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Abstract

Cyclic interleaved frequency division multiplexing (CIFDM), a variant of

IFDM, has recently been proposed. While CIFDM employs cyclic interleaving

at the transmitter to make multipath components resolvable at the receiver,

the current approach of matched filtering followed by multipath combining

does not fully exploit the diversity available. This is primarily because the cor-

relation residues among the codes have a significant impact on multipath reso-

lution. As a solution, we introduce a novel multipath successive interference

cancellation (SIC) technique for CIFDM, which replaces the conventional

matched filtering approach. We have examined the performance of this pro-

posed CIFDM-SIC technique and compared it with the conventional CIFDM-

matched filter bank and IFDM schemes. Our simulation results clearly demon-

strate the superiority of the proposed scheme over the existing ones.
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1 | INTRODUCTION

The upcoming generation of wireless communication is
expected to revolutionize cellular broadband networks,
improving their capabilities across diverse domains. The
developments of beyond 5G/6G will continue to enhance
latency, data rate, and connectivity, introducing new
technologies to achieve these purposes [1]. While 5G, the
latest global standard, has made significant strides, it has
become evident that it falls short of meeting future
demands, particularly in terms of power and spectral effi-
ciency [2, 3].

A comprehensive review of the challenges associated
with managing radio resources for various 4G–5G dual-
connectivity options as well as stand-alone networks has

been presented in a recent report [4]. In response to these
challenges, various multiple access (MA) schemes have
been explored for potential adoption in future standards,
each tailored to specific applications characterized by a
distinct bit error rate (BER), signal-to-noise ratio, peak-
to-average power ratio (PAPR), and complexity [5, 6]. For
instance, single-carrier frequency-division multiple access
(SC-FDMA), known for its PAPR, which is lower than
that of orthogonal frequency-division multiple access
(OFDMA), has been touted as a promising MA scheme
for high-rate uplink communications [7–9].

Interleaved frequency-division multiple access
(IFDMA), which stems from distributed frequency-
division multiple access (DFDMA), offers better fre-
quency diversity and performance gains than localized
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frequency-division multiple access (LFDMA) and
OFDMA with block allocation (B-OFDMA). IFDMA has
often been viewed as a fusion of code-division multiple
access (CDMA) and OFDMA [10].

To assess the suitability of IFDMA for downlink
access, its error rates and PAPR have been meticulously
evaluated [11]. IFDMA avoids multiple-access interfer-
ence because users are allocated within orthogonal
resource spaces. Nevertheless, it is exposed to intersym-
bol interference (ISI), and multipath fading could deterio-
rate its performance substantially [12, 13]. This problem
has traditionally been addressed by applying well-tuned
channel equalization [14].

In addition to this traditional measure, a new
approach that designs the subcarrier allocation has been
proposed to further enhance the ISI-combat capability
efficiently [15, 16]. For instance, a bit-reversal subcarrier
allocation technique was introduced in [17] to achieve
flexible subcarrier allocation in IFDMA. To combat noise
enhancement, hard- and soft-frequency replacement
algorithms with low complexities have been devel-
oped [18]. An alternative method involving probabilistic
pulse shaping and low PAPR spatial modulation has been
introduced to reduce PAPR [19, 20]. To address multiple-
access interference, a compensation technique was intro-
duced based on the allocation of spreading codes to users
in a block spread-IFDMA (BS-IFDMA) [21]. To enhance
the BER performance and minimize channel estimation
errors in the presence of ISI, a decision-directed channel
estimation procedure was developed for single-user
IFDMA [22].

In fact, it is now known that a property of cyclic struc-
tures can be leveraged to amplify the interference-handling
performance. By capitalizing on the cyclic property of max-
imal length sequences (m-sequences), a cyclic interleaving
structure has been embedded within code division multi-
plexing [23] to effectively eliminate ISI. Expanding on this,
a cyclic interleaved frequency division multiplexing
(CIFDM) architecture has been developed [24] and ana-
lyzed for high-data-rate transmissions [25].

This paper proposes a novel successive interference
cancellation (SIC) technique for CIFDM. A comprehen-
sive literature review underscores the significance of
eliminating ISI, as emphasized by various receivers.
Whereas the SIC technique traditionally serves as user
detection in various MA schemes, our proposed method
utilizes the unique cyclic properties of the code as a foun-
dation for a novel multipath interference minimization
process. The proposed SIC replaces the matched filter
bank (MFB) presented in [24] and seamlessly integrates
with CIFDM. Notably, our proposed SIC technique repre-
sents a pioneering approach to interference cancellation
among existing techniques.

The remainder of the paper is structured as follows:
Section 2 presents the system model with mathematical
support. In Section 3, we discuss the simulation and per-
formance analysis. The paper concludes with a discussion
of the proposed work and future prospects in Section 4.

In this paper, bold letters represent vectors and matri-
ces, and

N
represents the convolution process. The

transpose and complex conjugates of a vector, scalar, or
matrix are denoted by �ð ÞT and �ð Þ�, respectively.

2 | SYSTEM MODEL

The design of the proposed SIC technique for CIFDM is
illustrated in Figure 1. In CIFDM, the user data vector,
denoted as d with a length of Q, is spread using an
m-sequence of length L. An m-sequence with no shift is
referred to as C0, and it possesses the useful cyclic shift
property for preventing an ISI. Generally, C0 with g cyclic
shifts is denoted as Cg. The spread data are cyclically
interleaved through the following steps: First, flipping
(vertically) and shifting are performed. A cyclic prefix
(CP) is added to the cyclic-interleaved data to facilitate
the reconstruction of the originally transmitted signal at
the receiver, particularly in the presence of multipath sig-
nals. The number of CP chips placed at the start of the
data frame for transmission is determined based on the
channel length V . Subcarrier modulation occurs after
the CP has been added and allocating a set of orthogonal
frequencies to a user with a phase value of φ¼ 2π=QL.

As discussed, the data frame undergoes spreading,
cyclic interleaving, CP addition, and modulation and is
then transmitted over the communication channel. Let
hg represent the channel gain of a user for path g within
the communication channel. Multiple copies of the

F I GURE 1 Block diagram of CIFDM using the proposed SIC

technique.
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transmitted data reach the receiver because of the multi-
path channel effect.

The user’s data are detected at the receiver using the
following procedure. The first step involves the removal
of the added CP. Following that, the resulting signal
undergoes subcarrier demodulation and subsequent
cyclic deinterleaving. In the subcarrier demodulation pro-
cess, the user’s data are extracted by removing the
assigned subcarriers. Cyclic deinterleaving is then applied
to reorder the data components that were initially inter-
leaved in a cyclic manner before transmission. We can
generate V spreading codes by cyclic shifting C0 over
0, 1, � � �, V �1 times. The corresponding codes are used
to despread the data received over each path. The multi-
path channel gains are sorted in descending order to
sequentially detect the data from each path.

For simplicity, the channel is considered in an
ordered fashion as h0j j> h1j j> � � � h V�1ð Þ

�� ��. Initially, C0 is
used to despread the deinterleaved data with no
cyclic shift, yielding the data from path 0. The data
from path 0 are then multiplied by their corresponding
channel gain and sent to the combiner. Simultaneously,
the same despread data are divided by the channel gain,
and a hard decision is applied to estimate the data for
path 0. The data from path 0 are further processed by
regenerating them through multiplication with the esti-
mated data gain and spreading them with C0. This regen-
erated data from path 0, denoted as A 0ð Þ, is then
subtracted from U 0ð Þ (the deinterleaved data) to obtain
data U 1ð Þ, which are subsequently despread using code
C1e�i1φ.

The processes of despreading, estimating, and regen-
erating data for each specific path, followed by subtrac-
tion from the regenerated data of the previous path, are
repeated until data from all available paths are obtained.
The data obtained for path g are cyclically shifted g times,
which is represented as z�g. A final hard decision is made
by combining the despread data from each path, includ-
ing the required cyclic shifts, resulting in the estimated
data bd for the transmitted data d.

In CIFDM, a data vector with length Q from a user is
denoted as

d¼ d0, d1, � � �, d Q�1ð Þ
� �

: ð1Þ

The code used for the spreading is denoted as

C0 ¼ c0, c1, � � �, c L�1ð Þ
� �T

: ð2Þ

The spreading code length is the length of the data
plus one. The data frame resulting from the spreading

operation, followed by cyclic interleaving, has a series of
symbol chips. The representation of qth symbol chip
q¼ 0, 1, � � �, Q�1ð Þ in the lth block l¼ 0, 1, � � �, L�1ð Þ of
the data frame is as follows:

dq l½ � ¼ dqc qþQlð ÞmodL: ð3Þ

Let V be the length of the fading channel, which is
less than or equal to L. CP is used to facilitate the detec-
tion process. Therefore, V �1ð Þ data symbol chips from
block L�1ð Þ are prefixed to the data frame. The CP is
represented as

x1 tð Þ¼
XQ�1

q¼Q� V�1ð Þdq L�1½ �β t� q�QþV �1ð ÞTcð Þ:
ð4Þ

Similarly, the data frame before the CP operation is
represented as

x2 tð Þ¼
XL�1

l¼0

XQ�1

q¼0

dq l½ �β t� lQþqþV �1ð Þð ÞTc: ð5Þ

The waveform of the CP-added data frame is in the
following form:

x3 tð Þ¼
XQ�1

q¼Q� V�1ð Þ
dq L�1½ �β t� q�QþV �1ð ÞTcð Þ

þ
XL�1

l¼0

XQ�1

q¼0

dq l½ �β t� lQþqþV �1ð Þð ÞTc,

ð6Þ

where Tc is chip duration and β tð Þ is the rectangular
function. Then, x3 tð Þ undergoes subcarrier modulation,
which is processed by multiplying e�irφ, r¼ 0, 1, 2, � � �, LQ.
Therefore, the waveform representation of the data frame
before transmission is represented as

x tð Þ¼
XQ�1

q¼Q� V�1ð Þ
dq L�1½ �e�i q�QþV�1ð Þφ

�β t� q�QþV �1ð ÞTcð Þ

þ
XL�1

l¼0

XQ�1

q¼0

dq l½ �e�i lQþqþV�1ð Þφβ t� lQþqþV �1ð Þð ÞTc,

ð7Þ

where φ is the subcarrier phase value. The transmitted
data reaches the user terminal through V independent
paths. The channel impulse response is
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h tð Þ¼
XV�1

v¼0

hvδ t� τvð Þ, ð8Þ

where hv is vth path normalized instantaneous complex
gain, τv is the time delay of the vth path, and δ t� τvð Þ is
the Dirac delta function. The received signal y tð Þ at the
user terminal is the sum of noise signal n tð Þ and the con-
volution of transmitted signal x tð Þ and channel impulse
response h tð Þ, which is represented by the following
equation:

y tð Þ¼ x tð Þ�h tð Þð Þþn tð Þ: ð9Þ

First, the CP removal process is applied to the
received data. The representation of qth symbol chip in
the lth block of the received signal without CP is

yq l½ � ¼
XV�1

v¼0

d q�vð ÞmodQ c qþQ lþvð Þð ÞmodL e
�i qþQ lþ1ð Þ�mð Þφhv lð Þ

þn lð Þ:
ð10Þ

Next, the subcarrier demodulation process extracts
data from the modulated carrier. The qth symbol chip
representation from the lth block in the subcarrier demo-
dulated signal is

uq l½ � ¼ yq l½ �ei qþQ lþ1ð Þð Þφ

¼
XV�1

v¼0

d q�vð ÞmodQ c qþQ lþvð Þð ÞmodL e
ivφhv lð Þ

þn lð Þ ei qþQ lþ1ð Þð Þφ: ð11Þ

Considering a quasi-static, noise-free analysis, the
above equation can be rewritten as

uq l½ � ¼
XV�1

v¼0

d q�vð ÞmodQc qþQ lþvð Þð ÞmodL e
ivφhv: ð12Þ

2.1 | Proposed SIC technique

The proposed SIC technique aims to recover data from
each path while mitigating the interference from the
remaining paths. We denote the selected path as g, with a
corresponding gain of hg, where g ranges from 0 to V �1.
These V paths are sorted in descending order based on

their gain values. For simplicity, let us assume that
h0j j> h1j j> � � � h V�1ð Þ

�� ��, making g¼ 0 the dominant path.
The corresponding deinterleaved data matrix with
dimensions L�Q is expressed as follows:

U 0ð Þ ¼

u 0ð Þ
0 0½ � u 0ð Þ

1 0½ � � � � u 0ð Þ
Q�1ð Þ 0½ �

u 0ð Þ
0 1½ � u 0ð Þ

1 1½ � � � � u 0ð Þ
Q�1ð Þ 1½ �

..

. ..
. ..

. ..
.

u 0ð Þ
0 L�1½ � u 0ð Þ

1 L�1½ � � � � u 0ð Þ
Q�1ð Þ L�1½ �

2
6666664

3
7777775
: ð13Þ

The qth symbol in the lth block of matrix U 0ð Þ is
obtained by substituting l¼ l�qð Þ=Q and interchanging l
and q in (12), which is represented as

u 0ð Þ
l q½ � ¼

XV�1

v¼0

d q�vð ÞmodQ c qþQ l�q
Qð Þþvð Þð ÞmodLe

ivφhv

¼
XV�1

v¼0

d q�vð ÞmodQc lþQvð ÞmodL e
ivφhv:

ð14Þ

The deinterleaved matrix for an arbitrary value of
g≠ 0 is generalized as

U g�1ð Þ ¼U g�2ð Þ �A g�2ð Þ, ð15Þ

where U 1ð Þ, U 2ð Þ, � � �, U V�1ð Þ are the matrices for the
selected path g¼ 1, 2, � � �, V �1, respectively. Moreover,
A 0ð Þ, A 1ð Þ, � � �, A V�2ð Þ are the metrics associated with the
selected path g¼ 0, 1, � � �, V �2, respectively. Matrix U gð Þ,
with dimensions L�Q for path g≠ 0, can be defined as

U gð Þ ¼

u gð Þ
0 0½ � u gð Þ

0 1½ � � � � u gð Þ
0 Q�1½ �

u gð Þ
1 0½ � u gð Þ

1 1½ � � � � u gð Þ
1 Q�1½ �

..

. ..
. ..

. ..
.

u gð Þ
L�1 0½ � u gð Þ

L�1 1½ � � � � u gð Þ
L�1ð Þ Q�1½ �

2
666664

3
777775
: ð16Þ

The qth symbol in the lth block of matrix U gð Þ for
g≠ 0 is obtained by

u gð Þ
l q½ � ¼u g�1ð Þ

l q½ ��a g�1ð Þ
l q½ �: ð17Þ

Here, a g�1ð Þ
l q½ � represents qth symbol in the lth block of

matrix A g�1ð Þ for path g�1ð Þ. Similarly, matrix A gð Þ, with
dimensions L�Q for path g≠V �1, can be defined as
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A gð Þ ¼

a gð Þ
0 0½ � a gð Þ

0 1½ � � � � a gð Þ
0 Q�1½ �

a gð Þ
1 0½ � a gð Þ

1 1½ � � � � a gð Þ
1 Q�1½ �

..

. ..
. ..

. ..
.

a gð Þ
L�1 0½ � a gð Þ

L�1 1½ � � � � a gð Þ
L�1 Q�1½ �

2
666664

3
777775
: ð18Þ

The qth symbol in the lth block of A gð Þ for
g¼ 0, 1, � � �, V �2 is determined by

a gð Þ
l q½ � ¼ hg bdq gf gc lþQgð ÞmodL e

igφ: ð19Þ

The despread data vector d 0f g for path g¼ 0 is
obtained by despreading matrix U 0ð Þ with C0e�i0φ. The
qth symbol of despread data d 0f g is

dq 0f g¼
XL�1

l¼0
u 0ð Þ
l q½ �clmodL e

�i0φ: ð20Þ

Using (14), we can write

dq 0f g¼
XL�1

l¼0

XV�1

v¼0

d q�vð ÞmodQc lþQvð ÞmodL e
ivφhv

!
clmodL

¼
XL�1

l¼0

d qð ÞmodQc
2
lmodLh0

þ
XV�1

v¼1

XL�1

l¼1

d q�vð ÞmodQc lþQvð ÞmodLclmodL e
ivφhv

ð21Þ

Using correlation properties, we can writePL�1
l¼0 c

2
lmodL ¼ 1 and

PL�1
l¼0 c lþQvð ÞmodLclmodL ¼ 0.

Therefore, (21) becomes

dq 0f g¼ dqh0 ð22Þ

By analyzing (22), the generalized equation for the
qth symbol of despread data for g¼ 0, 1, � � �, V �1 is

dq gf g¼ d q�gð ÞmodQhg: ð23Þ

The despread data vector d gf g with dimensions 1�Q
takes the following form:

d gf g¼ d0 gf g, d1 gf g, � � �, d Q�1ð Þ gf g� �
: ð24Þ

The estimate of the qth symbol of despread data
dq gf g is obtained by applying the hard decision to (23),
which yields

bdq gf g¼ sgn
dq gf g
hg

� �
¼ d q�gð ÞmodQ: ð25Þ

Furthermore, vector bd gf g with dimensions 1�Q will
be in the following form:

bd gf g¼ bd0 gf g, bd1 gf g, � � �, bd Q�1ð Þ gf g
h i

ð26Þ

Substituting (25) into (19), we get

a gð Þ
l q½ � ¼ hgd q�gð ÞmodQ c lþQgð Þmod L e

igφ ð27Þ

Using (14), (17), and (27), the expression for g¼ 1 can
be written as

u 1ð Þ
l q½ � ¼ u 0ð Þ

l q½ ��a 0ð Þ
l q½ �

¼
XV�1

v¼0

d q�vð ÞmodQc lþQvð ÞmodL e
ivφhv

 !

� h0d q�0ð ÞmodQ c lþQ 0ð Þð Þmod L e
i0φ

� �

¼
XV�1

v¼1

d q�vð ÞmodQc lþQvð ÞmodL e
ivφhv

 !
ð28Þ

By analyzing (28), the generalized equation for the
qth symbol in the lth block of matrix U gð Þ for g≠ 0 is
obtained as

u gð Þ
l q½ � ¼

XV�1

v¼g
d q�vð ÞmodQc lþQvð ÞmodL e

ivφhv: ð29Þ

As a result, the multipath components become resolv-
able owing to their orthogonality, resulting from the
cyclic interleaving combined with the proposed SIC.
The following subsections discuss various methods of
combining these multipath components.

2.1.1 | Linear combiner

The substitution of qþg for the qth symbol in dq gf g rep-
resents a cyclic shift. The cyclically shifted elements are
combined using LC as follows:

Dq,LC ¼
XV�1

g¼0

d qþgð Þ gf g: ð30Þ

Using (23), we can rewrite (30) as
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Dq,LC ¼
XV�1

g¼0

dqmodQhg ¼ dq
XV�1

g¼0

hg: ð31Þ

The hard decision applied to the combined output
yields

bdq,LC ¼ sgn Dq,LC
	 
¼ sgn dq

XV�1

g¼0
hg

n o
: ð32Þ

The estimated user data obtained from LC is of the
form

bdLC ¼ bd0,LC,bd1,LC, � � �bd Q�1ð Þ,LC
h i

: ð33Þ

2.1.2 | Maximal ratio combiner

Replacing q with qþg followed by MRC yields the qth
symbol as follows:

Dq,MRC ¼
XV�1

g¼0

dqþg gf gh�g : ð34Þ

Rewriting (34) with (23) gives

Dq,MRC ¼
XV�1

g¼0

d qð ÞmodQhgh
�
g ¼ dq

XV�1

g¼0

hg
�� ��2: ð35Þ

The estimate of the qth symbol from the MRC is writ-
ten as follows:

bdq,MRC ¼ sgn Dq,MRC
	 
¼ sgn dq

XV�1

g¼0

hg
�� ��2

( )
: ð36Þ

Consequently, the MRC output in vector form is

bdMRC ¼ bd0,MRC, bd1,MRC, � � �, bd Q�1ð Þ,MRC

h i
: ð37Þ

The proposed SIC technique for CIFDM enhances the
receiver’s ability to resolve and combine multipath-
scattered components. Specifically, this technique elimi-
nates the most significant interfering paths in successive
path detections. The subsequent sections provide a
detailed process flow and simulations to support the
mathematical derivations.

2.2 | Process diagram 1

Figure 2 illustrates the transmission and reception of data
vectors in CIFDM. In this illustration, we assume CIFDM
symbol transmission with Q¼ 3, L¼ 4, and V ¼ 2. The
transpose of the code vector, with a size of L�1, spreads
the data vector, which has a size of 1�Q. Consequently,
the resulting spread data dimensions are L�Q. To create
cyclic interleaved data with the same L�Q dimensions,
we flip the data components of the spread data vertically
and apply cyclic shifts ranging from 0 to Q�1 to each of
the columns. A data frame is constructed with a size of
1�LQ by reading the cyclic interleaved data rowwise. By
adding a CP of size V �1 at the beginning of the frame,
its final size becomes 1� V �1ð ÞþLQð Þ. The subcarrier-
modulated data are then transmitted over the multipath
channel.

Upon receiving the data and removing the CP, it
returns to its original size before the addition of the
CP. When we reverse the reshaping process on
the subcarrier-demodulated data, the resulting data
maintains the size and format as the cyclic interleaved
data. Furthermore, performing cyclic deinterleaving on
the reshaped data leads to data with the same size and
format as the spread data. The output data vector,
obtained by applying the proposed SIC technique, com-
bining, and making a hard decision on the deinterleaved
data, has the same size as the transmitted data vector,
which is 1�Q.

F I GURE 2 Processes on a data vector in CIFDM with Q ¼ 3,

L¼ 4 , and V ¼ 2.
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2.3 | Process diagram 2

Figure 3 provides an illustration of the proposed SIC
technique in CIFDM with Q¼ 3, L¼ 4 , and V ¼ 2. The
SIC technique commences with the deinterleaving pro-
cess. The deinterleaved data, originally with dimensions
L�Q, are transformed into a 1�Q format by despread-
ing them with C0. The estimated data for path 0 are then
spread again using C0 to match the dimensions of the
deinterleaved data. This spreading operation facilitates
the subsequent matrix subtraction. To obtain data for
path 1 with dimensions 1�Q, we perform despreading
on the output of the subtraction using C1e�i1φ. The
despread data per path, combined output from either LC
or MRC, and detected user data have dimensions 1�Q.

2.4 | Flow chart

Figure 4 shows a flowchart illustrating the operation of
the proposed SIC receiver in CIFDM. The flowchart starts
with the reception of multipath components from a fad-
ing channel. The SIC technique begins by arranging the
channel values in descending order of channel gain,
making the following assumption: h0j j> h1j j> � � � h V�1ð Þ

�� ��.
Initialization involves setting both the selected path and
combined output to 0. The data acquisition process is suc-
cessively repeated V �1 times. The data regeneration
process is consecutively repeated V �2 times.

Both the IFDM and CIFDM schemes require channel
state information (CSI) at the receiver for channel equali-
zation. Specifically, the proposed CIFDM-SIC requires
the CSI at both the SIC and MRC stages, CIFDM-MFB
only at the MRC stage, and IFDM at the minimum mean
square error frequency domain equalization
(MMSE-FDE) stage. Consequently, the complexity of
IFDM is slightly higher than that of CIFDM-MFB [25].

In CIFDM schemes, the performance improvement
depends on an increased number of significant paths.
The multipath resolution achieved using the proposed
CIFDM-SIC is remarkable compared with that of
CIFDM-MFB, albeit at a moderate increase in system
complexity. However, this slight increase in complexity
in the proposed CIFDM-SIC is justifiable, given the sub-
stantial diversity gain it provides.

3 | SIMULATION

The BER performance of the CIFDM with the proposed
SIC and MFB receivers and IFDM with the MMSE-FDE
receiver were evaluated using Monte Carlo simulations.
The comparative curves based on channels, combiners,
magnitude of interference between users, and imperfect
channel estimates are presented in this section to demon-
strate the remarkable performance of the proposed
CIFDM-SIC. Binary phase-shift keying (BPSK) modula-
tion without pulse shaping was considered. The

F I GURE 3 Process of proposed SIC technique in CIFDM with

Q¼ 3,L¼ 4 , and V ¼ 2:

F I GURE 4 Flow chart for the proposed technique.
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amplitude profile of the multipath channel was created
based on the energy levels of line of sight (LoS) and scat-
tered components. The Rician factor is the average
energy ratio of the LoS to the scattered components. A
performance analysis was performed under both LoS and
non-line-of-sight (NLoS) channels.

Figure 5 shows the advantages of the proposed
CIFDM-SIC over IFDM under different channel condi-
tions, characterized by Rician factors of 100 dB (strong
LoS), �20 dB (weak LoS), and �100 dB (NLoS). We
employed the proposed SIC receiver for CIFDM and
MMSE-FDE for IFDM. To validate the multipath simula-
tions for both schemes, we used a 100 dB channel in
which they performed similarly. However, a substantial
performance gap emerged between the two schemes
when applied to the other two channels, highlighting the
superiority of CIFDM-SIC in multipath fading scenarios.
This performance gap is attributed to the absence of the
cyclic interleaving technique in IFDM, resulting in a
lower diversity gain.

The conventional scheme outperformed the others in
the 100 dB channel because of its strong LoS and the
absence of scattered components. It maintained a mar-
ginal performance gap in the �20 dB channel when com-
pared with the 100 dB channel because of the weak LoS
and presence of scattered components. Conversely, the
worst performance, obtained in the �100 dB channel,
was expected, given its NLoS nature.

The proposed CIFDM-SIC excelled in the �20 dB and
�100 dB channels because of its multipath resolution
capability. However, unlike IFDM, the proposed scheme
responded differently in the various channels considered.
It exhibited poor performance in the 100 dB channel

owing to the absence of scattered components, whereas
its superior performance in the �20 dB channel was
attributed to both the weak LoS and scattered compo-
nents. Similarly, the �100 dB channel performed worse
than the �20 dB channel due to its NLoS characteristics.
For subsequent simulations, we assumed the �100 dB
channel to maintain realism.

Figure 6 presents the remarkable robustness of the
proposed scheme against multipath fading and its sub-
stantial improvement in diversity compared with
CIFDM-MFB, as described in [24]. Since CIFDM-MFB
does not employ a multistage multipath interference
minimization technique, its performance is marginally
inferior to that of the proposed scheme. Furthermore,
IFDM maintains a significant performance gap with both
CIFDM schemes owing to the absence of any multipath
resolution strategy.

Figure 7 presents the BER performance of CIFDM for
both the proposed SIC and MFB receivers, utilizing LC
and MRC across varying code lengths. The code lengths
considered for the comparison were L¼ 7, 15, 31, and 63.
We compared the Eb=N0 values of different cases at a
fixed BER of 10�6.

It is evident that the proposed CIFDM-SIC outper-
formed CIFDM-MFB in all eight cases. Notably, there is a
significant performance improvement in both schemes
when transitioning from L¼ 7 to L¼ 63. Furthermore, as
the code length increased from 7 to 63, the performance
of CIFDM-MFB gradually approached that of the pro-
posed scheme.

Overall, there was a substantial performance
improvement when MRC was used instead of
LC. Additionally, the performance of MRC was excellent

F I GURE 5 BER performance comparison of proposed

CIFDM-SIC and IFDM for various Rician factors.

F I GURE 6 BER performance comparison of the proposed

CIFDM-SIC, CIFDM-MFB, and IFDM.
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when L¼ 63, leading us to select MRC with L¼ 63 for
the remainder of the analysis.

Figure 8 shows the proposed CIFDM-SIC and
CIFDM-MFB under a non-orthogonal multiple access
(NOMA) scenario. The performance was studied for a
two-user NOMA cluster with different levels of interfer-
ence affecting the desired far user. Assuming extreme
and distinct channel conditions for the two users, we
considered a �100 dB (poor channel) for the far user and
a 20 dB (good channel) for the near user. The magnitude
of interfering power was varied from 0.2 to 0.5 in

increments of 0.1, with the sum of interfering and desired
user’s power assumed to be equal to one.

In conventional NOMA, SIC is a standard detector for
the near user but not for the far user. However, since the
proposed CIFDM-SIC demonstrates exceptional perfor-
mance for the �100 dB channel, as shown in Figure 5, it
is also employed for the far user in the proposed NOMA
transmission. It is important to note that the SIC tech-
niques used for the near and far users are entirely differ-
ent, particularly in terms of how they resolve multiple
paths. The far user benefits from multipath resolution;
however, this is not the case for the near user.

The observations show a consistent error trend at a
near- and far-user power ratio of 0.5:0.5. However, the
performance continued to improve as the interference
power gradually reduced. Both schemes performed
exceptionally well at a power ratio of 0.2:0.8. However,
CIFDM-MFB lagged behind CIFDM-SIC in this scenario.
Therefore, we assumed a power ratio of 0.2:0.8 for the
subsequent performance analysis.

As it is often challenging to obtain a perfect CSI esti-
mate in real-world scenarios, our simulation setup
accounts for the practicality of imperfect CSI, as shown
in Figure 9. In our evaluation, we compared the perfor-
mance of the proposed and conventional schemes under
a �100 dB channel condition, considering a near–far user
power ratio of 0.2:0.8.

We modeled the imperfect channel estimate as
bhg ¼ hgþωα, where hg represents the ideal channel, ω2

denotes the normalized mean square error (NMSE), and
α is a Gaussian random variable with a mean of 0 and
variance of 1. The NMSE for the channel estimate is cal-
culated as

F I GURE 8 BER comparison of the proposed CIFDM-SIC and

CIFDM-MFB under MA scenarios and different magnitudes of

interference between users.

F I GURE 9 Effect of imperfect channel estimation in BER

performance of the far user for the proposed CIFDM-SIC, CIFDM-

MFB, and IFDM.

F I GURE 7 Spider plot of CIFDM for various detectors,

combiners, and code lengths at a specific BER of 10�6.

912 ANUTHIRSHA and STUWART



ω2 ¼E hg�bhg
���

���
2

� �
=E hg

�� ��2
n o

: ð38Þ

In our analysis, we present the performance curves
for different NMSE values ranging from 0 to 0.25. Nota-
bly, the BER performance of the conventional IFDM
scheme was found to be the poorest. However, our pro-
posed scheme outperformed conventional approaches,
even in scenarios with higher NMSE levels.

4 | CONCLUSION

This paper introduced a novel multistage multipath inter-
ference cancellation technique for CIFDM. The user per-
formance in data transmission over a weak
communication channel is significantly enhanced by the
proposed CIFDM-SIC. The proposed scheme offers
advantages such as diversity in reception, and eliminates
the need for MMSE-FDE equalization. We conducted a
comprehensive analysis, examining the error rates across
various code lengths, receivers, and combiners. The simu-
lation results clearly indicate that our proposed scheme
significantly improves performance compared with the
conventional CIFDM-MFB and IFDM approaches. Addi-
tionally, we demonstrate robustness in MA and imperfect
channel estimation scenarios. A promising future direc-
tion for our research is to extend this work by developing
advanced multistage interference minimization tech-
niques for CIFDM.
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