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code division multiple access (CDMA), and space division
multiple access (SDMA) are used in modern wireless mobile
communication systems enabling many users to simultane-
ously share the available radio spectrum resource more ef�-
ciently [1]. In FDMA the available bandwidth is divided up
into numerous narrow bands to permit concurrent transmis-
sion of data over several communication channels. TDMA
allows multiple users to share the same frequency channel by
dividing the signal into different time slots. CDMA allows
users to simultaneously share the same channel by assigning a
unique user-speci�c spreading code to distinguish users from
each other [2], [3]. In this respect, SDMA is akin to CDMA
in that it allows for many users to simultaneously access a
single frequency band. Like CDMA's spreading code, the
channel impulse response is used in SDMA to identify indi-
vidual users [4], [5], [6]. Conversely, the orthogonal fre-
quency division multiplexing (OFDM) combines modulation
and multiplexing into a single technology [7]. It prevents
inter-symbol interference (ISI) by splitting serial data into
numerous orthogonal narrow band streams [8], [9]. In direct
sequence code division multiple access (DS-CDMA) differ-
ent users can transmit data using the same bandwidth. As a
result, DS-CDMA can provide greater spectral ef�ciency.

Of course, each system has its own merits, so combining
the multiple access schemes is likely to yield the best per-
formance in terms of improve security, data transmission rate
and to minimize ISI. This is achieved in multi-carrier code
division multiple access (MC-CDMA) by combining CDMA
and OFDM [10], [11]. The MC-CDMA receiver uses the
available data at the receiver's end, the spread codes from
all users, and a channel estimate to differentiate the data
of all users. However, when one user is in the vicinity of
another user, MC-CDMA can be liable to multiple access
interference (MAI) which can have an adverse impact on
system's overall performance [12]. To circumvent MAI a
receiver must be able to detect individual users. MC-CDMA
receiver detects information of all users using the received
signal, user-speci�c spreading codes and estimated chan-
nel state information. Unfortunately, the detection becomes
very challenging as MAI ampli�es with increase in user
numbers.

Wireless communicational systems are subject to nonlinear
distortions mainly attributed to driving the transmit signal
through saturated power ampli�ers and severe environmental
fading. Hence a lot of work done has been done on the
design of MC-CDMA receivers over the years [13], [14],
[15]. This includes the development of the maximum ratio
combining (MRC) receiver; however, this technology is inef-
fectual at correcting channel induced phase distortions [16].
The development of the equal gain combining (EGC) receiver
has been shown to rectify channel distortions however it
cannot correct the distortion due to signal fading [17]. The
receiver based on the minimum mean square error (MMSE)
is effective at detecting the transmitted signal by consider-
ing noise variance and channel covariance; however, it fails
to overcome nonlinear distortion in the channel [18], [19].

By contrast, the maximum likelihood (ML) receiver provides
the best solution so far. The only drawback with ML is its
exhaustive search strategy which curtails its use in real-time
systems [14]. Hence, interest has shifted towards suboptimal
receiver designs considering the performance and complexity
trade-off. This has resulted in the use of space-alternating
generalized expectation maximization (SAGE) receiver [20]
and frequency domain receiver [21] in MC-CDMA systems.
Among the various suboptimal receivers, the block decision
feedback equalizer (IB-DFE) receiver is proposed for sin-
gle carrier transmission. This correlates the interference in
the receiving antennas to minimize the mean squared error
(MSE) of the detected symbols [22], [23]. However, under
severe channel and nonlinear conditions the IB-DFE receiver
yields residual MAI.

In this paper the IB-DFE receiver in MC-CDMA sys-
tem is modi�ed by including a feed-forward path with
MMSE receiver. The results presented here demonstrate the
proposed innovation to signi�cantly minimize the error vari-
ance by nullifying residual MAI even in very adverse non-
linear conditions. The modi�ed IB-DFE, denoted hereon
as MIB-DFE, is shown to provide greater reliability in
terms of BER over the conventional IB-DFE receiver. The
proposed MIB-DFE receiver is compared to the MRC,
MMSE, and optimal ML with respect to performance and
computational complexity. It is shown that the proposed
MIB-DFE receiver can achieve performance near to that
of optimal receivers among multiple suboptimal receivers.
Since MIB-DFE receiver in MC-CDMA can more accurately
detect transmitted signals in harsh nonlinear environments,
the adoption of this technology will greatly enhance the
capabilities of existing (5G) and future (6G) wireless mobile
communication systems.

This paper's structure is as follows: Section II presents the
transmitter and receiver models of MC-CDMA. The con-
ventional receiver designs are discussed in Section III. For
nonlinear MC-CDMA, the proposed MIB-DFE receiver is
described in Section IV. Section V is devoted to simulation
analysis, and the work is concluded in Section VI.

II. MC-CDMA TRANSMITTER AND RECEIVER
Because orthogonal matrix operation is applied to the user
bits the MC-CDMA system is commonly referred to as
CDMA-OFDM. The schematic block diagrams of transmitter
and receiver of the MC-CDMA system are shown in Fig. 1.
The system accommodates� simultaneous users and each
user's data bits are �rst mapped to higher-order signal before
it's modulated with unique spreading codes of lengthN using
a mixer. The spreading code of each user are orthogonal to
each other and are mutually exclusive [24]. Spreading code
is applied to the data of the� th user before carrying out the
inverse fast Fourier transform (IFFT). The parallel outputs
from the IFFT block are converted into a serial stream which
is then combined with the other users' data streams before
transmission. The baseband transmitted signal vector in a
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FIGURE 1. Block diagram of MC-CDMA system, (a) Transmitter, and (b) Receiver.

time slotm can be represented by:

xm =

A∑
� =1

N∑
n=1

b� c�
n

(
Eb

N

)0:5

ej2� nm/N (1)

where,

m; n = 1; 2; : : : ; N
b�
∈ {±1} is the data symbol of user� ,

c�
n ∈{±1} is the nth chip of the� th user's

spreading code,
Eb is the energy per binary symbol

before spreading and is the same for
each user, and

N is the length of spreading sequence.

At the MC-CDMA receiver the discrete baseband signal
vectory received can be represented by:

y = NL .h⊗ x/ + w (2)

The baseband signal received is the function of the nonlinear-
ity (NL) effects introduced in the channel and the convolution

of the channel impulse responseh. In addition, the received
signal will inevitably pick up additive white Gaussian noise
(AWGN) denoted byw in the transmission environment, that
has zero mean and single-sided power spectral density. The
serial data receivedx = [x1; x2; : : : ; xN ]T is �rst converted
into parallel format before Fast Fourier transform (FFT)
is applied. Here FFT is used as OFDM demodulator. The
received symbolpn of nth sub-carrier is given by:

pn =

M∑
m=1

yme−j2� nm/N ; n = 1; 2; : : : ; N (3)

A correlator is used to identify each user as each user has a
unique spreading code. In the next two sections the received
MC-CDMA signal is examined using a conventional receiver
and nonlinear detectors.

III. CONVENTIONAL MC-CDMA RECEIVERS
In this section traditional detectors like MRC, MMSE and
nonlinear detectors like ML are examined for MC-CDMA
application. In each case the receiver identi�es the signal of
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FIGURE 2. IB-DFE receiver for MC-CDMA systems.

each user by their unique spreading code. Signal detection is
facilitated by applying equalizing gaingN , as shown in Fig. 1.

A. MINIMUM MEAN SQUARE ERROR RECEIVER
MMSE can estimate the mean square error from the received
signalsp by applying weight vectorGmmse and the chip code
matrix C of dimension [N× � ]. The transmitting signal
vector̂b of � users is given by [19]:

b̂ = .GmmseC/T p (4)

where,Gmmse is a [N × N ] diagonal matrix of equalized
weights. This weight vector is obtained by minimizing the
MSE, i.e., MSE= E

[∣∣̂b− b∣∣2], so:

Gmmse = (HHH + 2� 2
n IN )−1HH (5)

where,IN is N -dimensional identity matrix, the superscript
H represents Hermitian transpose, andH = diag [H1,
H2; : : : ; Hn] is a [N × N ] diagonal matrix, whereHn,
n = 1; 2; : : : ; N , is the frequency domain channel gain of
nth sub-carrier.

B. MAXIMUM LIKELIHOOD RECEIVER
The maximum likelihood detector uses maximum a poste-
riori criterion to �nd the most probable transmission vector
assuming all users' transmit data have equal probability [14].
ML carries out 2m� metric calculations at any given time to
analyze the actual transmitted signal vector, where parame-
tersm and� are the modulation order and user count, respec-
tively. In fact, ML calculates the Euclidean distance between
the actual received signal vectorp and the probable transmit
vector that isb ∈B. Here,B is a (� ×2m� )-dimensional vector
containing theith possible transmit vector in theith column,
where i = 1; 2; : : : ; 2m� . The shortest possible Euclidean
distance by the transmit signal vector is given by:

b̂ = arg
{

min
b∈B
||p− p̂||2

}
(6)

where p̂ = HCAb. The layout of the ML detector can be
determined from (6). The computational complexity of (6)

grows exponentially with increase in the modulation order
and user number. It is possible to limit ML to lower-order
systems to prevent an exhaustive search.

C. ITERATIVE BLOCK–DECISION FEEDBACK EQUALIZER
RECEIVER
The iterative IB-DFE signal detector employs feed-forward
and feedback routes for equalization and the cancellation of
residual interference respectively. As a result, the iterative
receiver outperforms non-iterative receivers. Low complex
turbo receiver is another name for the IB-DFE [22], [23]. The
IB-DFE receiver in Fig. 2 is used to detect the� th user in the
MC-CDMA system. The equalized sample of each iteration
is represented by:

z̃�
n (i) = Fn(i)pn − Bn(i)ẑ�

n (i− 1) (7)

where the feed-forward and feedback receiver weights are
Fn(i) andBn(i), respectively. The overall signal-to-noise ratio
(SNR) of the equalized samples are optimized by using these
weights. The feedback and feed-forward weights are given
by [25]:

Bn(i) = [Fn(i)Hn −  (i) ] � (8)

Fn . i/ = SNR · H∗n
/[

1+ SNR ·
(
1− � 2

)
|Hn|

2
]

(9)

where,

 (i) =
1
N

∑N

n=1
Fn . i/ Hn (10)

� = E
[
ẑ�
n (i− 1)z� ∗n

]/
E
[∣∣z�

n

∣∣2] (11)

Reliability coef�cient is represented by (11). The correlation
coef�cient is zero in the �rst iteration (i= 0) becausez�

n is
an unknown quantity. Under this conditionBn(0)= 0, then

Fn(0)= SNR · H∗n
/

1+ SNR · |Hn|
2 (12)

Based on the knowledge about the previous data sym-
bol, the feedback signal in an IB-DFE receiver can reduce
the residual interference of applying the feed-forward
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FIGURE 3. Modified IB-DFE receiver for MC-CDMA systems.

weights [22], [23]. The IB-DFE receiver however has limita-
tions of accurately computing the magnitudes of the reliabil-
ity factor and average symbol. These parameters are needed
in feedback path and channel decoder.

IV. PROPOSED MODIFIED ITERATIVE BLOCK�DECISION
FEEDBACK EQUALIZER RECEIVER
The performance of IB-DFE in MC-CDMA is poor at mit-
igating MAI especially under nonlinear channel conditions.
This is due to poor selection of initial feed-forward weight,
Fn(0) in (13). Another major issue in the IB-DFE receiver
is the effect of error propagation. The consequence of the
large number of contiguous errors can signi�cantly affect the
system's BER performance.

To circumvent this issue in this paper we have modi�ed the
block decision feedback equalizer, as shown in Fig. 3, where
the received signal is split between the MMSE receiver and
feed-forward mixer paths and their outputs are fed into the
IB-DFE receiver via the switch. Since the MMSE receiver
already mitigates signi�cant MAI, the residual interference
is nulli�ed through feed-forward and feedback �lters. The
initial feed-forward weights are used in the iteration to tune
the MMSE receiver. The results presented in a later section
con�rm the proposed technique performs signi�cantly bet-
ter than the conventional IB-DFE receiver. The input vector
applied to the modi�ed IB-DFE receiver is represented by:

z̃�
n . i/ =

{
Demapper(b̂mmse); if i = 0
Fn(i)pn − Bn(i)ẑ�

n (i− 1); if i 6= 0
(13)

The Demapper applies appropriate demodulation schemes of
digital modulated signal such as binary phase shift keying
(BPSK), 4 quadrature amplitude modulation (4�QAM) and
so on.

V. SIMULATION ANALYSIS
This section compares the receiver performance of the pro-
posed MIB-DFE receiver with the conventional IB-DFE,
MRC, MMSE and ML receivers. These detectors are studied
in terms of both BER execution and computational complex-
ity analysis. The results shown here are based on 1000 (NF )

information frames, each of which contains 3000 (M) infor-
mation symbols [26], [27]. Table 1 outlines the remaining
simulation parameters. Between channel `a' and channel `b'
three distinct nonlinear properties are added from [28]:

NL = 0 : b = a (14a)

NL = 1 : b = tanh(a) (14b)

NL = 2 : b = a+ 0:2a2
−−0:1a3 (14c)

NL = 3 : b = a+ 0:2a2
−−0:1a3

+ 0:5cos(�a) (14d)

where NL= 0 refers to a linear MC-CDMA model, while
NL = 1 denotes a nonlinear model that may be caused by
saturated power ampli�ers in the system. Arbitrary nonlinear
models are denoted by NL= 2 and NL= 3.

Different levels of nonlinear distortion and SNR val-
ues affect the average bit error rate (BER) of MC-CDMA
systems. The computed average BER for MRC, MMSE,
IB-DFE and MIB-DFE receivers are compared with the ideal
ML in Fig. 4. The graphs show that although linear receivers
such as MRC and MMSE work reasonably well under lin-
ear and mildly nonlinear conditions like NL= 0, NL = 1,

TABLE 1. Model attributes.

105678 VOLUME 10, 2022



K. Bagadi et al.: Detection of Signals in MC–CDMA Using a Novel Iterative Block Decision Feedback Equalizer

FIGURE 4. Mean BER of all users using different receivers in the MC-CDMA system for various non–linearity conditions, (a) NL = 0, (b) NL = 1, (c) NL = 2,
and (d) NL = 3. BER curves are for MRC (maximum ratio combining), MMSE (minimum mean square error), IB-DFE (iterative block decision feedback),
MIB-DFE (modified iterative block decision feedback), and ML (maximum likelihood).

and NL = 2, however under severe nonlinear conditions
(NL = 3) they suffer a considerable performance loss,
as shown in Fig. 4(d). This indicates that when MC-CDMA
systems experience substantial nonlinear distortion, the linear
detectors fail to attenuate these aberrations and leave residual
interference. However, this is not the case with the proposed
MIB-DFE receiver. Compared to IB-DFE the proposed MIB-
DFE receiver cancels most signi�cant interference in its �rst
iteration through MMSE receiver.

It is also observed from the graphs in Fig. 4 that the
performances of IB-DFE and MIB-DFE receivers relies on
the number of iterations. In fact, interference cancellation
is deeper with greater number of iterations. The graphs
show that the BER performance of the receivers improves

signi�cantly for 10 iteration passes compared to 1 and 3.
For example, Fig. 4(d) shows that to achieve a bit error rate
�oor of 10−6 with 10 iteration passes the SNR of 13.8 dB
is required for ML receiver, 16.3 dB for MIB-DFE receiver,
and 17 dB for IB-DFE receiver. On the other hand, the linear
receivers such as the MRC and MMSE need suf�ciently
larger SNR values to satisfy the same bit error rate.

The constellation plots of the estimated signals detected
using MMSE, IB-DFE and MIB-DFE receivers under severe
nonlinear distortion (NL= 3) are shown in Fig. 5. These
plots are for user-1 transmitting `̀ −1'' symbols in an entire
data frame at a SNR of 10 dB while the MC-CDMA system
simultaneously communicates with other users. In this �g-
ure, the left side of center line is the decision region of the
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FIGURE 5. Constellation plots of a nonlinear MC-CDMA system at SNR of 10 dB when user-1 transmits ‘–1’ symbols that are detected using: (a) MMSE
receiver, (b) IB-DFE receiver, and (c) MIB-DFE receiver.

TABLE 2. Complexity comparison of MC-CDMA receivers.

symbol `̀ −1''. The diagram shows the MMSE receiver's
output symbols are spread out across the entire signal space
and some of them even are on the wrong side of the decision
line. This is because the MMSE receiver cannot automatically
correct for the distortions that occur in the output signals.
Signals are picked up by the nonlinear IB-DFE receiver
that eliminates most of the residual interference. It is evi-
dent that the proposed MIB-DFE receiver eliminates all the
interference.

The BER performance of the proposed MIB-DFE receiver
is compared with MRC, MMSE and IB-DFE receivers with
increasing user numbers in Fig. 6. The results are computed
for SNR of 5 dB and for NL= 3 show that as the number
of users increase MAI becomes progressively severe in the
various multiple access systems. The consequence of this
is degradation in the BER of the system. However, unlike
MRC and MMSE receivers the receivers based on IB-DFE
and MIB-DFE topologies are ef�cient in signi�cantly miti-
gating MAI through their feedback path. It is evident from
Fig. 6 that the proposed MIB-DFE receiver outperformance
other receivers.

Computational complexity of the proposed MIB-DFE
receiver is compared with other MC-CDMA receivers

FIGURE 6. BER performances of MRC, MMSE and IB-DFE as a function of
number of users.

in Table 2. The parameters used in the analysis are given
in Table 1. Although the ML receiver outperforms other
MC-CDMA receivers however its computational complexity
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