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ABSTRACT Multiple input multiple output (MIMO) based orthogonal frequency division multi-
plexing (OFDM) has widely been used in a wireless communications system for its robustness to
frequency-selective channels and better spectral efficiency. The introduction of full-duplex (FD) and device-
to-device (D2D) communications, which are potential candidates of fifth-generation (5G) and beyond,
further improve the spectral efficiency of MIMO-OFDM based systems. This paper proposes a novel
MIMO-OFDM based FD Cooperative-D2D (C-D2D) communications system wherein a cellular user (CU)
acts as an FD relay to facilitate seamless communications between D2D transmitter and receiver. The
complete analytical framework is presented to analyze the end-to-end performance of the proposed system.
Specifically, the closed-form expression for symbol error rate (SER) of the proposed system is derived in
the presence of multipath Rayleigh fading channel and residual self-interference (RSI) due to the FD mode.
Further, the performance of the system is analyzed in the presence of a nonlinear high power amplifier (HPA)
which introduces the nonlinear distortion. Finally, simulation results are presented to verify the derived
expressions. The results show that there is higher SER in the presence of nonlinear HPA due to nonlinear
distortion, which can be reduced by increasing input back off (IBO). The presence of RSI also increases
the SER at CU, which is further reduced by employing self-interference cancellation (SIC) techniques.
A complete end-to-end analytical framework is designed to compare the performance of the proposed system
with the conventional system with linear HPA and no RSI.

INDEX TERMS Cooperative device-to-device communication, full-duplex, high power amplifier, nonlinear
distortion, residual self-interference.

I. INTRODUCTION
With the rapid proliferation of the internet of everything (IoE)
systems [1], [2] connecting billions of machines and millions
of mobile devices, the need for ultra-high data rates have
increased by leaps and bounds. The fifth-generation (5G) and
beyond cellular networks are expected to provide ultra-high
data rate, and large user capacity to fulfill the requirements
of IoE applications with low latency and enhanced reliabil-
ity [3]–[5]. Some of the promising technologies of 5G and
beyond cellular networks, such as device-to-device (D2D)
communications, full-duplex (FD) radios, provide higher
capacity, lower latency, and better spectral efficiency (SE) as
compared to the existing cellular networks.

The associate editor coordinating the review of this manuscript and

approving it for publication was Luyu Zhao .

D2D communication is one of the promising technologies
for 5G and beyond cellular networks due to its capabil-
ity to allow data transmission among two or more cellular
users (CUs) in proximity without or a limited involvement
of a base station (BS) [6]. However, BS still monitors the
signaling and control information [7]. D2D communication
improves both SE and energy efficiency (EE) of the 5G and
beyond cellular networks [8]. D2D users coexist with other
CUs by adopting one of the three possible frameworks: under-
lay, overlay, or cooperative-D2D (C-D2D). In [9], authors
have shown that the C-D2D framework dominates in terms of
quality-of-service (QoS) for both CUs andD2D users as com-
pared to the underlay and overlay frameworks. In the C-D2D
framework, a relay is utilized for cellular or D2D transmission
for achieving the desired QoS between the source and desti-
nation. Regardless of lesser signal processing capability than
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a BS, user equipment, such as a CU, can be used as a relay
instead of a BS for a C-D2D system [10]. Usage of CU as a
relay provides an additional advantage in reducing the infras-
tructural cost incurred and power consumption, compared to
the case when a BS would be used as a relay [11].

FD radios can simultaneously transmit and receive (STAR)
signals over the same time-frequency resource block and
hence can achieve double SE as compared to half-
duplex (HD) radios [12]. However, STAR deteriorates the
performance of the FD system due to the occurrence of self-
interference (SI). Authors in [13]–[16] have shown that by
utilizing active and passive SI cancellation (SIC) schemes,
the impact of SI can be reduced significantly. However,
in practical FD systems, SI cannot be mitigated completely,
and there is always some residual SI (RSI) present in the
system [17]. The SE of a communication system can be fur-
ther enhanced, when FD mode is integrated with the C-D2D
framework [12], [18].

The FD based C-D2D system can be further extended to
include orthogonal frequency divisionmultiplexing (OFDM),
which can provide robustness to the system towardsmultipath
and frequency selective channel. In [19], the authors have
utilized the prospective advantages of OFDM in FD C-D2D
systems to improve the outage performance. Further, MIMO
is another core technology that helps to achieve better SE
and EE when integrated with OFDM [20]. The integration of
MIMO-OFDM with FD C-D2D communication system can
enhance the SE with improved reliability of the transmission.
Since OFDM suffers from a high peak to average power
ratio (PAPR), the usage of HPA limits the performance of
the OFDM based system by introducing the nonlinear dis-
tortion [21]. However, increasing the input back-off (IBO)
is a prominent scheme that can be used for mitigating the
non-linearity effect introduced by the HPAs [22].

A. RELATED WORKS
In [23], authors have proposed an FD C-D2D system wherein
a CU acts as an FD decode-and-forward (DF) relay for D2D
transmission. Further, two optimal power allocations schemes
are investigated to maximize the minimum achievable rate
and minimize the joint outage probability. Similarly, in [24],
the authors have proposed an FD relay-assisted D2D commu-
nications system with orthogonal frequency division multiple
access (OFDMA), wherein two relay selection schemes: bulk
selection and per subcarrier selection, are compared. The
closed-form expressions of outage probabilities have been
derived and verified numerically. However, the work in [23],
[24] is limited to single carrier transmissions with amaximum
of two antennas at CU, and the performance gain due to
MIMO-OFDM has not been explored.

In [25], [26], the authors have proposed an OFDMA based
FD C-D2D based system, wherein a D2D transmitter (DT)
acts as a DF relay for cellular uplink/downlink communica-
tions. The authors have derived the analytical expressions of
D2D and cellular outage probabilities to analyze the perfor-
mance of C-D2D systems. Similarly, in [27], the authors have

obtained the average achievable rate of D2D transmission and
the outage probability of a CU for a C-D2D system. Further,
the authors have also obtained optimal power and spectrum
allocation to maximize the total average achievable rate.
However, the analysis in [24]–[27] are based on a single input
single output (SISO) system, and the performance gain due
to multi-antenna techniques has not been explored. In [28],
authors have proposed a D2D MIMO communications sys-
tem, wherein a D2D user acts as an amplify-and-forward
(AF) relay for the cellular downlink transmission. Further, the
best antenna selection scheme has been adopted to maximize
the received power at the destination node. Additionally, the
analytical expression of ergodic capacity has been derived
and verified through the simulations. However, the analysis is
limited to HD relaying and single-carrier transmissions. The
prospective advantages of FD relaying with OFDM are not
explored.

In [29], authors have proposed a frequency division
duplexing (FDD) based massive MIMO system with D2D
enabled user cooperation to maximize the utility function.
Further, two D2D-enabled user cooperation schemes are
proposed, which include receive-signal-information and the
data-symbol-information exchanging. However, the proposed
system model has not included multicarrier transmission.
Furthermore, the works mentioned above do not consider the
nonlinear distortion due to the presence of HPAs.

In [30], [31], the authors have highlighted the impact
of a nonlinear HPA on a multi-user (MU) MIMO-OFDM
system. Further, in [31], the authors have derived the sig-
nal to distortion noise ratio (SDNR) for each user in each
subcarrier for a general power allocation and linear precod-
ing scheme at the BS. In [32], the authors have done an
end-to-end analysis of the impact of a nonlinear transmit-
ter on a carrier aggregated (CA) MU-MIMO-OFDM sys-
tem. However, the analysis in [30]–[32] is limited to the
HD system, and the benefits of FD mode are not explored.
In addition, the MU-MIMO-OFDM has not been tested for a
D2D environment.

A MIMO system with FD relay (FDR) is proposed in [33].
The performance of the system is analyzed in terms of
SER in the presence of the channel estimation error (CEE),
transceiver hardware impairment (THI), and RSI. However,
the system model has not considered MIMO-OFDM and
impairments due to non-linear HPA. In [34], [35], the authors
have studied the impact of nonlinear devices on OFDMA
signals and analytically evaluated the effects of nonlin-
ear distortion. Similarly, [36], [37] describes the nonlinear
MIMO-OFDM systems wherein the spectral characteristics
of the nonlinear distortion term have been discussed. How-
ever, the analysis presented in [34]–[37] is limited to the
impact of nonlinear distortions in MIMO-OFDM system.
The effect of nonlinear distortions has not been explored
for the FD C-D2D communications system. To the best of
the authors’ knowledge, the performance of an FD system
in the presence of a non-linear HPA has not been studied
yet. Further, the performance of the MIMO-OFDM based
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FDC-D2D system in the presence of non-linear HPA has also
not been explored yet.

B. CONTRIBUTIONS
Motivated by the existing literature, in this paper, we have
proposed a MIMO-OFDM based FD C-D2D communica-
tions system, where a CU assists D2D transmission. Our
major contributions are summarized as follows:

• A complete end-to-end analytical methodology is pro-
posed to obtain the received SDNR and symbol error
rate (SER) of the proposed MIMO-OFDM based
FD C-D2D communications system.

• The performance of the proposed MIMO-OFDM based
FD C-D2D communications system with non-linear
HPA and RSI is compared with the conventional
MIMO-OFDM based FD C-D2D communications sys-
tem with linear HPA and no RSI.

• The closed-form expressions of SER for both the D2D
transmissions, i.e., betweenDT andCU and between CU
and D2D receiver (DR) have been derived.

• Impact of the RSI parameters on SER of linear
MIMO-OFDM based FD C-D2D system is investigated.
It is shown that the SER degrades with the increase in the
RSI parameters.

The rest of the paper is organized as follows. Section II
shows the proposed MIMO-OFDM FD C-D2D system
model. Section III shows the mathematical analysis of a
linear MIMO-OFDM FD C-D2D system, and Section IV
illustrates the detailed mathematical analysis of non-linear
MIMO-OFDM FD C-D2D. Section V shows the simulation
results, and in the end, this paper has been concluded in
Section VI.
Notations:

• Matrices have been denoted by upper case bold-face
non-italic letters.

• Vectors have been denoted by lower case bold-face non-
italic letters with an overline.

• Scalars have been denoted by lower case non-bold italic
letters.

II. SYSTEM MODEL
As shown in Fig. 1, we have considered a cell having a BS,
a D2D pair, and a CU. Further, we consider that there is no
direct link available between DT and DR due to heavy shad-
owing or the presence of physical hindrances [23]. CU work-
ing in FD mode acts as a DF relay for the D2D transmission.
We consider DT consists of TS transmit antennas, DR has
TD receive antennas, and CU has TR transmit and receive
antennas.HSC andHCD are Rayleigh fadingMIMO channels
between DT-CU and CU-DR, respectively. All the symbols
and variables used in this paper are listed in Table 1.

The OFDM modulator block on a transmitter side has a
serial to parallel converter block, followed by an M-QAM
modulator, an inverse discrete Fourier transform (IDFT)
block, cyclic prefix (CP) insertion, and parallel to serial

TABLE 1. Description of variables and operations.

FIGURE 1. System model.

conversion. The output of the OFDM modulator is sent as
input to the HPA.

The OFDM modulator block and the HPA block at the
transmitter side of DT have been shown in Fig. 2. As shown
in Fig. 2 and Fig. 3, the receiver side at CU and DR consists
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FIGURE 2. Non-linear MIMO-OFDM model from DT to CU.

FIGURE 3. Non-linear MIMO-OFDM Model from CU to DR.

of the serial to parallel conversion, followed by CP removal,
discrete Fourier transform (DFT), M-QAM demodulator, and
parallel to serial converter. Further, as shown in Fig. 3, the
receiver side of CU has an additional SIC block for canceling
the SI received from the transmitter side of CU. The RSI and
the AWGN at the receiver at CU are added to the received
signal. The signal from DT is demodulated and decoded at
the receiver end of CU before forwarding it to the transmitter
side of the CU for relaying the data toDR. TheOFDMsymbol
generation on the transmitter side at DT is represented as:

bt [n] =

{
1
N

∑N−1
k=0 at (k)

√
Pse

j2πkn
N −NCP ≤ n ≤ N − 1

0; otherwise.
(1)

Here, bt [n] is the OFDM symbol input to HPA on the t th

transmit antennas at DT and at (k) is a set of independent
and identically distributed (i.i.d) complex data symbols with
zero mean and variance Ps on the t th transmit antenna. Using
central limit theorem [38], for large N , bt [n] can be consid-
ered to be a random variable following a complex Gaussian
distribution with zero mean and variance, Pav =

Ps
N .

The multipath Rayleigh fading channel between node A
and B, where, A ∈ {S,C} and B ∈ {C,D},1 can be modeled
as:

HAB[n] =
�f∑
ω=1

Hfωδ[n− ω], (2)

where, f = {1, 2} for the transmission between DT and CU
and for transmission between CU and DR respectively, �f
is the number of delay taps, and Hfω contains the MIMO
channel coefficients for the ωth multipath between A and B,
which can be written as:

Hfω =


hAB1,1,ω hAB1,2,ω . . hAB1,K ,ω
hAB2,1,ω hAB2,2,ω . . hAB2,K ,ω
. . . . .

. . . . .

. . . . .

hABJ ,1,ω hABJ ,2,ω . . hABJ ,K ,ω


J×K

, (3)

where, J ∈ {TR,TD} denoting the number of receive anten-
nas, K ∈ {TS ,TR} denoting the number of transmit antennas

1For the simplification of notations, we have represented CU, DT, and DR
as C, S, and D respectively.
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and hABr,t,ω is the channel impulse response between the t th

transmit antenna at DT and the r th receive antenna at CU for
the ωth delay tap, which are i.i.d and follow CN (0, 1). The
channel coefficients vary as the distance between A and B
changes.

In our proposedmodel, the nonlinear distortion and RSI are
modeled as a Gaussian random variable. In [39], [40], it has
been mathematically shown that the nonlinear distortion can
be expressed in terms of Gaussian random variable. Further,
as we are considering FD relay instead of HD, there will
be an additional SI term at the FD node CU. Most of the
current research in FD systems considers that after active
and passive cancellation of SI, the RSI can be modeled as
a Gaussian random variable according to the central limit
theorem [41]–[43]. Hence, motivated by the above, we have
modeled the nonlinear distortion due to HPA and the
RSI term as a Gaussian random variable in our proposed
MIMO-OFDM based FD C-D2D system. Each element in
RSI at CU follows CN (0, βPλc ), where Pc is the transmit
power of the message sent by CU to DR, β ∈ [0,∞) and
λ ∈ (0, 1). β and λ are parameters which determine the
performance of the SIC [23].

III. SDNR CALCULATIONS WITH LINEAR HPAs
This section consists of the SDNR calculations between the
links DT-CU and CU-DR for our proposed MIMO-OFDM
based FD C-D2D communications system.

A. BETWEEN DT AND CU
We have considered multipath Rayleigh fading channel HSC
between DT and CU. Linear HPAs are assumed to be present
at each transmit antenna with unit power. DT transmits a
signal to CU, which utilizes DF protocol before forwarding it
to DR. The received signal vector qc[n] at CU is given by,

qc[n] = H1ω [n]b[n− ω]+ vc[n]+ wc[n]. (4)

Here, qc[n] is a TR×1 vector of receive signals, b[n] is the
TS × 1 vector of transmitted signals from HPA at DT, vc[n]
is a TR × 1 vector for RSI at CU, and wc[n] is a TR × 1 for
AWGN at CU where each element follows CN (0,No).
The complex data symbol received at the r th receive

antenna is written as

qcr [n] =
TS−1∑
t=0

�1−1∑
ω=0

hSCr,t,ωb[n− ω]+ vcr [n]+ wcr [n]. (5)

After the removal of the CP and applying DFT,

qcr (k) =
N−1∑
n=0

qcr [n]e
−j2πkn
N ,

=

N−1∑
n=0

TS−1∑
t=0

�1−1∑
ω=0

hSCr,t,ωb[n− ω]e
−j2πkn
N

+ vcr (k)+ wcr (k). (6)

Using circular shift property of DFT,

qcr (k) =
TS−1∑
t=0

�1−1∑
ω=0

hSCr,t,ω

N−1∑
n=0

b[n]e
−2πk(n+ω)

N

+ vcr (k)+ wcr (k),

=

TS−1∑
t=0

ĥSCr,t,kηSC (k)+ vcr (k)+ wcr (k), (7)

where, ĥSCr,t,k is the effective channel coefficient between t
th

transmit antenna of DT and r th receive antenna of CU of the
k th subcarrier, and given by

ĥSCr,t,k =
�1−1∑
ω=0

hSCr,t,ωe
−2πkω
N . (8)

Further, ηSC (k) is the effective complex data symbol and is
given by,

ηSC (k) =
N−1∑
n=0

b[n]e
−j2πkn
N . (9)

Hence, from (9)

ηSC (k) = a(k). (10)

Thus,

qcr (k) =
TS−1∑
t=0

ĥSCr,t,ka(k)+ vcr (k)+ wcr (k). (11)

Using zero forcing equalization, the complex data symbol
at k th subcarrier can be estimated as:

â(k) = a(k)+ [(ĤSC(k))†(vc(k)+ wc(k))]t , (12)

where, â(k) is the decoded symbol at CU at k th subcarrier
and [(ĤSC(k))†(vc(k) + wc(k))]t denotes the t th element of
the vector, [(ĤSC(k))†(vc(k)+ wc(k))].
SDNR for k th subcarrier at CU is given by,

ρtSC (k) =
Ps

[((HSC)HHSC)−1]t (No + βPλc )
,

=
Ps

No + βPλc
ψSC , (13)

where, ψSC is a random variable following Chi-squared dis-
tribution with 2(TR − TS + 1) degrees of freedom and given
as,

ψSC =
1

[((HSC)HHSC)−1]t
. (14)

If the FD system is ideal without any RSI, then the SDNR
becomes,

ρSC (k) =
Ps
No
ψSC . (15)
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B. BETWEEN CU AND DR
1) TRANSMIT SIGNAL AT CU
After decoding â(k), CU forms a broadcasting signal as

xc[n] = â[n− n0], (16)

â[n] is the decoded message vector received from DT and
no is the processing delay at CU. xc[n] is transmitted with
power Pc.

2) RECEIVED SIGNAL CHARACTERISATION
The received signal vector qD[n] at DR, can be written as

qD[n] = H2δxc[n]+ wD[n]. (17)

Here, wD[n] is a TD × 1 vector of AWGN at DR, where
each element follows CN (0,No).

The complex data symbol received at the r th receive
antenna at DR can be written as:

qDr [n] =
TR−1∑
t=0

�2−1∑
ω=0

hCDr,t,ωxc[n− ω]+ wDr [n]. (18)

After the removal of the CP and applying DFT,

qDr (k) =
N−1∑
n=0

qDr [n]e
−j2πkn
N ,

=

N−1∑
n=0

TR−1∑
t=0

�2−1∑
ω=0

hCDr,t,ωxc[n− ω]. (19)

On further solving,

qDr (k) =
N−1∑
n=0

TR−1∑
t=0

�2−1∑
ω=0

hCDr,t,ωxc[n− ω]e
−j2πkn
N + wDr (k).

(20)

Using circular shift property of DFT,

qDr (k) =
TR−1∑
t=0

�2−1∑
ω=0

hCDr,t,ω

N−1∑
n=0

xc[n]e
−2πk(n+ω)

N + wDr (k),

=

TR−1∑
t=0

ĥCDr,t,kηCD(k)+ wDr (k), (21)

where, ĥCDr,t,k is the effective channel coefficient between t
th

transmit antenna of CU and r th receive antenna of DR of k th

subcarrier. ηCD(k) is the effective complex data symbol and
is given by,

ηCD(k) =
N−1∑
n=0

xc[n]e
−j2πkn
N , (22)

If the processing delay is negligible, then ηCDt (k) can also be
written as,

ηCD(k) = â(k). (23)

Thus,

qDr (k) =
TD−1∑
t=0

ĥCDr,t,k â(k)+ wDr (k). (24)

Using zero forcing equalization, the t th complex data sym-
bol at k th subcarrier can be estimated as:

ã(k) = â(k)+ [(ĤCD(k))†wD(k)]t , (25)

where, ã(k) is the decoded symbol at DR and
[(ĤCD(k))†wD(k)]t denotes the t th element of the vector,
[(ĤCD(k))†wD(k)].
SDNR between CU and DR is:

ρtCD (k) =
Pc

[((HCD)HHCD)−1]tNo
,

=
Pc
No
ψCD. (26)

where, ψCD is a random variable following Chi-squared dis-
tribution with 2(TD − TR + 1) degrees of freedom and given
as,

ψCD =
1

[((HCD)HHCD)−1]T
. (27)

SER for transmission between a node A and node B as
approximated in [22] is given as:

ftAB (k)(ψk ) ≈ 4
(
1−

1
√
M

)
Q

(√
3ρtAB (k)
(M − 1)

)
. (28)

IV. SDNR CALCULATIONS WITH NON-LINEAR HPAs
This section analyzes the non-linearity effects introduced
in the MIMO-OFDM based FD C-D2D system with a
non-linear HPA.

A. BETWEEN DT AND CU
In this section, we evaluate the performance of a C-D2D FD
non-linear MIMO-OFDM system in the presence of multi-
path Rayleigh fading channel HSC. The non-linearity intro-
duced by HPA at the t th transmit antenna to the OFDM mod-
ulated signal bt [n], is represented by a non-linear polynomial
xt [n] as shown in [22],

xt [n] =
C1∑
c1=1

αt2c1−1bt [n]|bt [n]|
2(c1−1). (29)

C1 is the non-linearity order and the coefficient of
non-linearity for HPA for (2c1−1)th order of non-linearity in
the t th transmit antenna is given by αt2c1−1.

The received signal vector qc[n] at CU is given by,

qc[n] = H1ω [n]x[n− ω]+ vc[n]+ wc[n]. (30)

The complex data symbol received at the r th receive
antenna can be written as

qcr [n]=
TS−1∑
t=0

�1−1∑
ω=0

C1∑
c=1

hSCr,t,ωα
t
2c1−1b[n− ω]|b[n− ω]|

2(c−1)

+vcr [n]+ wcr [n]. (31)
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After the removal of the CP and applying DFT,

qcr (k)

=

N−1∑
n=0

qcr [n]e
−j2πkn
N ,

=

N−1∑
n=0

TS−1∑
t=0

�1−1∑
ω=0

C1∑
c=1

hSCr,t,ωα
t
2c1−1bt [n−ω]|bt [n− ω]|

2(c−1)

× e
−j2πkn
N + vcr (k)+ wcr (k). (32)

Using circular shift property of DFT,

qcr (k) =
TS−1∑
t=0

�1−1∑
ω=0

hSCr,t,ω

N−1∑
n=0

C1∑
c=1

αt2c−1bt [n]|bt [n]|
2(c−1)

× e
−2πk(n+ω)

N + vcr (k)+ wcr (k), (33)

=

TS−1∑
t=0

ĥSCr,t,k ζSC (k)+ vcr (k)+ wcr (k). (34)

where,

ĥSCr,t,k =
�1−1∑
ω=0

hSCr,t,ωe
−2πkω
N . (35)

ζSC (k) is the effective nonlinear complex data symbol and
is given by,

ζSC(k) =

N−1∑
n=0

αt2c1−1b[n]|b[n]|
2(c1−1)e

−j2πkn
N , (36)

which can also be written as,

ζSCt (k) = µSC tat (k)+ γSC t , (37)

where, µSC t is the multiplicative factor due to the gain pro-
vided by theHPA at DT, and γSC t is the additive residual noise
due to the non-linearity of HPA at DT. Considering µSC t as
an unknown parameter, we express it as:

E[ζSCt (k)at
∗(k)] = µSC tPs (38)

Substituting ζSCt from (36), we get:

E[ζSCt (k)at
∗(k)] = E

[
N−1∑
n=0

αt2c1−1bt [n]|bt [n]|
2c1−1

×e
−j2πkn
N at∗(k)

]
. (39)

Substituting bt [n]e
−j2πkn
N from (1), we get:

E[ζSCt (k)at
∗(k)]

= E

[
1
N

N−1∑
n=0

αt2c1−1|bt [n]|
2c1−1at (k)× at∗(k)

]√
Ps

=
(Ps)

3
2

N
E

[
1
N

N−1∑
n=0

αt2c1−1|bt [n]|
2c1−1

]
. (40)

From (38) and (40), we get µSC t as:

µSC t =

√
Ps
N

E

[
1
N

N−1∑
n=0

αt2c1−1|bt [n]|
2c1−1

]
. (41)

From (37) and (41), we obtain the expression of γSC t as:

γSC t =

(
N−1∑
n=0

αt2c1−1|bt [n]|
2c1−1

−E

[
N−1∑
n=0

αt2c1−1|bt [n]|
2c1−1

])
× bt [n]e

−j2πkn
N . (42)

Thus,

qcr (k) =
TS−1∑
t=0

ĥSCr,t,k (µSC tat (k)+ γt )+ vcr (k)+ wcr (k).

(43)

Using zero forcing equalization, the t th complex data sym-
bol at k th subcarrier can be estimated as:

ât (k) = µSC tat (k)+ γt + [(ĤSC(k))+(vc(k)+ wc(k))]t .

(44)

SDNR for k th subcarrier at CU is given by,

ρtSC (k) =
Ps|µSC t |

2

σ 2
γt
+ [((HSC)HHSC)−1]t (No + βPλc )

,

=

Ps
No+βPλc
σ 2γt

No+βPλc
+

1
ψSC

|µt |
2. (45)

B. BETWEEN CU AND DR
1) TRANSMIT SIGNAL AT CU
After decoding â(k), CU forms a broadcasting signal with
power Pc = 0.8Ps as

xc[n] = â[n− n0], (46)

where, no is the processing delay and â[n] is the decoded
message vector received from DT.

2) NON-LINEAR HPA
yc[n] is the non-linear polynomial representing the
non-linearity introduced into the OFDM modulated signal,
xc[n] and is given as:

yc[n] =
C2∑
c2=1

αt2c2−1xc[n]|xc[n]|
2(c2−1) 1 ≤ t ≤ T2, (47)

where, yc[n] is a TR × 1 vector of transmit signals at CU.
The received signal vector qD[n] at DR, can be written

as,

qD[n] = H2ωyc[n]+ wD[n]. (48)
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The complex data symbol at the r th receive antenna at DR
can be written as:

qDr [n] =
TR−1∑
t=0

�2−1∑
ω=0

C2∑
c2=1

hCDr,t,ωα
t
2c2−1xc[n− ω]|

× xc[n− ω]|2(c−1) + wDr [n]. (49)

After the removal of the CP and applying DFT,

qDr (k)

=

N−1∑
n=0

qDr [n]e
−j2πkn
N ,

=

N−1∑
n=0

TR−1∑
t=0

�2−1∑
ω=0

hCDr,t,ωα
t
2c2−1xc[n− ω]|xc[n− ω]|

2(c2−1)

× e
−j2πkn
N + wrD(k). (50)

Using circular shift property of DFT,

qDr (k) =
TR−1∑
t=0

�2−1∑
ω=0

hCDr,t,ω

N−1∑
n=0

αt2c−1xc[n]|xc[n]|
2(c−1)

× e
−2πk(n+ω)

N + wrD(k),

=

TR−1∑
t=0

ĥCDr,t,k ζCD(k)+ wDr (k), (51)

ζCD(k) is the effective nonlinear complex data symbol and
is given by,

ζCD(k) =
N−1∑
n=0

αt2c2−1xc[n]|xc[n]|
2(c2−1)e

−j2πkn
N , (52)

which can also be written as,

ζCD(k) = µCDt â(k)+ γCDt , (53)

where, µCDt and γCDt are the multiplicative factor due to the
gain provided by the HPA at CU and the additive residual
noise due to the non-linearity of HPA at CU respectively, and
are given as:

µCDt =

√
Pc
N

E

[
1
N

N−1∑
n=0

αt2c2−1|bt [n]|
2c2−1

]
. (54)

γCDt =

(
N−1∑
n=0

αt2c2−1|bt [n]|
2c2−1

−E

[
N−1∑
n=0

αt2c2−1|bt [n]|
2c2−1

])
× bt [n]e

−j2πkn
N .

(55)

Thus,

qDr (k) =
TR−1∑
t=0

ĥCDr,t,k (µt â(k)+ γ (t))+ wDr (k). (56)

TABLE 2. Non-linear coefficients used in simulation.

Using zero forcing equalization, the t th complex data sym-
bol at k th subcarrier can be estimated as:

ã(k) = µCDt â(k)+ γt + [(ĤCD(k))†wD(k)]t . (57)

SDNR between CU and DR is:

ρtCD (k) =
Pc|µt |2

σ 2
γCDt
+ [((HCD)HHCD)−1]tNo

,

=

Pc
No

σ 2γt
No
+

1
ψCD

|µCDt |
2. (58)

The SER can be calculated using the expression given in
(28) and (58).

V. SIMULATION RESULTS
In this section, the SER performance of the MIMO-OFDM
based FD C-D2D system with N = 2048 subcarriers and
NCP = 512 is evaluated for the transmission between DT-CU
and CU-DR. Each MIMO-OFDM subcarrier contains com-
plex data symbols from M -QAM constellation, where M =
16. The Rayleigh fading channels have been represented by
the six delay taps each, i.e,�1 = 6 and�2 = 6 with uniform
power delay profile [22]. β = 1.5 and λ = 0.5 have been con-
sidered as the parameters for determining the performance
of SIC in Fig. 4 and Fig. 5. The values of the complex non-
linearity coefficients, α1 and α3, used to model the non-linear
HPA for transmission between DT and CU and between CU
and DR, are given in Table 2. For linear HPA, α1 = 1 and
α3 = 0. We have considered Pc = 0.8Ps for our simulation
purpose. For the SER analysis of Fig. 4 to Fig. 7, we have
considered dSC = 100m and dCU = 100m as the distance
between DT and CU, and the distance between CU and DR,
respectively.

The performance comparison in terms of SER for linear
and non-linear HPA with different IBOs has been shown in
Fig. 4 and Fig. 5. Specifically, Fig. 4 shows the SER com-
parison for transmission between DT and CU. In contrast,
Fig. 5 shows the SER comparison for transmission between
CU and DR. Here, IBO is defined as the ratio of OFDM
average power (Psat ) to the input voltage (Pinp) applied to
HPA [22].

From Fig. 4, we observe that an ideal MIMO-OFDM
FD C-D2D system with linear HPA and zero RSI outper-
forms all the other scenarios. At lower SNR values, the
AWGN dominates over RSI, which leads to an identical
performance of the two systems, with and without RSI.
As the SNR increases, the dominance of AWGN reduces,
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FIGURE 4. Comparison of performance for different IBO in transmission
between DT and CU.

FIGURE 5. Comparison of performance for different IBO in transmission
between CU and DR.

and the difference between the performances of the sys-
tems can be easily distinguished. As far as the non-linear
MIMO-OFDM FD C-D2D system is concerned, it can be
observed that the performance of these systems improves as
the IBO increases. The increase in IBO makes the non-linear
HPA behave as a linear HPA resulting in an improvement
in the performance of the system. For instance, at SNR =
50 dB, SER for IBO = 3, 5, 7 dB with RSI is 1.293× 10−1,
2.225 × 10−2,and 1.457 × 10−2, respectively, whereas SER
for linear HPA with RSI is 1.055 × 10−2. Hence, we can
conclude that IBO = 7 dB has the closest performance to
linear HPA. Further, from Fig. 4, it can be observed that
as the IBO increases, the dominance of the non-linearity
reduces over RSI, and the difference in the performance of
the systems with and without RSI can be easily distinguished.
For instance, at SNR = 50 dB, SER for IBO = 3, 5, 7 dB
without RSI is 1.065 × 10−1, 3.201 × 10−3, and 9.073 ×
10−5, respectively, whereas SER for linear HPA without RSI
is 6.477× 10−5.

FIGURE 6. Comparison of performance with different β in transmission
between DT and CU for non-linear HPA.

FIGURE 7. Comparison of performance with different β in transmission
between DT and CU for linear HPA.

Fig. 5 represents the SER performance for transmission
between CU and DR. Here, we can observe that increasing
IBO will improve the SER for non-linear HPA.

Fig. 6 represents the SER performance with respect to
SNR while varying the RSI parameter β, as 1.5, 0.8, 0.5,
and 0.3 with a fixed IBO of 7 dB for non-linear HPA. It can
be observed from Fig. 6 that as the value of β decreases,
its impact on the SER performance reduces. This is due to
the fact that with a decrement in β, RSI reduces, and it
becomes less dominant compared to AWGN. For instance,
β = 1.5 has a higher SER than β = 0.8 for all values of SNR
from 0 dB to 50 dB. Fig. 7 shows the SER performance for
FD C-D2D system with linear HPA with RSI (for the same
values of β as considered in Fig. 6) and without RSI (in an
ideal FD C-D2D system). It is evident from Fig. 6 and Fig. 7
that the SER performance of the FD C-D2D system with
linear HPA is better than its counterpart with non-linear HPA.
A comparison in the SER performance in Fig. 6 and Fig. 7
for all SNR values from 0 dB to 50 dB shows that the SER
performance of the linear MIMO-OFDM FD C-D2D system
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FIGURE 8. Comparison of SER performance with varying distance
between DT and CU.

FIGURE 9. Comparison of SER performance with varying distance
between CU and DR.

is better than that of the non-linearMIMO-OFDMFDC-D2D
system.

Fig. 8 represents the SER performance of DT-CU link with
respect to SNR for different values of the distances between
DT andCU (dSC ) using a nonlinear HPAwith IBO= 7 dB and
β = 0.3. From Fig. 8, we can observe that as dSC increases,
the SER decreases. For instance, when SNR= 35 dB, SER for
dSC = {25, 50, 100, 200}m is 1.4028×10−3, 3.0244×10−3,
5.8705 × 10−3, and 1.1307 × 10−2, respectively. Similarly,
Fig. 9 represents the SER performance of CU-DR link for
different values of distances between CU and DR (dCD) using
a nonlinear HPA with IBO = 7 dB and β = 0.3. A similar
trend can be observed from Fig. 9, where the SER perfor-
mance degrades as dCD increases. For instance, when SNR=
35 dB, SER for dCD = {25, 50, 100, 200}m is 1.9792×10−3,
3.9073× 10−3, 7.5238× 10−3, and 1.4676× 10−2, respec-
tively. This shows that as the distance between the devices,
i.e., dSC or dCD increases, the SER also increases. Hence,
it can be concluded that C-D2D is more effective when the
distances between the devices (DT-CU or CU-DR) are less.

VI. CONCLUSION
This paper proposed a MIMO-OFDM based FD C-D2D sys-
tem, where a CU acts as an FDR for D2D transmission.
Closed-form expressions of SER for DT-CU and CU-DR
transmissions have been derived in the form of a joint
polynomial model for the non-linear MIMO-OFDM sys-
tem. Further, the obtained results are compared with a
linear MIMO-OFDM system. Moreover, we have shown
that the proposed framework works similarly to a linear
MIMO-OFDM based FD C-D2D system by using IBO.
We have also shown that if RSI gets reduced, then its adverse
effects on the performance of the system also get reduced.
As the FDD2D system helps in improving spectral efficiency,
the proposed framework will be helpful in achieving higher
spectral efficiency with good reliability of transmission.
As a future direction, the proposed analysis can be further
extended to non-linearMU-MIMOOFDM-based FD systems
and CA long-term evolution advanced (LTE-A) based FD
systems.
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