

n

)
1

Ω1δ

(
φ

Ω2

)k+q(
n

Ω1δ

)k+q−1

×
∞∫

0

e−bxxk+q+ 1
2−1Γ

(
1−k − q,

nx

Ω1δPS

)
dx
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I(x)

.

(41)

For calculating I (x), [32, 6.455.1] is applied, and after
some manipulations, we have

I (x) = αvΓ (μ + v)

μ(α + β)μ+v 2F1

(
1, μ + v; μ + 1; β

α + β

)
.

(42)

Using the [32, 3.361.2], we then obtain the closed-form
formulation of IExact2 .

Appendix B

Starting from statistical expectation formulation E{γe2e} =
∞∫

0

[
1 − Fγe2e(x)

]
dx with the CDF of (23), after some

manipulations, we can rewrite E{γe2e} as

E{γe2e} =
NS∑

n=1

ND−1∑

k=0

(
NS

n

)
1
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dx.

(43)

Let
√

x = u and using [32, 6.561.16], we then have
E{γe2e} expressed as

E {γe2e} =
NS∑

n=1

ND−1∑

k=0

(
NS

n
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2

(
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n
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Γ

(
1+ 1

2

)
. (44)

Substituting (44)–(36), we then have the average capacity
formulation of Eq. 37.

Similarly, the average end-to-end SNR is given by

E {γe2e} =
NS∑

n=1

ND−1∑

k=0

1

k!
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λ1δ

×
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dx. (45)

With the help of [42, 5.1.45], we can rewrite (45) as

E {γe2e} =
NS∑

n=1

ND−1∑

k=0

Nt∑

q=0

(−1)qn(−1)n−1

λ1δk!q!
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Thank to the help of [42, 6.5.37], and after some
modifications, we have

E{γe2e} =
NS∑

n=1

ND−1∑

k=0

(
NS

n

)
n(−1)n−1

λ1δk!
(

n
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×
Nt∑
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(−1)q

q!(k + q + 1)

(
1
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)−k−q−1 (
φ

λ2

)k+q

.

(47)

Replacing (47)–(36), we then obtain the average capacity
as in Eq. 38.
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