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ABSTRACT This paper analyzes the performance of the full-duplex (FD) multiple-input-multiple-output
(MIMO) decode-and-forward (DF) relay system in the presence of self-energy recycling (S-ER). Specif-
ically, this work proposes an antenna allocation scheme for S-ER as well as analytically evaluates the
performance of this proposed scheme in terms of spectral efficiency (SE), energy efficiency (EE), outage
and symbol error rate (SER). Since, the self-interference (SI) is a major bottleneck in achieving the true
potentials of FD communication, this work considers SI as an energy harvesting opportunity to enhance
the EE of the system. The proposed analysis shows that reserving few antennas for S-ER at the FD-MIMO
relay improves the EE, however, it reduces the antenna array gain at the relay for information transmission
and reception. Thus, a slight degradation in the SE, outage and SER is observed. Further, an adaptive S-ER
technique has been proposed which utilizes the antennas corresponding to the least channel gain with respect
to information transmission and reception for S-ER. This adaptive S-ER technique improves the EE and
also compensates for the slight degradation in the SE, outage and SER through adaptive antenna allocation.
Closed-form expressions for the SE, EE, outage and symbol error rate have been derived for these S-ER
techniques. In the end, simulations results are provided to validate the efficacy of the theoretical derivations.

INDEX TERMS Energy efficiency, full-duplex, self-energy recycling, outage, spectral efficiency, self-
interference, symbol error rate, antenna allocation, transmit antenna selection, decode-and-forward relaying,
multiple-input multiple-output.

I. INTRODUCTION
The tremendous growth and ubiquitous access to wireless
services have lead to a manifold increase in the mobile broad-
band data traffic volume over the last couple of decades [1].
This growing data traffic has also heightened the energy
requirement of the wireless networks. As per the estimate
suggested in [2], 1500 terawatt-hours of electricity is con-
sumed by the global information communication technol-
ogy (ICT) ecosystem, which accounts for nearly one-tenth
of the total generated electricity. Compounding the problem
further is the advent of the fifth-generation (5G) standards
that are envisioned to serve an unprecedented large number of
devices comprising of sensors, drones, autonomous vehicles,
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connected machines, massive internet-of-thing (IoT), etc.,
providing ubiquitous coverage along with diversified quality-
of-service (QoS) requirements [3].

Additionally, the deployment of next-generation wireless
networks may also lead to severe environmental and eco-
nomic concerns. Environmental concerns are mainly related
to the harmful impact of the gaseous discharge in the atmo-
sphere due to the consumption of fossil-fuel based energy
sources. Presently, ICT systems are accountable for around
5% of the world’s CO2 emissions [4], and this would increase
rapidly with the number of connected devices. The economic
concerns are also fueled by the escalating costs in operating
the wireless network due to the enormous amount of energy
consumption. Hence, for sustainable capacity growth, one
of the ambitious goals for the 5G systems is to scale down
the energy requirements up to 100 times [3]. The overall
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goal is to shift the paradigm towards a green and sustainable
wireless standard, which supports an increase in the capacity
without adversely impacting the environment and energy
consumption.

Various approaches based on resource allocation, hardware
architectures, and energy preservation has been proposed in
the literature for economizing the energy consumption of a
wireless network [5]–[7]. Recently, energy harvesting (EH)
techniques have also been proposed wherein the commu-
nication system is operated through harvested energy, har-
nessed through ambient power sources such as solar and wind
[8]. Through energy harvesting, a 20% reduction in CO2
discharge has been estimated in a small cell network [9].
Recently, EH through radio frequency (RF) has gained con-
siderable interest and is increasingly being studied in the
context of wireless networks [10]. For instance, the authors
in [11] have conducted a comprehensive study on the feasi-
bility and challenges in the deployment of energy harvesting
based small cell networks. Further, [12] also summarizes
major recent work done in the domain of wireless energy
harvesting. The backup provided through RF-EH has been
shown to prolong the battery life, thus making their operation
sustainable in the long term [12]. Apart from the above,
[13]–[16] comprehensively survey various techniques for
energy-efficient wireless systems.

Relaying techniques have gained considerable attraction
over the past decade for their ability to extend connectiv-
ity and network coverage area along with providing higher
capacity and better energy efficiency. In a dual-hop network,
source and destination are connected through an intermediate
node acting as a relay. In conventional relaying networks, two
orthogonal channels are required for effective communica-
tion. Usually, time-division duplexing or frequency-division
duplexing is utilized to provide out-of-band full-duplex (FD)
operations. However, this results in a significant loss of pre-
cious spectral resources. Utilizing the same time-frequency
resource for concurrent transmission and reception, i.e., in-
band FD transmission, can theoretically double the SE of
the half-duplex (HD) systems [17]. FD relay-based systems
have been widely studied in literature [18]–[22]. In [18],
a FD amplify-and-forward (AF) relay system is optimized
for minimizing symbol error rate (SER) in terms of power
allocation and relay location. Further in [19], authors have
optimized power allocation and relay position for the FD
decode-and-forward (DF) relay system for minimizing the
outage probability. An optimal relay selection scheme for
a multi-relay scenario has been considered in [20], where
the relay selection is optimized for maximizing the signal-
to-interference and noise ratio (SINR) in a two-way FD
relay network. A multi-hop FD relay-based system is ana-
lyzed in [21], where the authors have evaluated the num-
ber of FD relays corresponding to the minimum outage. A
novel two-timeslot two-way FD relaying has been proposed
in [22], where the authors have evaluated the rate and outage
performance of the access and backhaul links served by a
FD relay.

However, in FD systems, the receiver suffers from strong
interference from the transmitter, as it is co-located with the
transmitter within the transceiver. Thus, managing this strong
self-interference (SI) is a significant challenge in achiev-
ing the true potentials of FD systems. Extensive work has
been reported in the literature for suppressing SI [23]–[26].
These techniques consist of passive, active RF and analog
suppression techniques, which are followed by digital can-
cellation schemes. As a first step, passive techniques like
antenna separation, isolation, etc., mitigate a significant part
of SI [23]. Subsequently, passive techniques are generally fol-
lowed by active RF and analog cancellation [24]. The leftover
SI is alleviated through a digital cancellation scheme [25].
Linking multiple-input-multiple-output (MIMO) techniques
along with FD relaying system improves the error perfor-
mance of the system and provides higher capacity through
multi-antenna array gain [27]. Further, multiple antennas
provide additional suppression of SI through beam-forming
techniques [28]. The potential benefits, feasibility and chal-
lenges of massive MIMO based in-band full-duplex cellular
system has been explored in [29]. Due to the presence of
inherent non-idealities in the transmit RF chain, there is some
leftover SI even after the digital cancellation, which is termed
as residual SI (RSI) [30], [31]. The impact of RSI on the
error and diversity performances of a FD AF relay system
has been investigated in [30]. Further, in [31], authors have
proposed an optimal power allocation scheme formaximizing
the capacity of a AF based FD relay system under the impact
of RSI.

A. RELATED WORK
Recently, SI has also been explored for energy harvesting in
the FD systems [32]–[35]. This is referred to as self-energy
recycling (S-ER) [36]. S-ER recycles a part of the trans-
mitted signal energy, which would otherwise be discarded.
S-ER based FD relay systems have been studied in [32]
for efficient energy transfer and relay of information. Joint
transmission in uplink and downlink for a S-ER based FD
system has been investigated in [33] for power allocation
and data transmission. The impact of time split parameter
on the EE of the S-ER based FD downlink system has been
studied in [34]. Further [35] discusses a quality-of-service
aware beam-forming design in S-ER based FD relay system.

Since RF waves are capable of transmitting information as
well as transferring energy, simultaneous wireless informa-
tion and power transfer (SWIPT) protocol, which combines
power transfer and information transmission, have also been
recently investigated. The fundamental trade-off between
energy and information transmission with respect to SWIPT
has been explored in the seminal work of [37]. In [38], authors
have discussed the application of SWIPT in improving the
EE and the trade-offs between the performance and system
complexity. Several works have been reported in the liter-
ature that analyzed the performance of SWIPT based FD
relay system [39]–[41]. Specifically, [39] proposed optimal
and sub-optimal solutions for maximizing throughput in a
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MIMO-FD relay system employing a time-switching proto-
col for energy transfer to the relay. In [40], authors studied
the performance of wireless powered dual-hop AF relaying
systems and the impact of channel state information and
antenna correlations on system performance. A SWIPT based
FD system has been analyzed in [41], where the authors have
evaluated throughput performance considering both the AF
and DF relaying protocol.

As evident from above, there is a considerable amount of
literature available on the impact of S-ER in a FD systems,
however, to the best of our knowledge, the stand-alone impact
of S-ER on a MIMO relay-based FD system has not been
investigated yet. Further, most of the prior work on FD wire-
less energy transfer considers the impact of S-ER assuming a
dedicated wireless power transfer from the source.

B. MOTIVATION AND CONTRIBUTIONS
Inspired by the current research in harnessing S-ER, in this
paper, we investigate the impact of S-ER on the performance
of a FD-MIMO-DF relay system. The proposed analysis
considers a multi-antenna based FD relay system where the
FD relay is facilitating the transfer of information between a
single antenna source and destination. The proposed scenario
suits well for a typical wireless cellular architecture, wherein
the multi-antenna base station (BS) works as a relay facilitat-
ing the exchange of information among the user equipments
(UEs). In general, the UEs are constrained by form-factor and
complexity issues, so the half-duplex mode is preferred for
UEs. Further, it is assumed that BS has enough computational
as well as hardware resources to support FD operations. The
multiple antennas at the FD relay have also been utilized
for S-ER, along with information transmission and recep-
tion. It has been shown that allocating more antennas for
S-ER increases the EE by contributing more towards EH
and reduced circuit power consumption. However, this also
reduces the antenna array gain, which adversely impacts the
SE, outage and SER performance of the system. The impact
of S-ER on the SE, EE, outage and SER in the FD-MIMO-DF
relay-based system are studied in this work.

The major contributions of the proposed work are
four-fold:

• The performance of a FD-MIMO-DF relay system in
the presence of S-ER has been investigated. It has
been shown that the system performance is dictated
by the source-to-FD relay link since the SI impacts
the source-to-FD relay link, whereas the relay-to-
destination link is interference-free. Hence, the antennas
at the transmit-end of the FD relay can easily be utilized
for S-ER, which improves the EE of the system.

• It has been shown that S-ER improves the EE of the
system, but it also slightly degrades the SE, outage and
SER performance. Further, an adaptive S-ER scheme
is proposed which improves the EE along with com-
pensating for the degradation in SE, outage and SER
performance.

• It has also been shown that the EE of the FD-MIMO-DF
relay system depends on the total circuit power, which
in turn depends on the number of active RF chains.
Hence, employing S-ER further enhances the EE of the
system through reducing the circuit power consumption
by lowering the number of active RF chains.

• Closed-form expressions of SE, EE, outage probability
and SER has been derived for the FD-MIMO-DF relay
system for both fixed and the adaptive S-ER schemes.

C. ORGANIZATION AND NOTATIONS
The rest of this article is organized as follows: Section II
provides an overview of the system model and the S-ER
schemes. Closed-form expressions for SE, EE, outage and
SER are derived in Section III. The simulation results are
presented in Section IV, and finally, Section V concludes the
paper.

The main notations of this paper are shown as: Matrices
and vectors are represented by bold upper and lower cases
respectively (e.g., X and x). 0(·) and 0(·, ·) represents the
gamma and the upper incomplete gamma function. E[·], [·]H,
tr[·], Pr[·] represent the expectation operator, Hermitian, trace
operator and probability respectively. Ei(·) is the exponential
integral. Complex Gaussian distribution is represented with
CN (µ, σ 2), whereµ is the mean and σ 2 denotes the variance.

II. SYSTEM MODEL
In this work, we consider a dual-hop communication between
source and destination via relay, this can also be illustrated
as Fig. 1. The source and destination are considered to be
single-antenna and operating in a HD mode, whereas the
relay is multi-antenna with Nt antennas at transmit-end and
Nr antennas at receive-end, and is operating in a FD mode.
Since the performance of the FD relay is impacted by the RSI,
hence the received signal through the source-to-FD relay link
experience interference from the SI. However, the relay-to-
destination link is interference-free, i.e., the transmission of
information from the FD relay node is not impacted by RSI.
To exploit the above scenario, the proposed antenna alloca-
tion (AA) scheme allocates antennas at the FD relay node
for information transmission/reception in an adaptivemanner.
Further, apart from information relaying, the FD relay also

FIGURE 1. Schematic for the FD-MIMO-DF relay system model.
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recycles a part of transmitted power through harvesting the
SI by S-ER, which enhances the EE of the overall FD relay
system.

A. ANTENNA ALLOCATION
The antennas at the FD relay can either be allotted for S-ER
or information relaying at both transmit and receive end
of the relay. The allocation of antennas at the FD relay is
defined by an antenna allocation ratio, ηa, where a ∈ (t, r)
and t, r refers to the transmit and receiving ends of the FD
relay respectively. This can bemathematically represented as:
ηa = NS-ER

a /Na. Hence, the number of antennas for S-ER is
N S−ER
a = ηaNa, and N I

a = (1− ηa)Na antennas are used for
information relaying at both the transmit and receive-end of
the FD relay. This has also been illustrated in Fig. 2.

FIGURE 2. Illustration for the antenna allocation at the FD Relay for S-ER
and information transmission and reception.

B. CHANNEL MODEL
The source-to-FD relay channel as well as FD relay-to-
destination channel is modelled as flat Rayleigh fading chan-
nel denoted by hSR and hRD with dimensions N I

r × 1 and
1 × N I

t respectively. The channel elements of both hSR and
hRD are independent and identically distributed (i.i.d.) with
CN (0, 1). The transmit data symbol xS is transmitted from
the source, whereas the relay transmit N I

t × 1 transmit data
vector which is denoted as xR, which may be thought as the
time delayed and refined version of the data transmitted by the
source. The elements of the transmit data are assumed to be
i.i.d. with zero mean and variance Ps = E

{
xSxHS

}
and Pr =

tr
(
E
{
xRxHR

})
respectively, where Ps and Pr are constrained

by the total transmit power constraint at the source and the FD
relay respectively. Furthermore, the (ηtNt+ηrNr )×N I

t S-ER
channel is modelled as flat Rayleigh fading channel denoted
by HRR with i.i.d. elements, hi,j ∼ CN (0, 1) [42]. Further,
we assume that the direct link between the source and destina-
tion does not exist, or the direct path between the source and

destination is blocked due to obstacles, i.e., hSD = 0. Hence,
the transmission occurs through the relay only [22]. It is also
assumed that full channel state information of source-to-FD
relay channel (hSR), FD relay-to-destination channel (hRD)
and the relay-to-relay channel (HRR) is available at the FD
relay [28].

C. RESIDUAL SI MODEL
In FD systems, SI cancellation (SIC) is usually achieved
in multiple stages. Passive SI suppression techniques like
antenna separation, antenna isolation, etc., are capable of
eliminating SI by 50 dB to 80 dB [43]. Further, analog and
digital domain cancellations can mitigate up to 50 ∼ 60 dB
SI [43].
In literature, residual self-interference (RSI) has beenmod-

eled in two ways.
• Fading Model: RSI is modelled by a statistical fading
model like Rayleigh/Rician fading [21].

• Complex Gaussian Random Model: RSI is modelled as
a Gaussian random variable with its variance depending
on the underlying SIC methods.

Practical measurements have confirmed the Gaussian model
[26], and it has been widely used in literature, thanks to
its generality in modelling the RSI [20], [30], [31].1 In the
present work as well, RSI has been characterized by a com-
plex Gaussian model.

D. S-ER SCHEMES
Two different ways are proposed to implement the S-ER
scheme, namely adaptive and fixed S-ER scheme. This has
also been illustrated in Fig. 3

FIGURE 3. Utilizing antenna for S-ER: (a) Fixed and (b) Adaptive S-ER
scheme.

1) ADAPTIVE S-ER SCHEME
In the adaptive S-ER scheme, the Nt antennas at the transmit
end of the FD relay are arranged in the decreasing order of
channel gain. Then, the N I

t = (1 − ηt )Nt antennas corre-
sponding to the largest channel gains are taken adaptively for

1The SI cancellation usually occurs in multiple stages, and there are
imperfections associated with these schemes as well. As per the central
limit theorem (CLT), the Gaussian assumption stands valid. Even if the
assumptions are not correct, the Gaussian assumption can be considered as
the lower bound of the performance [30].
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information transmission while the remainingN S−ER
t = ηtNt

are utilized for S-ER.

2) FIXED S-ER SCHEME
In case of fixed S-ER scheme, the initial N I

t = (1 − ηt )Nt
antennas out of Nt antennas are used for transmission pur-
pose, while the remaining N S−ER

t = ηtNt are utilized for
S-ER scheme.

Similarly, the Nr antennas at the receive-end of the relay
can be allocated for both the S-ER schemes.

E. RECEIVED SIGNAL MODEL
The N I

r × 1 received signal vector yR at the relay can be
expressed as

yR = hSRxS +HRRxR + wR, (1)

where wR is the additive white Gaussian noise vector of
dimension N I

r × 1 with its element being CN (0, σ 2). The
received signal at the destination, yD, can be expressed as

yD = hRDxR + wD, (2)

where wD ∼ CN (0, σ 2) denotes the additive white Gaussian
noise.

The self-interference component can be estimated at the
FD relay since xR is known to the relay. The estimated
SI can be subtracted from the received signal. However,
the complete cancellation of SI is inevitable due to the various
imperfections associated with the estimation and cancella-
tion. After subtracting the estimated SI from the received
signal yR in (1), the updated received signal can be rewritten
as

yR = hSRxS + dR + wR, (3)

where dR denotes the RSI vector of dimension N I
r × 1 with

its element dR ∼ CN (0, σ 2
rsi) and σ

2
rsi = αPνr . The value of

constants α and ν (0 ≤ ν ≤ 1) depends on the efficacy of the
employed SI cancellation technique [30].

III. PERFORMANCE ANALYSIS
In this section, we derive the analytical expressions for the
SE, outage, symbol error rate (SER) performance and EE for
the adaptive S-ER as well as fixed S-ER schemes. Initially,
the rate equations are formulated for both the source-to-FD
relay and FD relay-to-destination links, which are utilized in
deriving the SE aswell as outage probability. Further, a circuit
power consumption model is also discussed in detail. Based
on the SE, S-ER and the power consumption model, the EE
expressions are derived.

1) SPECTRAL EFFICIENCY
The normalized instantaneous rate Rin for the source-to-FD
relay link can be formulated from (3), and can be expressed
as

RinSR = log2 (1+ ρ1(g)) ,

= log2

(
1+

g1Ps
σ 2
rsi + σ

2

)
, (4)

where ρ1(g) is the SINR at the FD relay, g1 =
∑N I

r
i=1 |hi|

2

denotes the channel gain for the source-to-FD relay link based
on maximal ratio combining and σ 2 denotes the additive
noise variance. The average SE (ASE) of the source-to-FD
relay link can be defined as

ASESR = E
[
RinSR

]
= E

[
log2

(
1+

g1Ps
σ 2
rsi + σ

2

)]
. (5)

The closed-form expression for ASE of the source-to-FD
relay link can be evaluated by solving the expectation over
the distribution of channel gain g1.

ASESR =
∫
∞

0
log2

(
1+

g1Ps
σ 2
rsi + σ

2

)
fG(g1)dg1. (6)

Similarly, the normalized instantaneous rate Rin for the FD
relay-to-destination link can be expressed as

RinRD = log2 (1+ ρ2(g))

= log2

(
1+

g2Pr
σ 2

)
, (7)

where ρ2(g) denotes the signal-to-noise ratio (SNR) at the
destination, g2 =

∑NI
i=1 |hi|

2, is the channel gain for the
FD relay-to-destination link based on maximal ratio trans-
mission. The ASE of the FD relay-to-destination link can be
defined as

ASERD = E
[
RinRD

]
,

= E
[
log2

(
1+

g2 Pr
σ 2

)]
,

=

∫
∞

0
log2

(
1+

g2Pr
σ 2

)
fG(g2)dg2. (8)

Now based on DF protocol, the end-to-end (e2e) ASE of the
source-to-destination link via FD relay can expressed as

ASEe2e = min {ASESR,ASERD} . (9)

2) OUTAGE
The e2e outage from source-to-destination via FD relay Pe2e
can be defined in the terms of PoutSR and PoutRD as

Pe2e = 1−
(
1− PoutSR

) (
1− PoutRD

)
,

= PoutSR + P
out
RD − P

out
SR P

out
RD, (10)

where PoutSR is the outage probability for the source-to-FD
relay link and PoutRD is the outage probability for the FD relay-
to-destination link.

The e2e outage can be evaluated in terms of a rate thresh-
old, Rth, as discussed below. As a first step, we calculate
the outage probability for the source-to-FD relay link, PoutSR ,
which can be formulated as

PoutSR = Pr
[
RinSR < Rth

]
. (11)
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From (4), PoutSR can be given as

PoutSR = Pr

[
log2

(
1+

g1 Ps
σ 2
rsi + σ

2

)
< Rth

]
,

= Pr

[
g1 Ps

σ 2
rsi + σ

2
< 2Rth − 1

]
,

= Pr

[
g1 <

(
2Rth − 1

) (
σ 2
rsi + σ

2
)

Ps

]
,

= Pr [g1 < z1] , (12)

where z1 =
(
2Rth−1

)(
σ 2rsi+σ

2)
Ps

.
Thus, the closed-form expression of the outage probability

for the source-to-FD relay link can be evaluated as

PoutSR =

∫ z1

0
fG(g1)dg1. (13)

Similarly in the second step outage probability for the FD
relay-to-destination link, PoutRD, can be formulated as

PoutRD = Pr
[
RinRD < Rth

]
. (14)

From (7), PoutRD can be evaluated as

PoutRD = Pr
[
log2

(
1+

g2 Pr
σ 2

)
< Rth

]
,

= Pr
[
g2 Pr
σ 2 < 2Rth − 1

]
,

= Pr
[
g2 <

2Rth − 1
Pr/σ 2

]
,

= Pr [g2 < z2] , (15)

where z2 = 2Rth−1
Pr/No

. Thus, the closed-form expression of
the outage probability for the relay-to-destination link can be
evaluated as

PoutRD =

∫ z2

0
fG(g2)dg2. (16)

3) SYMBOL ERROR RATE
In a dual-hop decode-and-forward communication the prob-
ability of symbol error is the complement of probability of
correct reception. The probability of correct reception is the
product of the probability of correct reception in the both the
links of the dual-hop transmission [44]. So the e2e SER from
source-to-destination via FD relay SERe2e can be defined in
the terms of SERSR and SERRD as

SERe2e = 1− (1− SERSR) (1− SERRD) ,

= SERSR + SERRD − SERSRSERRD, (17)

where SERSR is the SER for the source-to-FD relay link and
SERRD is the SER for the relay-to-destination link.
Considering the M-QAM modulation scheme, the SER of

the M-QAM data symbol from source-to-FD relay can be
expressed as [45]

9 (ψ)=1−

{
1−

(
1−

1
√
M

)
erfc

(√
3ρ (ψ)

2 (M − 1)

)}2

, (18)

where erfc(.) is the complimentary error function [46,
eq. (8.250.4)].

Therefore the average source-to-FD relay SER can be eval-
uated as

SERSR = E [9 (g1)] ,

=

∫
∞

0
9 (g1) fG(g1)dg1. (19)

Similarly the SER for the FD relay-to-destination link can be
averaged across the fading channel and can be expressed as

SERRD = E [9 (g2)] ,

=

∫
∞

0
9 (g2) fG(g2)dg2. (20)

4) ENERGY EFFICIENCY
The average EE (AEE) can now be defined in bits/Joule/Hz
as the ratio of ASE over the total power budget

AEE = ASE
Ptot−Pser

, (21)

where Ptot is the total power consumed in transmission and
circuitry at the source, FD relay and the destination, and Pser
is the harvested power through S-ER. The modelling of Ptot
and Pser are described as below.

a: POWER CONSUMPTION MODELLING
The power consumption at the source comprises of the trans-
mission power, Ps, the power consumed by the high power
amplifier (HPA) at the source PSamp, and the other circuit
power PSc (excluding the HPA power consumption).2 The
power consumption of HPA is modelled as PSamp = βPs,
where β = ε

ς
−1 and ε, ς are the peak-to-average ratio (PAR)

and the drain efficiency of HPA, respectively. The value of β
depends on modulation scheme and the associated constella-
tion size.

Therefore, the source power consumption can be written as

PStot = (1+ β)Ps + PSc , (22)

which is a linear function over the transmission power at the
source Ps. Since, the HPA is not present at the destination,
the power consumption at the destination can be expressed as

PDtot = PDc , (23)

where PDc is the circuit power consumption at the destination.
Since the relay is equipped with multiple-antennas, for

the ease of exposition and without any loss of generality,
it is assumed each of the active RF-chain consumes identical
power [47]. So, the power consumption at the relay can be
given as

PRtot = (1+ β)Pr + PRc , (24)

where PRc is the circuit power consumption (excluding the
HPA power consumption) at the FD relay.

2The other circuit power accounts for the power consumed by other blocks
such as mixer, digital-to-analog converter, frequency synthesizer.
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Further, since the relay needs extra power to cancel the RSI,
denoting PSIC as the SIC power required at the relay. Based
on state-of-the-art SIC technologies discussed in literature,
PSIC can be modelled as a linear function over the Pr , so it
can be expressed as below,

PSIC = α(1+ β)Pr + Pc0, (25)

where α is the isolating factor, and Pc0 comprises of all
other constant power consumption in the analog and digital
SI cancellation circuit [48].

Thus, the total circuit power consumption of FD relay
system can be expressed as

PFDc = PSc + P
R
c + P

D
c + PSIC . (26)

Further, expressing Pt = Ps+Pr as the total transmit power,
the total power consumption in the FD relay system, Ptot , can
be written as:

Ptot = (1+ β)Pt + PFDc . (27)

b: SELF-ENERGY RECYCLING
The FD relay node not only collects the transmitted signal
from the source node, but also recycles part of its trans-
mitted power as few of the antennas are being activated
at the same time for the energy harvesting purpose. In the
remaining antennas FD relay employs self-interference can-
cellation (SIC) techniques to eliminate the SI signal [32]. The
harvested energy at relay will be stored in the battery, which
prolongs the battery life at the FD-relay [49]. So, in the S-ER
process, ηNt antennas are allotted for S-ER out ofNt antennas
at the FD relay transmit-end. The amount of power harvested
through S-ER can be expressed as

Pser = κ × E
[
tr
{
HRRQxx(HRR)H

}]
,

= κ(ηtNt + ηrNr )(1− ηt )NtPr , (28)

where Qxx = E
{
xRxHR

}
is the co-variance matrix for relay

transmitted signal xR and κ is the RF-to-DC conversion effi-
ciency [50]. Since the strength of received SI is several order
larger than the strength of the received signal from source, its
contribution can be neglected in the harvested energy.

Now, based on the above formulations of SE, outage, SER
and the EE, the subsequent subsections present the detailed
derivation of the closed-form expressions of these quantities.
Subsection-A comprises the derivations corresponding to the
adaptive S-ER scheme, whereas the fixed S-ER scheme is
discussed in Subsection-B.

A. ADAPTIVE S-ER SCHEME
In the adaptive S-ER scheme, the antennas for information
transmission at the FD relay are allocated adaptively based
on the channel gain. So, the distribution of the channel gain
for transmit antenna selection can be invoked utilizing the
results derived in ordered statistics. From [51], the effective
probability density function (PDF) for the sum of Ls largest

exponentially distributed random variable out of L random
variables can be given as

f6(γ )

=

(
L
Ls

)[
e−γ γ Ls−1

(Ls − 1)!
+

L−Ls∑
τ=1

(−1)Ls+τ−1
(
L − Ls
τ

)

×

(
Ls
τ

)Ls−1
e−γ

{
e
−(τγ )
Ls −

Ls−2∑
m=0

1
m!

(
−τγ

Ls

)m}]
.

(29)

The above PDF, as described in (29), is utilized to evaluate the
performance of adaptive S-ER scheme in terms of SE, outage,
SER and the EE.

1) SPECTRAL EFFICIENCY FOR ADAPTIVE S-ER SCHEME
From (6), the closed-form expression for ASE of the source-
to-FD relay link can be evaluated as

ASESR =
∫
∞

0
log2

(
1+

g1Ps
σ 2
rsi + σ

2

)
fG(g1)dg1, (30)

or equivalently

ASESR =
1
ln 2

∫
∞

0
ln (1+ g1A1) fG(g1)dg1, (31)

where A1 =
Ps

σ 2rsi+σ
2 .

Now by substituting (29), the above expression can be
expanded as

ASESR =
1
ln 2

∫
∞

0
ln (1+ g1A1)

(
Nr
N I
r

)
e−g1

×

 gN
I
r−1

1

(N I
r − 1)!

+

ηNr∑
τ=1

(−1)N
I
r+τ−1

(
N I
r

τ

)N I
r−1

×

(
ηNr
τ

)e−(τg1)NIr −

N I
r−2∑
m=0

1
m!

(
−τg1
N I
r

)m
 dg1.
(32)

After some mathematical manipulations, (32) can be refor-
mulated as

ASESR =
1
ln 2

(
Nr
N I
r

)∫ ∞
0

e−g1 ln (1+ g1A1) g
N I
r−1

1

(N I
r − 1)!

dg1

+

ηNr∑
τ=1

41 (τ )

{∫
∞

0
ln (1+ g1A1) e−g1e

−(τg1)

NIr dg1

−

N I
r−2∑
m=0

42 (m)
∫
∞

0
ln (1+ g1A1) e−g1gm1 dg1


 ,
(33)

where

41 (τ ) = (−1)N
I
r+τ−1

(
N I
r

τ

)N I
r−1 (ηNr

τ

)
(34)
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and

42 (m) =
1
m!

(
−τ

N I
r

)m
, (35)

or equivalently

ASESR =
1
ln 2

(
Nr
N I
r

)[
1

(N I
r − 1)!

I1

+

ηNr∑
τ=1

41 (τ )

I2 −
N I
r−2∑
m=0

42 (m) I3


 , (36)

with

I1 =
∫
∞

0
e−g1 ln (1+ g1 A1) g

N I
r−1

1 dg1, (37)

I2 =
∫
∞

0
ln (1+ g1A1) e

−(τ+NIr )

NIr
g1
dg1 (38)

and

I3 =
∫
∞

0
ln (1+ g1A1) e−g1gm1 dg1. (39)

Using [52, Appendix A] and [46, eq. (4.337.2)], I1, I2 and
I3 can be evaluated as

I1 = (Nr − 1)! exp
(

1
A1

) N I
r−1∑
k=0

Ek+1

(
1
A1

)
, (40)

I2 = −
N I
r

τ + N I
r
exp

(
τ + N I

r

N I
r A1

)
Ei

(
−(τ + N I

r )
N I
r A1

)
(41)

and

I3 = (m)! exp
(

1
A1

) m∑
k=0

Ek+1

(
1
A1

)
, (42)

where the exponential integral E$ (θ) denotes a special
case of complementary incomplete gamma function defined
as [52]

E$ (θ) = θ ($−1)0 (1−$, θ) , (43)

for$ = 0, 1, 2 . . . and Re(θ ) > 0.
Finally by substituting I1, I2, I3, 41 and 42 in (36) and

rearranging the terms, the closed-form expression for ASE of
the source-to-FD relay link can be expressed as

ASESR =
1
ln 2

(
Nr
N I
r

)exp( 1
A1

) N I
r−1∑
k=0

Ek+1

(
1
A1

)

+

Nr−N I
r∑

τ=1

(−1)N
I
r+τ−1

(
Nr − N I

r

τ

)(
N I
r

τ

)N I
r−1

×

{
−N I

r

τ + N I
r
exp

(
τ + N I

r

N I
r A1

)
Ei

(
−
(
τ + N I

r
)

N I
r A1

)

−

N I
r−2∑
m=0

(
−τ

N I
r

)m
exp

(
1
A1

) m∑
k=0

Ek+1

(
1
A1

)
 .
(44)

Now the closed-form expression for ASE of the FD relay-
to-destination link as defined in (8) can be formulated identi-
cally by utilizing (29) as

ASERD =
∫
∞

0
log2

(
1+

g2Pr
σ 2

)
fG(g2)dg2, (45)

or equivalently

ASERD =
1
ln 2

∫
∞

0
ln (1+ g2A2) fG(g2)dg2, (46)

where A2 =
Pr
σ 2
. Now by substituting (29), the above expres-

sion can be expanded as

ASERD =
1
ln 2

∫
∞

0
ln (1+ g2A2)

(
Nt
N I
t

)
e−g2

 g
N I
t −1

2

(N I
t − 1)!

+

ηNt∑
τ=1

(−1)N
I
t +τ−1

(
ηNt
τ

)(
N I
t

τ

)N I
t −1

×

e
−(τg2)

NIt −

N I
t −2∑
m=0

1
m!

(
−τg2
N I
t

)m
 dg2, (47)

which can be solved based on a similar approach that has been
undertaken above while evaluating the expression in (32).
Thus, the closed-form expression for theASE of the FD relay-
to-destination link, ASERD, can be expressed as

ASERD =
1
ln 2

(
Nt
N I
t

)exp( 1
A2

) N I
t −1∑
k=0

Ek+1

(
1
A2

)

+

Nt−N I
t∑

τ=1

(−1)N
I
t +τ−1

(
Nt − N I

t

τ

)(
N I
t

τ

)N I
t −1

×

{
−N I

t

τ + N I
t
exp

(
τ + N I

t

N I
t A2

)
Ei

(
−
(
τ + N I

t
)

N I
t A2

)

−

N I
t −2∑
m=0

(
−τ

N I
t

)m
exp

(
1
A2

) m∑
k=0

Ek+1

(
1
A2

)
 ,
(48)

where A2 =
Pr
σ 2
.

So, the e2e ASE of the source-to-destination link for adap-
tive S-ER scheme, ASEadpe2e can now be expressed as

ASEadpe2e = min {ASESR,ASERD} . (49)

2) ENERGY EFFICIENCY FOR ADAPTIVE S-ER SCHEME
The AEE for adaptive S-ER scheme, AEEadpe2e , as defined
in (21) can now be evaluated by utilizing (27), (28), and (49).
Hence, it can be written as

AEEadpe2e =
ASEadpe2e

(1+β)Pt + PFDc −κ(ηtNt+ηrNr )(1− ηt )NtPR
.

(50)

VOLUME 8, 2020 226255



M. H. Naim Shaikh et al.: Performance Analysis of a Full-Duplex MIMO Decode-and-Forward Relay System

3) OUTAGE FOR ADAPTIVE S-ER SCHEME
The outage probability for the source-to-FD relay link PoutSR as
defined in (13) can be evaluated as

PoutSR =

∫ z1

0
fG(g1)dg1, (51)

which by utilizing (29) can be re-written as

PoutSR =

∫ z1

0

(
Nr
N I
r

) gN
I
r−1

1

(N I
r − 1)!

e−g1 +
ηNr∑
τ=1

(−1)N
I
r+τ−1

×

(
ηNr
τ

)(
N I
r

τ

)N I
r−1

e−g1
{
e
−(τg1)

NIr

−

N I
r−2∑
m=0

1
m!

(
−τg1
N I
r

)m
 dg1. (52)

After some mathematical manipulations (52) can be refor-
mulated as

PoutSR =

(
Nr
N I
r

)[
1

(N I
r − 1)!

∫ z1

0
gN

I
r−1

1 e−g1dg1

+

ηNr∑
τ=1

41 (τ )

{∫ z1

0
e
−(τg1)

NIr e−g1dg1

−

N I
r−2∑
m=0

42

∫ z1

0
(m) gm1 e

−g1dg1


 , (53)

where

41 (τ ) = (−1)N
I
r+τ−1

(
N I
r

τ

)N I
r−1 (ηNr

τ

)
(54)

and

42 (m) =
1
m!

(
−τ

N I
r

)m
, (55)

or equivalently

PoutSR =

(
Nr
N I
r

)[
1

(N I
r − 1)!

J1

+

ηNr∑
τ=1

41 (τ )

J2 −

N I
r−2∑
m=0

42 (m)J3


 , (56)

with

J1 =

∫ z1

0
gN

I
r−1

1 e−g1dg1, (57)

J2 =

∫ z1

0
e
−(τ+1)g1

NIr dg1, (58)

and

J3 =

∫ z1

0
gm1 e
−g1dg1. (59)

Now by using [46, eq. (3.351.1)], J1, J2 and J3 can be
evaluated as:

J1 =

(
N I
r − 1

)
! − exp(−z1)

N I
r−1∑
ω=0

(
N I
r − 1

)
!

ω!
zω1 , (60)

J2 =
1− exp

{
−z1

(
1+ τ

N I
r

)}
(
1+ τ

N I
r

) (61)

and

J3 = (m)! − exp(−z1)
m∑
ω=0

(m)!
ω!

zω1 . (62)

Finally by substituting J1,J2,J3, 41 and 42 in (56) and
rearranging the terms, the closed form expression for the
outage probability for the source-to-FD relay, PoutSR can now
be expressed as

PoutSR =

(
Nr
N I
r

)1− exp(−z1)
N I
r−1∑
ω=0

zω1
ω!
+

ηNr∑
τ=1

(−1)N
I
r+τ−1

×

(
ηNr
τ

)(
N I
r

τ

)N I
r−1

1− exp
{
−z1

(
1+ τ

N I
r

)}
(
1+ τ

N I
r

)
−

N I
r−2∑
m=0

(
−τ

N I
r

)m (
1− exp(−z1)

m∑
ω=0

zω1
ω!

)
 .
(63)

Similarly, the outage probability for the FD relay-to-
destination link PoutRD as defined in (16) can be formulated as

PoutRD =

∫ z2

0
fG(g2)dg2, (64)

which by utilizing (29) can be re-written as

PoutRD =

∫ z2

0

(
Nt
N I
t

)e−g2gN I
t −1

2

(N I
t − 1)!

+

ηNt∑
τ=1

(−1)N
I
t +τ−1

×

(
ηNt
τ

)(
N I
t

τ

)N I
t −1

e−g2
{
e
−(τg2)

NIt

−

N I
t −2∑
m=0

1
m!

(
−τg2
N I
t

)m
 dg2. (65)

Similar to (52), the integral in (65) can be evaluated; thus,
the closed form expression for the outage probability for the
FD relay-to-destination link, PoutRD, can be expressed as

PoutRD =

(
Nt
N I
t

)1− exp(−z2)
N I
t −1∑
ω=0

zω2
ω!

+

ηNt∑
τ=1

(−1)N
I
t +τ−1

(
ηNt
τ

)(
N I
t

τ

)N I
t −1

×


1− exp

{
−z2

(
1+ τ

N I
t

)}
(
1+ τ

N I
t

)
−

N I
t −2∑
m=0

(
−τ

N I
t

)m (
1− exp(−z2)

m∑
ω=0

zω2
ω!

)
 .
(66)
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So the e2e outage probability, i.e., of the source-to-
destination link via relay, for adaptive S-ER scheme Padpe2e can
be evaluated by substituting (63) and (66) in (10). Hence, this
can be expressed as

Padpe2e = PoutSR + P
out
RD − P

out
SR P

out
RD. (67)

4) SYMBOL ERROR RATE FOR ADAPTIVE S-ER SCHEME
Utilizing (18), the SER for the source-to-FD relay link as
defined in (19) can be evaluated as

SERSR =
∫
∞

0

[
1−

{
1−

(
1−

1
√
M

)

× erfc

(√
3ρ(g1)

2 (M − 1)

)}2 fG(g1)dg1. (68)

The analytical expression of SER in (68) is intractable.
However, it can be evaluated by approximating (18) as
[53, eq. (33)]

9(ψ) ≈ 2
(
1−

1
√
M

)
erfc

(√
3ρ(ψ)

2 (M − 1)

)
. (69)

Using (69), the SER can be averaged across the fading chan-
nel and can be rewritten as

SERSR ≈
∫
∞

0
ϒerfc

(√
3ρ(g1)

2 (M − 1)

)
fG(g1)dg1

≈

∫
∞

0
ϒ

{
1− erf

(√
3ρ(g1)

2 (M − 1)

)}
fG(g1)dg1

≈ ϒ

[
1−

∫
∞

0
erf

(√
3ρ(g1)

2 (M − 1)

)
fG(g1)dg1

]
(70)

where ϒ = 2
(
1− 1

√
M

)
, erf(.) = (1− erfc(.)) is the error

function [46, eq. (8.250.1)].
The SER for the source-to-FD relay link SERSR in (70) can

now be evaluated by utilizing (29) as

SERSR

= ϒ

[
1−

(
Nr
N I
r

)∫
∞

0
erf
(√

g1�1

)
e−g1

×

 gN
I
r−1

1

(N I
r − 1)!

+

ηNr∑
τ=1

(−1)N
I
r+τ−1

(
ηNr
τ

)(
N I
r

τ

)N I
r−1

×

e−(τg1)NIr −

N I
r−2∑
m=0

1
m!

(
−τg1
N I
r

)m dg1

 , (71)

where

�1 =
3Ps

2
(
σ 2
rsi + σ

2
)
(M − 1)

. (72)

Substituting �1 = 32
1, g1 = ϕ21 in (71), it can be reformu-

lated as

SERSR

= ϒ

1− 2
(
Nr
N I
r

)∫
∞

0
erf (31ϕ1)

ϕ
2N I

r−1
1 e−ϕ

2
1

(N I
r − 1)!

+

ηNr∑
τ=1

(−1)N
I
r+τ−1

(
ηNr
τ

)(
N I
r

τ

)N I
r−1

(
ϕ1e
−ϕ21

(τ+NIr )

NIr

−

N I
r−2∑
m=0

1
m!

(
−τ

N I
r

)m
ϕ2m+11 e−ϕ

2
1

 dϕ1

 , (73)

or equivalently

SERSR = ϒ
{
1− 2

(
Nr
N I
r

)
K
}
, (74)

where

K

=

∫
∞

0
erf (31ϕ1)

ϕ
2N I

r−1
1 e−ϕ

2
1

(N I
r − 1)!

+

ηNr∑
τ=1

41 (τ )

×

ϕ1e−ϕ21 (τ+NIr )

NIr −

N I
r−2∑
m=0

42 (m) ϕ
2m+1
1 e−ϕ

2
1

 dϕ1,

(75)

with

41 (τ ) = (−1)N
I
r+τ−1

(
N I
r

τ

)N I
r−1 (ηNr

τ

)
(76)

and

42 (m) =
1
m!

(
−τ

N I
r

)m
. (77)

Now by some mathematical manipulations (74) can be
re-written as

I =
1

(N I
r − 1)!

∫
∞

0
erf (31ϕ1) ϕ

2N I
r−1

1 e−ϕ
2
1dϕ1

+

ηNr∑
τ=1

41 (τ )

{∫
∞

0
erf (31ϕ1) ϕ1e

−ϕ21
(τ+NIr )

NIr dϕ1

−

N I
r−2∑
m=0

42 (m)
∫
∞

0
erf (31ϕ1) ϕ

2m+1
1 e−ϕ

2
1dϕ1

 , (78)

or equivalently

I =
1

(N I
r − 1)!

I1 +
ηNr∑
τ=1

41 (τ )

I2 −
N I
r−2∑
m=0

42 (m) I3

 ,
(79)

where

I1 =
∫
∞

0
ϕ
2N I

r−1
1 e−ϕ

2
1 erf (31ϕ1) dϕ1 (80)
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I2 =
∫
∞

0
ϕ1e
−ϕ21

(τ+NIr )

NIr erf (31ϕ1) dϕ1 (81)

and

I3 =
∫
∞

0
ϕ2m+11 e−ϕ

2
1 erf (31ϕ1) dϕ1 (82)

Utilizing [54, eq. (4.3.4), (4.3.8)], I1, I2 and I3 can be
solved as

I1 =
31
√
π
0

(
N I
r +

1
2

)
2F1

(
1
2
,N I

r +
1
2
;
3
2
;−�1

)
(83)

,

I2 =
31

2
N I
r

N I
r + τ

1√
32

1 +
N I
r+τ

N I
r

(84)

and

I3 =
31
√
π
0

(
m+

3
2

)
2F1

(
1
2
,m+

3
2
;
3
2
;−�1

)
. (85)

After substituting the values of I1, I2, I3, 41 and 42
in (79) and rearranging the terms, the closed form expression
for the SER of the source-to-FD relay link can be expressed
as

SERSR = ϒ

1− 2
(
Nr
N I
r

)√
�1

π

0
(
N I
r +

1
2

)
(N I

r − 1)!
21

+

ηNr∑
τ=1

(−1)N
I
r+τ−1

(
ηNr
τ

)(
N I
r

τ

)N I
r−1

×


√
π

4
N I
r

N I
r + τ

1√
�1 +

N I
r+τ

N I
r

−

N I
r−2∑
m=0

1
m!

(
−τ

N I
r

)m
0

(
m+

3
2

)
22


 , (86)

with

21 = 2F1

(
1
2
,N I

r +
1
2
;
3
2
;−�1

)
(87)

and

22 = 2F1

(
1
2
,m+

3
2
;
3
2
;−�1

)
, (88)

where 2F1(.) denotes the hyper-geometric function as defined
in [46, 9.14.1].

Similarly the SER for the FD relay-to-destination link
SERRD as defined in (20) can be formulated in the similar
fashion and can be evaluated by utilizing (29) and (70) as

SERRD

= ϒ

[
1−

(
Nt
N I
t

)∫
∞

0
erf
(√

g2�2

)
e−g2

×

 g
N I
t −1

2

(N I
t − 1)!

+

ηNt∑
τ=1

(−1)N
I
t +τ−1

(
ηNt
τ

)(
N I
t

τ

)N I
t −1

×

e−(τg2)NIt −

N I
t −2∑
m=0

1
m!

(
−τg2
N I
t

)m dg2

 , (89)

where �2 =
3Pr

2(σ 2)(M−1)
.

On substituting �2 = 32
2, g2 = ϕ22 in (89), it can be

reformulated as

SERRD = ϒ
[
1− 2

(
Nt
N I
t

)∫
∞

0
erf (32ϕ2)

×

e−ϕ
2
2ϕ

2N I
t −1

2

(N I
t − 1)!

+

ηNt∑
τ=1

(−1)N
I
t +τ−1

(
ηNt
τ

)

×

(
N I
t

τ

)N I
t −1

(
ϕ2e
−ϕ22

(τ+NIt )

NIt

−

N I
t −2∑
m=0

1
m!

(
−τ

N I
t

)m
ϕ2m+12 e−ϕ

2
2

 dϕ2

 . (90)

Equation (90) is identical to (73) and can be solved through
a similar approach, thus the closed-form expression for the
SER of FD relay-to-destination can be expressed as

SERRD = ϒ

1− 2
(
Nt
N I
t

)√
�2

π

0
(
N I
t +

1
2

)
(N I

t − 1)!
23

+

ηNt∑
τ=1

(−1)N
I
t +τ−1

(
ηNt
τ

)(
N I
t

τ

)N I
t −1

×


√
π

4
N I
t

N I
t + τ

1√
�2 +

N I
t +τ

N I
t

−

N I
t −2∑
m=0

1
m!

(
−τ

N I
t

)m
0

(
m+

3
2

)
24


 , (91)

where 23 = 2F1
(
1
2 ,N

I
t +

1
2 ;

3
2 ;−�2

)
and 24 =

2F1
(
1
2 ,m+

3
2 ;

3
2 ;−�2

)
.

So the e2e SER, i.e., of the source-to-destination link via
FD relay, for adaptive S-ER scheme SERadpe2e can be evaluated
by substituting (86) and (91) in (17). This can be expressed
as

SERadpe2e = SERSR + SERRD − SERSRSERRD. (92)

B. FIXED S-ER SCHEME
In the fixed S-ER scheme, the antennas for information
transmission are selected sequentially. The combined chan-
nel gain g is the sum of N I

r independent Rayleigh fading
channel gains. So, from [55], the distribution of resultant g is
chi-square distribution with 2N I

r degrees of freedom, which
can be expressed as

fG(g) =
1

(N I
r − 1)!

e−ggN
I
r−1. (93)
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1) SPECTRAL EFFICIENCY FOR FIXED S-ER SCHEME
Using (93), the ASE of the source-to-FD relay link as defined
in (6) can be evaluated as

ASESR =
∫
∞

0
log2

(
1+

g1Ps
σ 2
rsi + σ

2

)
e−g1gN

I
r−1

1

(N I
r − 1)!

dg1. (94)

After some mathematical manipulations and using
[52, Appendix A], (94) can be evaluated and the simplified
closed-form expression for ASE of the source-to-FD relay
link for the fixed S-ER scheme can be expressed as below:

ASESR =
1
ln 2

(
Nr
N I
r

)
exp

(
1
A1

) N I
r−1∑
k=0

Ek+1

(
1
A1

)
, (95)

where A1 =
Ps

σ 2rsi+σ
2 .

Similarly, the ASE for FD relay-to-destination link for the
fixed S-ER scheme can be evaluated from (8) utilizing (93),

ASERD =
∫
∞

0
log2

(
1+

g2Pr
σ 2

)
e−g2g

N I
t −1

2

(N I
t − 1)!

dg2,

=
1
ln 2

(
Nt
N I
t

)
exp

(
1
A2

) N I
t −1∑
k=0

Ek+1

(
1
A2

)
, (96)

where A2 =
Pr
σ 2
.

The e2e ASE of the source-to-destination link for fixed
S-ER scheme, ASEfixe2e, can now be expressed as

ASEfixe2e = min {ASESR,ASERD} . (97)

2) ENERGY EFFICIENCY FOR FIXED S-ER SCHEME
The AEE for fixed S-ER scheme as defined in (21) can now
be evaluated utilizing (27), (28) and (97)

AEEfixe2e

=
ASEfixe2e

(1+ β)Pt + PFDc − κ(ηtNt + ηrNr )(1− ηt )NtPR
. (98)

3) OUTAGE FOR FIXED S-ER SCHEME
Now, PoutSR and PoutRD as defined in (13) and (16) respectively,
can be evaluated for the fixed S-ER schemes as below:

Solving (13) by utilizing (93), the outage probabilities PoutSR
can be evaluated as

PoutSR =

∫ z1

0

1
(N I

r − 1)!
e−g1gN

I
r−1

1 dg1,

= 1−
0(N I

r , z1)
0(N I

r )
. (99)

Similarly by utilizing (93) for solving (16), the outage prob-
abilities PoutRD can be evaluated as

PoutRD =

∫ z2

0

1

(N I
t − 1)!

e−g2g
N I
t −1

2 dg2,

= 1−
0(N I

t , z2)

0(N I
t )

. (100)

Further, the e2e outage probability for the source-to-
destination link via relay, Pe2e can be evaluated by substi-
tuting (99) and (100) in (10). After simplification the outage
probability for fixed S-ER scheme, Pfixe2e can be expressed as,

Pfixe2e = PoutSR + P
out
RD − P

out
SR P

out
RD,

= 1−
0(N I

r , z1)
0(N I

r )
0(N I

t , z2)

0(N I
t )

. (101)

From (101), it can be observed that as N I
r or N I

t increases,
the overall outage probability decreases. Since N I

r and N
I
t are

inversely proportional to ηr and ηt respectively, hence that
outage increases along with increasing ηr and ηt .

4) SYMBOL ERROR RATE FOR FIXED S-ER SCHEME
The SER for the source-to-FD relay link SERSR as defined
in (19) can be formulated by utilizing (69) and (93) as

SERSR ≈ ϒ
∫
∞

0
erfc

(√
3ρ(g1)

2 (M − 1)

)
fG(g1)dg1,

= ϒ

∫
∞

0
erfc

(√
�1g1

) e−g1gN I
r−1

1

(N I
r − 1)!

dg1,

= ϒ

1−∫ ∞
0

erf
(√
�1g1

) e−g1gN I
r−1

1

(N I
r − 1)!

dg1

 , (102)

where �1 =
3Ps

2
(
σ 2rsi+σ

2
)
(M−1)

.

Substituting
√
�1 = 31,

√
g1 = χ1 the above expression

can be reformulated as

SERSR = ϒ

1− 2
∫
∞

0

erf (31χ1) e−χ
2
1χ

2N I
r−1

1

(N I
r − 1)!

dχ1

 .
(103)

Using [54, eq. (4.3.8)], the closed expression for SERSR
in (103) can be evaluated as

SERSR = ϒ

1−√�1

π

20
(
N I
r +

1
2

)
(N I

r − 1)!
21

 , (104)

where 21 = 2F1
(
1
2 ,N

I
r +

1
2 ;

3
2 ;−3

2
1

)
.

Similarly the SER for the FD relay-to-destination link
SERRD as defined in (20) can be formulated as

SERRD=ϒ

1−∫ ∞
0

erf
(√
�2g2

) e−g2gN I
t −1

2

(N I
t − 1)!

dg2

 , (105)

where�2 =
3Pr

2(σ 2)(M−1)
. Substituting

√
�2 = 32,

√
g2 = χ2

the above expression can be reformulated as

SERRD=ϒ

1−2 ∫ ∞
0

erf (32χ2) e−χ
2
2χ

2N I
t −1

2

(N I
t −1)!

dχ2

 . (106)
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Using [54, eq. (4.3.8)], the closed expression for SERRD
in (106) can be evaluated as

SERRD = ϒ

1−√�2

π

20
(
N I
t +

1
2

)
(N I

t − 1)!
22

 , (107)

where 22 = 2F1
(
1
2 ,N

I
t +

1
2 ;

3
2 ;−3

2
2

)
.

Substituting (104) and (107) in (17), the e2e SER for fixed
S-ER scheme SERfixe2e i.e., SER of the source-to-destination
link via FD relay can be evaluated. This can be expressed as

SERfixe2e = SERfixSR + SER
fix
RD − SER

fix
SRSER

fix
RD. (108)

IV. SIMULATION RESULTS
In this section, we show the ASE, outage, SER andd the AEE
results for the FD-MIMO-DF relay system in the presence
of proposed S-ER schemes. As discussed before, the channel
assumed is flat Rayleigh fading. Further, the transmit power at
the source and FD-relay is taken as Ps = Pr = PT . Similarly,
the circuit power consumption at the source, destination, SIC
circuit and the relay is assumed to be Pc, i.e., PSc = PRc =
PDc = Pco = Pc. The remaining simulation parameters are
listed in Table 1.

TABLE 1. Simulation parameters.

A. SE AND EE RESULTS
Fig. 4 shows the ASE of the source-to-FD relay link,
FD relay-to-destination and source-to-destination link via the
FD relay. From the result, it can be observed that the ASE
of the e2e source-to-destination link primarily depends on
the source-to-FD relay link. For instance, at PT = 20 dB,
the ASE of source-to-FD relay link is 9 bps/Hz, whereas
for the FD relay-to-destination link ASE is 10 bps/Hz
and the source-to-destination link is also 9 bps. This is due to
the fact that the source-to-FD relay link is impacted by the SI,
and the FD relay-to-destination link is free from interference.
Thus, the antennas at the transmit side of the FD relay can be
employed for S-ER.

Fig. 5 shows the impact of S-ER on ASE and AEE for
ηr = 0, ηt = 0.3 and Pc = 0. The results show that the
adaptive S-ER scheme provides the best AEE compared to
fixed S-ER and without S-ER. Further, ηt = 0.3 implies that
N I
t = 7 antennas are utilized for information transmission,

and the remaining 3 antennas are used for S-ER at the transmit
end of the FD relay, whereas ηr = 0 implies that all the anten-
nas are used for information reception at the receiving end

FIGURE 4. Analytical (solid lines) and simulation (marker points) shows
the SE for the source-to-FD relay, relay-to-destination and
source-to-destination link various distinct transmit power level.

of the FD relay. As discussed earlier, the e2e ASE primarily
depends on the source-to-FD relay link. Thus, nearly the same
ASE can be observed with and without S-ER, as evident from
Fig. 5(a), specifically the ASE for adaptive S-ER is almost
equivalent to the ASE without S-ER. However, there is a
considerable gain in AEE, for instance, as shown in Fig. 5(b),
the AEE at PT = 10 dB is 0.3 bits/Hz/Joule without S-ER,
whereas with S-ER it increases to 0.6 bits/Hz/Joule.

Fig. 6 shows the ASE and AEE for ηr = 0.3, ηt = 0.3,
which implies that S-ER is employed at both transmit and
receive end of relay. As discussed before, this will lead to
a reduction in the antenna array gain of the source-to-FD
relay link, and hence, there would be a slight degradation in
SE, as shown in Fig. 6(a). However, by utilizing the adaptive
S-ER scheme, the loss due to antenna array gain can be com-
pensated, as shown through the results. Fig. 6 also validates
that adaptive S-ER not only provides nearly equal ASE vis-a-
vis full antenna transmission but also contributes to the AEE
compared to the case without S-ER. For instance, in Fig. 6(a),
at PT = 15 dB the ASE without S-ER is 7.8 bps/Hz,
however with a fixed S-ER scheme, the ASE reduces to
7.2 bps/Hz. The degradation in ASE can somewhat be com-
pensated through adaptive S-ER scheme, which results in
ASE of 7.7 bps/Hz, nearly equal to the ASE of without S-ER
case. Similarly, from Fig. 6(b) the AEE at PT = 10 dB for
without S-ER case is 0.3 bit/Hz/Joule, whereas with S-ER
AEE increases significantly to 1 bit/Hz/Joule. The results
confirm that the adaptive S-ER scheme provides the best
performance in terms of AEE, while also providing the ASE
which is nearly equivalent to the case of without S-ER.

B. IMPACT OF CIRCUIT POWER ON EE
Fig. 7 shows the impact of circuit power on the AEE
of a FD-MIMO-DF relay system for η = 0.3.
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FIGURE 5. Analytical (solid lines) and simulation (marker points) results of SE and EE with respect to PT for various S-ER cases at ηr = 0, ηt = 0.3
and Pc = 0.

FIGURE 6. Analytical (solid lines) and simulation (marker points) results of SE and EE with respect to PT for various S-ER cases at ηr = 0.3, ηt = 0.3
and Pc = 0.

Fig. 7(a) and 7(b) shows the AEE of various S-ER schemes
at Pc = 3 dB and Pc = 10 dB respectively. It can be
observed from Fig. 7(b) that at PT = 10 dB, the AEE
without S-ER is 0.10 bits/Hz/Joule, whereas with S-ER it
increases to 0.13 bits/Hz/Joule for fixed S-ER scheme and
0.14 bits/Hz/Joule for adaptive S-ER scheme. This improve-
ment in AEE is also due to the fact that in the case of adaptive
S-ER, there is a reduction in circuit power consumption as
the number of active RF chains are reduced, and the antennas
corresponding to the inactive RF chains are being utilized for
S-ER. It can be observed that initially, AEE increases and then
decreases with PT . This is due to the fact that PT increases

exponentially whereas the SE increases linearly with respect
to the PT , thus when PT is small, AEE increases due to
increase in ASE, whereas for larger values the exponential
increase of PT dominates, and hence AEE decreases again.
This can be also be observed from (21). It is obvious from
Fig. 7 that, forPc = 3 dB themaximumAEE is atPT = 9 dB,
whereas when the circuit power is increased to Pc = 10 dB
the maximum AEE shifts between 12 to 15 dB of PT .

C. TRADE-OFF BETWEEN THE EE AND SE
The trade-off between the EE and the SE in context of the
proposed S-ER scheme is shown in Fig. 8. It can be observed
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FIGURE 7. Analytical (solid lines) and simulation (marker points) results of EE with respect to PT for various S-ER cases at η = 0.3 and different Pc .

FIGURE 8. Analytical (solid lines) and simulation (marker points) shows the trade-off between the SE and the EE with respect to antenna allocation
for both the S-ER schemes at η = 0.3 and different Pc .

from the results that increasing the SE reduces the EE of the
FD-relay system. However, for a fixed SE, the adaptive S-ER
scheme provides the best EE. Specifically, Fig. 8(a) shows
the performance trade-off of the FD relay system between
the EE and SE without considering the impact of circuit
power. As evident from the result, the adaptive S-ER scheme
provides the best EE for a any given SE. Further, it can also
be observed that increasing the SE reduces the EE whereas
the most energy efficient region is the one corresponding to
the least SE.

The impact of circuit power on the trade-off of the EE with
the SE can be seen in Fig. 8(b). It can be observed from the
result that the most energy efficient region is not the one

corresponding to the least SE, however, the maximum EE
is obtained at the SE of around 6 bps/Hz, whereas further
increase in SE leads to the reduction in the EE of the FD-relay
system. Moreover, the adaptive S-ER scheme provides the
best EE for any given SE, which is consistent with the earlier
observations.

D. OUTAGE PERFORMANCE
Fig. 9 shows that the outage performance for both fixed S-ER
and adaptive S-ER schemes. The analytical results are in
good agreement with the simulation results, which validates
the closed-form expressions obtained in the paper. It can be
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FIGURE 9. Analytical (solid lines) and simulation (marker points) shows the outage performance with respect to η and various distinct transmit
power level for both the two S-ER schemes.

observed from Fig. 9(a), that the outage increases with η.
This is due to the fact that increasing η implies that NS−ER
increases and subsequently NI decreases, which lowers the
diversity gain, consequently increasing the outage. Fig. 9(a)
also shows that the outage performance for the adaptive S-ER
scheme outperforms the fixed S-ER scheme. For instance,
at η = 0.5 the outage probability for PT = 15dB is 10−5

for adaptive S-ER scheme, whereas for fixed S-ER scheme it
is 10−2. Further, it can also be observed that for PT = 15 dB,
the outage probability for the case ofwithout S-ER, i.e., η = 0
is 10−6 which is quite closer that can be achieved by adaptive
S-ER scheme. Thus, as evident from the results the adaptive
S-ER scheme compensate for the loss in performance that is
observed in the fixed S-ER scheme. Since in the adaptive
S-ER, adaptive antenna allocation based on channel gain
provides additional diversity gain for the same number of
antennas as compared to fixed antenna allocation, hence,
the adaptive S-ER scheme performs considerably better than
the fixed S-ER scheme.

Fig. 9(b) shows the outage probability with respect to
transmit power. It can be observed from the result that S-ER
increases the outage probability. However, in the adaptive
S-ER scheme, the degradation in outage performance is
somewhat compensated. For instance, at PT = 6 dB for
Rth = 3 bps/Hz the outage probability for without S-ER
case is 3× 10−5 and for the fixed S-ER the outage increases
to 4 × 10−3. However, the adaptive S-ER scheme nearly
compensates for the degradation in the outage. Specifically,
the outage probability for adaptive S-ER for the same param-
eters is 5 × 10−5. Further, it can also be observed that the
outage increases when the rate threshold Rth increases. Thus
as evident from the results, the adaptive S-ER provides nearly
the same outage performance as without S-ER case. Thus,

the adaptive S-ER technique not only enhances the EE but
also maintains the outage performance.

E. SER PERFORMANCE
Fig. 10 shows the SER performance for both fixed S-ER
and adaptive S-ER schemes. The results show that adaptive
S-ER performs far better than the fixed S-ER in terms of
SER. Specifically, Fig. 10(a) shows the SER performance
with respect to the antenna allocation ratio η. It can also be
observed that increasing η increase the error rate which is
quite obvious as increasing η implies that more number of
antennas are harvesting energy and less number of anten-
nas are available for information relaying. Further, it also
shows that the proposed adaptive S-ER utilizes the channel
gain opportunistically. For instance, it can be observed from
Fig. 10(a), that SER at η = 0.3 and PT = 10 dB is
around 10−3 for adaptive S-ER, whereas for fixed S-ER the
corresponding SER is around 10−2. It can also be seen that
for the case of without S-ER, i.e., η = 0 the SER is 10−3,
which can nearly be achieved with adaptive S-ER for smaller
values of η. Thus, in the adaptive S-ER, the EE is increased
while maintaining the required SER and outage performance.

Fig. 10(b) shows the SER performance of adaptive S-ER,
fixed S-ER and without S-ER schemes with respect to trans-
mit power for M = 16 and M = 64. It can easily be
observed from the result that the proposed adaptive S-ER
scheme has nearly the same SER performance as that of
without S-ER case. Further, it also shows that increasing the
modulation level increases SER. Hence, it can be concluded
from Fig. (9) and Fig. (10), that the proposed adaptive S-ER
scheme enhances the energy efficiency while maintaining the
desired quality-of-service (QoS) requirement, as shown in
terms of outage and SER performance, respectively.
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FIGURE 10. Analytical (solid lines) and simulation (marker points) results of SER with respect to antenna allocation ratio η and various S-ER cases at
different transmit power level.

V. CONCLUSION
In this work, the impact of S-ER on the SE, outage, SER and
the EE of a FD-MIMO-DF relaying system is investigated.
Two S-ER schemes, namely fixed S-ER scheme and adaptive
S-ER scheme, are proposed and analyzed. The closed-form
expressions for outage performance, SER, ASE and EE are
also derived for the proposed S-ER schemes. It has been
shown that as the number of antennas for S-ER at the FD
relay increases, there is a corresponding gain in the EE due
to recycling a part of transmitted signal power. However, this
results in a reduction in array gain and leads to a slight degra-
dation in the ASE, SER and outage performance. Further,
we have shown that via the proposed adaptive S-ER scheme,
the degradation in ASE, SER and outage can be compensated
while increasing the EE. The results also confirm that the
adaptive S-ER scheme enhances the EE while maintaining
the ASE, SER and the outage. Along with the analytical
expressions, simulation results were also presented to verify
the efficacy of the proposed analytical framework.
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