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ABSTRACT Amplify-and-forward (AF) orthogonal frequency divisionmultiplexing (OFDM) transmissions
encounter a significant difficulty in the form of in-phase and quadrature phase (IQ) mismatch. Previous
reports on this problem have solely been discussed in the context of uncoded transmissions. In addition,
in these precedent studies, IQ equalization must be conducted following the estimation stage for accurate
detection of data symbols. This research delves into the issue of the IQ mismatch between transmission
and reception in AF-OFDM systems in the context of channel coding. We design a magnificent code-aided
approach to predict the overall channel impulse responses (CIRs), which encompass the actual CIRs and
IQ mismatch originating at the source, relay, and destination. Instead of using a collection of algorithms,
the proposed approach can be utilized to estimate nine parameters simultaneously. Due to the impractical
nature of the precise maximum-likelihood (ML) strategy to this situation, we instead utilize an expectation-
maximization (EM) process as a low complexity strategy to predict the parameters under consideration.
The suggested estimation approach uses an iterative process to improve predictions exploiting the a priori
knowledge gained from the soft information supplied by the channel decoder. In addition, we demonstrate
how to carry out data detection by making use of the estimated parameters. The simulation results verify the
effectiveness of the proposed estimator and detector for usage in real-world settings, with superiority over
the conventional ones.

INDEX TERMS OFDM, IQ mismatch, cooperative transmissions.

I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has
emerged as the strategy of choice for current and
next-generation wireless standards due to its reliability in
frequency-selective multipath circumstances and high spec-
trum efficiency utilization [1], [2]. It has been considered
for use in the settings of cellular networks, including the
fifth-generation and beyond systems, with its deployment
in long term evolution standards [3], [4], [5]. It has also
been effectively deployed in a wide range of other wire-
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less technologies, including local area networks, and radars,
microwave, and satellite systems [6], [7], [8].

Direct conversion technology has seen widespread use
in the telecommunications industry due to its minimal
complication and expense [9]. Unfortunately, it causes
restrictions such as inphase (I) /quadrature (Q) phase (IQ)
mismatch, which translates to a significant drop in data
delivery [10], [11]. When compared to the ideal condi-
tion, in which the sine and cosine branches have a pre-
cise 90 degree phase shift and identical amplitude, the IQ
mismatch is essentially the discrepancy between the I and
Q branches. Furthermore, the IQ mismatch illustrates the
imperfections of the other analog parts, such as analog filters,
amplifiers, mixers, and digital-to-analog converters, which

2118 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 11, 2023

https://orcid.org/0000-0002-2105-7239
https://orcid.org/0000-0002-7388-8990
https://orcid.org/0000-0002-1288-956X


M. Marey, H. Mostafa: Coded Assisted Transmit and Receive IQ Mismatch Compensation With Channel Estimation

are deployed in two branches of a transceiver. This disparity is
associated with analog processing due to component defects
that are neither predictable nor tunable, and are expected to
increase as production volumes decrease. It is important to
keep in mind that perfect IQ matching is not attainable, par-
ticularly when easy fabrication technologies are employed.
More bandwidth and higher carrier frequencies being used
in modern communication systems increase IQ disparities.
OFDM systems are more susceptible to the IQ discrepancy
than single-carrier systems because of the spectral overlap
between the subcarriers. As a consequence of the IQ mis-
match issue, sub-carrier orthogonality is lost, which in turn
causes inter-carrier interference and a significant drop in
performance [12], [13]. There is a wealth of literature on the
topic of the impact, estimate, and correction of IQ mismatch
for non-cooperative OFDM transmissions, see e.g., [14] and
references therein.

In the meanwhile, wireless networks are increasingly
turning to cooperative communications to boost throughput
and/or dependability [15], [16]. This is facilitated with the
assistance of one or more relaying nodes, which allow a
source to deliver data to its intended recipient. The destination
node arrives at a conclusion by appropriately integrating the
signals that it has received from the source and the relays.
Amplify-and-Forward (AF) and Decode-and-Forward (DF)
are the twomost common techniques that are used by relaying
terminals [17]. When using AF, each relay in the system basi-
cally transmits to the destination a scaled version of the sig-
nals it has received, which includes both the information and
the noise. The relay in a DF cooperative system first decodes
the incoming signals, then re-encodes them for transmission.

Because each of OFDM and cooperative technologies has
been demonstrated to be advantageous and effective on its
own, their combination is a highly hot research topic that has
recently been explored in a series of studies [18], [19], [20].
However, the integrated system also takes on the challenges
that were faced by the individual systems. Without a doubt,
the IQ mismatch is one of the primary issues that has to be
addressed in order to ensure the transmission’s reliability and
effectiveness. Several distinct types of OFDM cooperative
systems have been investigated regarding their outage perfor-
mance in the presence of IQmismatches [21], [22].Within the
context of a full-duplex OFDM relay system, an investigation
into a least-square channel estimator with IQ mismatch has
been carried out [23]. It was suggested in [24] that AF-OFDM
systems benefit from a pilot-based IQ discrepancy compen-
sating technique. At a relay node, the effectiveness of dual-
hop and two-way relaying has been investigated when an
IQ discrepancy is present [25], [26]. For DF two-path suc-
cessive relaying OFDM systems, joint maximum-likelihood
(ML) IQ mismatch correction and channel estimation tech-
niques have been created [27], [28].

The following points are highlighted the predominant con-
tributions of this article.
• We offer a comprehensive code-aided approach to
jointly estimate the channel impulse responses (CIRs)

FIGURE 1. Cooperative system consists of three nodes. The solid line
indicates the broadcast of the first time slot while the dashed line
represents the transmission of the second time slot.

and IQ mismatch arising at all nodes for AF-OFDM
transmissions. This is in contrast to the standard practice,
which involves a variety of approaches for estimating
CIR between nodes and calculating the IQmismatch that
exists at each node.

• Overall CIRs are constructed by integrating the IQ
effects at each node to the physical CIRs, resulting in
two parameters that are evaluated by a ML approach.

• Wemake use of an expectation-maximization (EM) pro-
cedure [29], [30] to put the proposed ML strategy into
action. For this purpose, the proposed estimate algorithm
iteratively utilizes the a posterior probabilities of the
sent bits offered by a channel decoder to calculate the
a posterior expectations of the broadcast symbols.

• We demonstrate how the decoding procedure is carried
out while the overall CIRs are being estimated.

The following outline describes how the subsequent sections
of the work are organized. The model of the AF-OFDM
system that is being considered is described in Section II.
Section III provides the proposed estimate technique, while
Section IV covers the proposed data detection scheme. Sim-
ulation outcomes, as well as suitable analysis, are included in
Section V. Finally, the research is wrapped up in Section VI.

II. SYSTEM DESCRIPTION
Our focus is on a cooperative OFDM system with three
terminals: the source (S), the relay (R), and the destination (D)
as displayed in Figure 1. The fundamental structure of each
terminal is shown in figure 2. The relay incorporates an AF
relaying technique and acts in a half-duplex mode, implying
that transmission and reception take place at separate periods.
A frame-based mode of transmission is assumed, wherein
M OFDM symbols make up a frame. With the guidance of
an error-correcting code, the source transforms a sequence
of B information bits into C coded bits. These encoded
bits are first interleaved, and then, with the assistance of a
digital modulator, they are transformed into a series of Q
symbols. Each symbol belongs to a signal constellation �,
Q = C/ log2 〈�〉, where 〈�〉 refers to the cardinality of �.
The entire data symbols are separated into M blocks, each
with N = Q/M data symbols. These blocks are placed in a
buffer before being transformed to OFDM symbols one by
one. Denoting ν as the cyclic prefix length, the nth sample of
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FIGURE 2. Fundamental structure of the source, relay, and destination.

the mth OFDM symbol is expressed as

x(m)(n) =
1
√
N

N−1∑
k=0

d (m) (k) exp (−j2πnk/N ) , (1)

where n = 0, · · · ,N + ν − 1, d (m)(k) is the kth data
symbol of the mth OFDM symbol, and j =

√
−1.

In this sense, −→x =
[
x(0), x(1), · · · , x(M−1)

]†
stands for the

unaltered transmitted frame where x(m) =
[
x(m)(0),

x(m)(1), · · · , x(m)(N + ν − 1)
]
is the mth OFDM symbol and

the superscript † is the vector transpose operator.
We denote θS and ρS as the phase and amplitude dis-

crepancies between I and Q paths at the source. Let <
(−→x )

and =
(−→x ) describe the real and imaginary components of

vector −→x , −→x = <
(−→x )+ j= (−→x ), where < (−→x ) is sent via

the I branch and =
(−→x ) is broadcast through the Q branch.

Bearing this in mind, the modulated signals carried across the
I and Q branches are respectively denoted as [21]

x̆I (n) = <
(−→x (n)) (1+ ρS) cos (2π fcnTs + θS) , (2)

x̆Q (n) = =
(−→x (n)) (1− ρS) sin (2π fcnTs − θS) , (3)

where −→x (n) is the nth component of vector −→x , fc is the
carrier frequency, and Ts is the sampling time. Accordingly,

the sent radio frequency signal is represented as

xRF = x̆I + x̆Q. (4)

A general expression for a radio frequency signal is [31]

xRF (n) = < (x (n) exp (j2π fcnTs)) , (5)

where x (n) is the nth element of the baseband vector x.
Using (2), (3), and (4) into (5), we obtain the baseband frame
damaged by the IQ mismatch at the source as

x = ηS
−→x + µS

−→x ∗, (6)

where ∗ refers to the complex-conjugate operator, and ηS and
µS are defined as

ηS = cos (θS)+ jρS sin (θS) , (7)

µS = ρS cos (θS)+ j sin (θS) . (8)

The frame transfer is typically accomplished in two rounds.
The initial transmission of frame x involves using two
separate channels to approach both the relay and the
destination terminals simultaneously. We denote gSR =
[gSR (0) , · · · , gSR (G− 1)]† and gSD =

[
gSD (0) , · · · , gSD

(G− 1)
]† as the CIRs that exist between S and R, and S

and D, correspondingly, with G being the number of channel
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paths. The frames received at the relay and destination are
represented as

yR = x⊗ gSR + wR, (9)

y(1)D = x⊗ gSD + w(1)
D , (10)

where ⊗ is the linear convolution operator, and wR and
w(1)
D are the noise vector at the relay and destination ter-

minals, respectively. Note that we add superscripts 1 and 2
to the signal received at the destination to highlight that
the signal received at the first time slot is different from
that at the second time slot, as described in (10) and (13).
Given that the relay only receives in a single time slot,
we can omit the superscript from the signal’s representation
in (9). Applying the effect of IQ mismatch on yR and y(1)D ,
we get

yR = ηRyR + µRy
∗
R, (11)

y(1)D = ηDy
(1)
D + µDy

(1)∗
D , (12)

where ηR, µR, ηD, and µD are defined as indicated in (7)
and (8) with replacing S with R andD. It should be noted that
ηR and µR incorporate the impacts of the relay’s transmit and
receive IQ settings.We highlight the fact that the implications
of IQ factors at the source, relay, and destination are all taken
into account, as shown in (6), (11), and (12).

In the second part of the transmission process, the relay
sends back the modified version of the received signal to the
destination node. The collected signal at the destination is
provided as

y(2)D = 1yR ⊗ gRD + w(2)
D , (13)

where gRD = [gRD (0) , · · · , gRD (G− 1)]† is the CIR
between R and D terminals, w(2)

D is the corresponding noise
vector, and 1 is the scaling parameter given as [32]

1 =
1√√√√G−1∑

l=0

|gSR (l)|2 + σ 2
n

. (14)

Here, σ 2
n is the noise variance. The result of introducing the

IQ mismatch impact to y(2)D is

y(2)D = ηDy
(2)
D + µDy

(2)∗
D . (15)

The aim of this investigation is to develop a data
detection algorithm while simultaneously estimating all
unknown parameters of gSR, gSD, gRD, ηS , µS , ηR, µR, ηD,
and µD.

III. PROPOSED EM ESTIMATION ALGORITHM
The receiver’s principal responsibility is to retrieve the data
delivered by the source using the observations of y(1)D and y(2)D .
Knowing the IQ parameters at the source, relay, and des-
tination, as well as the CIRs between the various nodes,

is obviously necessary. Reformulating the preceding equa-
tions allows us to arrive at a solution to the issue at hand.
Using (6), (10), into (12), we describe y(1)D as

y(1)D =
−→x ⊗ g(1)SD +

−→x ⊗ g(2)SD +
(−→x )∗ ⊗ g(3)SD

+
(−→x )∗ ⊗ g(4)SD + w(1)

D , (16)

where

g(1)SD = ηDηSgSD, (17a)

g(2)SD = µDµ
∗
Sg
∗
SD, (17b)

g(3)SD = ηDη
∗
SgSD, (17c)

g(4)SD = µDµ
∗
Sg
∗
SD. (17d)

When we take into consideration the fact that a convolution
operator can be represented in the form of a matrix, we
rewrite (16) as

y(1)D = Xg(1)SD + Xg(2)SD + X∗g(3)SD + X∗g(4)SD + w(1)
D , (18)

where X is described as an (q+ G− 1) × (G− 1) matrix
created as

X =



x0 0 0 0 0
x1 x0 0 0 0
x2 x1 x0 0 0
...

...
...

...
...

xq xq−1 xq−2 · · · xq−G−1
0 xq xq−1 · · · xq−G−2
...

...
...

...
...

0 0 0 0 xq


. (19)

where q = M (N + ν). When (18) is expressed in a more
concise format, we get

y(1)D = X
(1)
GSD + w(1)

D , (20)

where X
(1)
=

[
X,X,X∗,X∗

]
and GSD =

[
g(1)†SD , g

(2)†
SD ,

g(3)†SD , g
(4)†
SD

]†. Following a similar strategy, one can write y(2)D
as

y(2)D = X
(2)
GSRD + w(2)

D , (21)

where X
(2)
=

[
X,X,X,X,X∗,X∗,X∗,X∗

]
and GSRD =[

g(1)†SRD, g
(2)†
SRD, · · · , g

(8)†
SD

]†
. Here,

g(1)SRD = 1ηSηRηDgSR ⊗ gRD, (22a)

g(2)SRD = 1µ
∗
SµRηDg

∗
SR ⊗ gRD, (22b)

g(3)SRD = 1
∗µ∗Sη

∗
RµDg

∗
SR ⊗ g∗RD, (22c)

g(4)SRD = 1
∗ηSµ

∗
RµDgSR ⊗ g∗RD, (22d)

g(5)SRD = 1µSηRηDgSR ⊗ gRD, (22e)

g(6)SRD = 1η
∗
SµRηDg

∗
SR ⊗ gRD, (22f)

g(7)SRD = 1
∗η∗Sη

∗
RµDg

∗
SR ⊗ g∗RD, (22g)

g(8)SRD = 1
∗µSµ

∗
RµDgSR ⊗ g∗RD. (22h)
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These structures allow us to estimate just two parameters,
GSD and GSRD, rather than the nine parameters of gSR, gSD,
gRD, ηS , µS , ηR, µR, ηD, and µD. The ML assessments of
GSD andGSRD are produced by optimizing the log-likelihood
function as[
ĜSD, ĜSRD

]
= arg max

GSD,GSRD
log

×Pr
(
y(1)D , y

(2)
D

∣∣∣X(1)
,X

(2)
,GSD,GSRD

)
,

(23)

where Pr (◦|F) is defined as the probability density function
of ◦ given F, and ◦̂ represents the estimated value of ◦. Since
y(1)D and y(2)D are independent vectors, we write

Pr
(
y(1)D , y

(2)
D

∣∣∣X(1)
,X

(2)
,GSD,GSRD

)
= Pr

(
y(1)D

∣∣∣X(1)
,GSD

)
Pr
(
y(2)D

∣∣∣X(2)
,GSRD

)
, (24)

where

Pr
(
y(1)D

∣∣∣X(1)
,GSD

)
∝ exp

(
−1
σ 2
n

∥∥∥y(1)D − X
(1)
GSD

∥∥∥2) ,
(25)

and

Pr
(
y(2)D

∣∣∣X(2)
,GSRD

)
∝ exp

(
−1
σ 2
n

∥∥∥y(2)D − X
(2)
GSRD

∥∥∥2) .
(26)

According to (23-26), the exact ML solution necessitates
prior knowledge of the transmission matrices X

(1)
and X

(2)
,

which are typically unavailable. In such situations when nui-
sance parameters are present, the EM mechanism offers a
solution that involves repeated iterations of the search for
the ML estimates [29], [30]. The mechanism rotates between
conducting an expectation step (E-step) and a maximization
step (M-step) in each iteration. The E-step quantifies the
expectation of the logarithmic likelihood of observed signal
with respect to the conditional distribution of the unobserved
data, given current estimates of the unknown parameters.
The M-step optimizes the quantity previously derived in the
E-step to obtain fresh estimates for the unknown parameters.
The mathematical expression for the E-step at iteration ι is

U
(
[GSD,GSRD]

∣∣∣[ĜSD (ι) , ĜSRD (ι)
])

= E
[
log Pr

(
y(1)D , y

(2)
D

∣∣∣X(1)
,X

(2)
,GSD,GSRD

)∣∣∣ y(1)D ,
y(2)D , ĜSD (ι) , ĜSRD (ι)

]
=

∫
X
(1)
,X

(2)
log Pr

(
y(1)D , y

(2)
D

∣∣∣X(1)
,X

(2)
,GSD,GSRD

)
×Pr

(
X
(1)
,X

(2)
∣∣∣y(1)D , y(2)D , ĜSD (ι) , ĜSRD (ι)

)
dX

(1)
dX

(2)
,

(27)

where the expectation is carried out over the matrices X
(1)

and X
(2)
. This leads us to a derivation of the M-step as[

ĜSD (ι+ 1) , ĜSRD (ι+ 1)
]

= arg max
GSD,GSRD

U
(
[GSD,GSRD]

∣∣∣[ĜSD (ι) , ĜSRD (ι)
])
.

(28)

When we plug (24), (25), and (26) into (27) with leaving out
the useless terms, we get

U
(
[GSD,GSRD]

∣∣∣[ĜSD (ι) , ĜSRD (ι)
])

∝ 2<
(
y(1)‡D A1GSD

)
−G‡

SDA2GSD

+2<
(
y(2)‡D B1GSRD

)
−G‡

SRDB2GSRD, (29)

where the superscript ‡ denotes the vector transpose conju-
gate of a vector, and

A1 =

∫
X
(1)
Pr
(
X
(1)
∣∣∣y(1)D , ĜSD (ι)

)
dX

(1)
, (30a)

A2 =

∫
X
(1)‡

X
(1)
Pr
(
X
(1)
∣∣∣y(1)D , ĜSD (ι)

)
dX

(1)
, (30b)

B1 =

∫
X
(2)
Pr
(
X
(2)
∣∣∣y(2)D , ĜSRD (ι)

)
dX

(2)
, (30c)

B2 =

∫
X
(2)‡

X
(2)
Pr
(
X
(2)
∣∣∣y(2)D , ĜSRD (ι)

)
dX

(1)
. (30d)

We revise the earlier estimates of GSD and GSRD by setting
the derivative of (29) with respect to GSD and GSRD to zero
as

ĜSD (ι+ 1) = A−12 A1y
(1)
D , (31a)

ĜSRD (ι+ 1) = B−12 B1y
(2)
D , (31b)

The following observations are worth taking into
consideration.
• The question of how to actually determine the matrices
of A1, A2, B1 and B2 in reality emerges next. It is
indicated from (1) that

E
[
x(m)(n)

]
=

1
√
N

N−1∑
k=0

E
[
d (m) (k)

]
exp(−j2πnk/N ) ,

(32)

where

E
[
d (m) (k)

]
=

∑
ω∈�

Pr
(
d (m) (k) = ω | y(1)D ,

y(2)D , ĜSD (ι) , ĜSRD (ι)
)
. (33)

Therefore, the a posteriori expectation of the matrix X
shown in (19) can be constructed by replacing
each element in the matrix with its corresponding
a posteriori expectation computed in (32). Accord-
ingly, one can easily construct the matrices of A1

and B1 as A1 =

[
X̃, X̃, X̃∗, X̃∗

]
and B1 =[

X̃, X̃, X̃, X̃, X̃∗, X̃∗, X̃∗, X̃∗
]
, where X̃ is the a poste-

riori expectation of the matrix X.
• In accordance with the widespread presumption that the
data symbols are not correlated with one another, it is
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possible to demonstrate that A2 and B2 can be approxi-
mately represented by A‡

1A1 and B
‡
1B1, respectively.

• It is necessary to recalculate the a posteriori prob-
ability Pr

(
d (m) (k) = ω | y(1)D , y

(2)
D , ĜSD (ι) , ĜSRD (ι)

)
after each time we make an adjustment to ĜSD (ι)

and ĜSRD (ι). This necessitates restarting the channel
decoder which adds substantial complexity to the data
processing. We make use of the embedded estimation
approach [30] to eliminate this complexity overhead.
The channel decoder is not reset whenever the vectors
ĜSD (ι) and ĜSRD (ι) are modified; rather, it retains the
extrinsic and a priori probabilities that were calculated
during the most recent iteration of the channel decoder.
In such a setting, the proposed EM estimating algo-
rithm’s overhead is more affordable.

• The starting values for GSD and GSRD can be inferred
using (31a) and (31b) by setting the matrices of the A1,
A2, B1 and B2 to the contribution of the pilot symbols
only.

• The computational difficulty of the offered estimator
is quantified in terms of the number of floating-point-
operations (fpos). By applying the same reasoning as
in [17], [33], and [34], we can determine the necessary
number of fpos, 3, in each iteration as

3 = 120GM (N + ν). (34)

We consider the numerical examplewhereG = 10,M =
20, N = 128, and ν = 11, and FPGA with a processing
speed of ten Terafpos per second. Using (34), we obtain
3 = 33792000 fpos. This yields an execution period of
3.3792 µsec, which is fast enough for practical uses.

IV. PROPOSED DATA DETECTOR
In order to process the incoming signals, the destination
divides them up into blocks of N + v samples. The v samples
matching to the cyclic prefix are then eliminated, leaving N
samples to be analyzed further. A N -point FFT operation
is performed to transform the time-domain blocks into the
frequency domain. After conducting an in-depth examination
of (20) and (21), the outputs of the FFT unit at the kth bin of
the mth block for both time slots are written as

R(m)1 (k) = G1(k)d (m)(k)+ G∗2(−k)d
(m)∗(−k)+W (m)

1 (k),

(35a)

R(m)2 (k) = G3(k)d (m)(k)+ G∗4(−k)d
(m)∗(−k)+W (m)

2 (k),

(35b)

whereW (m)
1 (k) andW (m)

2 (k) are the corresponding noise fac-
tors and Gi(k) is the frequency domain channel coefficient,
i = 1, · · · , 4. Utilizing (20) and (21), we can write Gi(k) as
the kth value returned by the FFT device used to process gi
as an input, where

g1 = g(1)SD + g(2)SD, (36a)

g2 = g(3)SD + g(4)SD, (36b)

g3 = g(1)SRD + g(2)SRD + g(3)SRD + g(4)SRD, (36c)

g4 = g(5)SRD + g(6)SRD + g(7)SRD + g(8)SRD. (36d)

We express (35a) and (35b) in a vector form as

R(m)(k) = G(k)d(m)(k)+W(m)(k), (37)

where R(m)(k) =

[
R(m)1 (k),R(m)1 (k)

]†
, d(m)(k) =[

d (m)(k), d (m)∗(−k)
]†
, and

G(k) =
[
G1(k) G∗2(−k)
G3(k) G∗3(−k)

]
. (38)

The a posteriori probability of d(m)(k) is expressed as

Pr
(
d(m)(k)

∣∣∣R(m)(k),G(k)
)

∝ exp
(
−1
σ 2
n

∥∥∥R(m)(k)−G(k)d(m)(k)
∥∥∥2)Pr

(
d(m)(k)

)
.

(39)

We assume each data symbol is identified by Z = log2 (〈�〉)
bits, d (m)(k) = L

[
b(m)(k, 0), · · · , b(m)(k,Z − 1)

]
, where

L [·] is the label function and b(m)(k, z) is the zth bit of the data
symbol d (m)(k). Therefore, the bit metric λ

(
b(m)(k, z) = o

)
,

for o = 0, 1, is computed as [35] and [36]

λ
(
b(m)(k, z) = o

)
=

∑
ϑ=F(b,z)

∑
d (m)∗(−k)∈8

×Pr
(
d(m)(k)

∣∣∣R(m)(k),G(k), d (m)(k) = ϑ
)
, (40)

where

F (b, z) = L
{[
b(m)(k, 0), · · · , b(m)(k,Z − 1)

]
∣∣∣∣b(m)(k, z) = o

}
. (41)

The bit metrics are supplied to the decoder after de-
interleaving to obtain the a posteriori probability of coded
bits. After that, the probabilities are interleaved and sent to the
data symbol a posteriori calculation unit. These probabilities
are supplied as a priori information to the proposed estimator
and detector algorithms, as shown in (31a), (31b), and (39),
respectively. At the last iteration, the decoder uses the a
posteriori probabilities of the transmitted bits to make hard
decisions. Figure 3 portrays the conceptual block diagram of
the suggested detection and estimation procedures.

V. SIMULATION RESULTS
We utilized Monte Carlo simulations in order to verify the
efficacy of the offered estimation and detection approach.
We investigated a coded wireless cooperative OFDM sys-
tem with an AF relaying strategy. The following system
parameters were used throughout simulations, unless explic-
itly specified differently in the text. A random interleaver
and a half-rate convolutional code of a constraint length
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FIGURE 3. Conceptual block diagram of the proposed detection and estimation process.

of 7 and polynomials of 24 and 37 were taken into account
for a bit-interleaved coded modulation transmission. Set-
partition mapping was adopted to map coded bits onto
16-QAM modulated signals. Transmission frames of
1840 data symbols were produced. To accomplish prelimi-
nary channel estimation, a training sequence with a size of
T = 60 symbols was attached to each frame. Each frame
was divided intoM = 15 blocks with no overlap. The blocks
were revolutionized toOFDMsymbols using an IFFT process
with a length of N = 124 and a cyclic prefix of 8 samples.
The connection between any two nodes was represented
using seven elements, g%1%2 (l), each of which was a complex
zero-mean Gaussian random variable with an exponential
power delay structure given as, [37] and [38]

g%1%2 (l) = 8%1%2 exp (−l/10) , l = 0, · · · , 6, (42)

where %1 and %2 ∈ {S,R,D}, and 8%1%2 has been picked in
such a manner that would result in each sub-carrier having an
average energy of 3%1%2 . We set 3SD = 1, 3SR = 1.8, and
3RD = 1.9. The IQ parameters were ρS = 0.92, θS = 20o,
ρR = 0.91, θR = 30o, and ρD = 0.88, θD = 26o.
Figure 4 depicts the bit error rate (BER) of the proposed

detector as a function of the signal-to-noise ratio (SNR),
whereas figure 5 displays the mean square error (MSE) of
the proposed estimator. Figure 5 also offers the MSE of
an estimator with entire awareness of all data symbols as
a point of comparison. This creates a lower constraint on
MSE performance. Furthermore, we include the MSE perfor-
mance of the algorithms reported in [39] and [40]. The MSE
results demonstrate that the suggested algorithm surpasses
the reported ones due to its optimization for use with IQ
settings. Figure 4 also shows the BER performance when
complete information of CIRs between nodes and IQ param-
eters is assumed. As observed from the two figures, while
the iteration process continues, MSE and BER performance
continue to improve. After 8 cycles and high SNR values,
the proposed detector and estimator attain the performance
under ideal conditions of complete channel information and
IQ parameters. The following is an explanation for this. In the
first cycle, the offered detector’s soft information is unreliable
since the estimation procedure is based on a small number
of pilots. The accuracy of the prediction and data detection,
however, enhances with an increased number of cycles, since

FIGURE 4. BER of the stated detector when used with the offered CIRs
and IQ parameters estimator.

FIGURE 5. MSE performance of the computed CIRs along with IQ
parameters versus SNR.

more information is used in comparison to the data-aided
scenario.

Figure 6 presents a comparison of the BER performance
of the proposed architecture with that of a variety of other
systems. There is the scenario with perfect prediction and
adjustment for an IQ mismatch, as well as the case with no
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TABLE 1. The connection between the number of pilot symbols, BER, and iterations required to converge at SNR = 8 dB.

FIGURE 6. BER performance comparison of different systems.

FIGURE 7. BER of the cooperative and non-cooperative systems with the
offered CIRs and IQ parameters estimator.

IQ compensation at all. As can be seen, IQ disparity will
result in an inadequate BER performance if not adjusted for.
Evidently, the offered process has a BER performance that is
substantially better than that described in [23] and [25], and
it also comes within 1 dB of the ideal performance.

Conventional non-cooperative OFDM broadcasts may also
benefit from the offered approach. The channel coefficients
between the relay and the destination need only be wiped
out. In this instance, however, the proposed detector oper-
ates identically to the standard one. Figure 7 demonstrates
a comparison between the BER accuracy of the proposed
AF-OFDM system and the non-cooperative OFDM system
linked to the proposed estimator at iteration 8. Findings show

FIGURE 8. Impact of the number of pilot systems on the system
performance.

that the cooperative system is much superior to the non-
cooperative one. This is due to the fact that the cooperative
systemmakes optimal use of diversity gain by sending signals
via both direct and relay links.

An effective initiation is well-known to be crucial to EM-
based algorithms. Using SNR = 8 dB and SNR = 4 as
examples, Figure 8 displays the BER performance of the
proposed detector and estimator as a function of T . It is clear
that the suggested estimator has a high convergent threshold
of more than 60 pilots. It’s important to note that the bare
minimum of pilots needed to provide reliable first estimates
may vary based on the specifics of the system and the links.
Our estimating technique may be used in practice over a wide
range of system and connection characteristics to determine
the bare minimum of pilots necessary to achieve all the speci-
fied criteria. This information is then utilized in the hardware
implementation using look up tables. The designer may also
choose a large enough sample of pilots at random to cover a
broad variety of system and connection settings.

The number of pilot symbols, BER, and number of iter-
ations required to converge at SNR = 8 dB are all shown
in Table 1. A higher number of pilots leads to a lower BER
and fewer iterations to convergence, as shown by the findings.
Relying on a limited set of pilots to achieve satisfactory BER
performance is futile, even after many iterations. In addition,
a large number of pilots leads to perfect BER performance
with few iterations.

Figure 9 displays the BER performance of the offered
approach over a wide range of SNR for a family of QAM
modulation formats with orders of 4, 16, 64, and 128 at
iteration 8. An increase in BER is noticedwhen a higher-order
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FIGURE 9. Influence of modulation order on the BER performance.

FIGURE 10. BER performance of the proposed designed at various cases
of IQ parameters.

modulation form is adopted. This is due to the fact that
the soft information results of the channel decoder are less
trustworthy as a consequence of employing a higher-order
modulation scheme, which in turn has a detrimental impact
on the BER performance.

The previous findings were acquired for specific values of
IQ at the source, relay, and destination nodes, as explained
above. We run additional simulations to demonstrate how
well the proposed approach works in a variety of IQ settings.
The following are four different IQ cases to examine.
• Case 1: ρS = 0.92, θS = 20o, ρR = 0.91, θR = 30o,

and ρD = 0.88, θD = 26o,
• Case 2: ρS = 0.95, θS = 15o, ρR = 0.93, θR = 20o,

and ρD = 0.98, θD = 16o,
• Case 3: ρS = 0.89, θS = 6o, ρR = 0.86, θR = 10o,

and ρD = 0.95, θD = 8o,
• Case 4: ρS = 0.97, θS = 12o, ρR = 0.9, θR = 5o,

and ρD = 0.91, θD = 14o.
The preceding numerical values of IQ parameters were

chosen at random to cover a wide variety of different con-
ceivable setups. Figure 10 illustrates the BER performance

of the proposed algorithm for the stated cases. The find-
ings show that there are no discernible variations among
the four cases. This is because the proposed structure com-
bines the channel impulse responses with the values of all
IQ parameters, yielding estimates for two equivalent param-
eters. This provides an evidence that the offered solution is
powerful.

VI. CONCLUSION
We offered a revolutionary EM-based approach for the issue
of inferring the channel impulse responses, as well as the
source, relay, and destination IQ mismatch parameters for
AF-OFDM systems. The proposed approach made use of
the soft information that was being supplied by the channel
decoder in order to improve the estimations, without the need
for an extra equalizer. It has the advantage of interacting with
any channel decoder that can determine the a posteriori prob-
ability of the information symbols. Instead of using numerous
separate methods to determine the IQ mismatch parameters
at the source, relay, and destination, as well as the CIRs
between the aforementioned nodes, the suggested estimation
technique can accomplish all of these activities in a single
pass. We also showed how to utilize the estimated parameters
to conduct data detection. According to the simulation find-
ings, the BER performance of the suggested detector, when
used in combination with the proposed estimate technique, is
very near to the BER of the ideal scenario in which all of the
parameters are known in advance, with superiority over the
conventional ones.
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