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Abstract — Over the past decade, personal communications have
witnessed exponential growth, fueled by the increasing number
of connected users and the diversity of transmitted data types.
This expansion necessitates a boost in the transmission systems’
capacity to accommodate higher user numbers and data rates,
simultaneously striving to optimize cost and complexity. Con-
sequently, future communication systems are pivoting towards
multi-carrier spread spectrum techniques (MC-CDMA), capi-
talizing on the robustness of OFDM multi-carrier transmissions
against multipath propagation and leveraging the flexibility of
the code division multiple access (CDMA) technique.

This study addresses data transmission quality-related con-
cerns within an MC-CDMA system by implementing UTTCM
error correction codes. These codes aim to enhance channel
spectrum efficiency and mitigate error probability. Simulation
results demonstrate that the proposed transmission scheme of-
fers significant improvements in terms of bit error rate and
signal-to-noise ratio, while maximizing the bandwidth shared
among users. Additionally, the incorporation of such equaliza-
tion techniques as zero forcing (ZF) and minimum mean square
error (MMSE), ensures extensive compensation for the channel
selectivity effect.
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1. Introduction

The design of any mobile communication system involves
addressing multiple access concerns, specifically how to
enable numerous users to share a common physical medium
[1]. Resource allocation in such systems can be accomplished
through three distinct techniques: frequency division multiple
access (FDMA), time division multiple access (TDMA), and
code division multiple access (CDMA). CDMA has garnered
significant attention from researchers due to its performance
and is recognized as a key asset driving the evolution of mobile
telephony. Additionally, competitive methods have emerged
to ensure simultaneous data transmission, with orthogonal
frequency division multiplexing (OFDM) standing out for its
effective management of the propagation channel [2], [3].

The success of OFDM and CDMA techniques has stimulat-
ed the idea of integrating them within a single transmission
system to develop potential solutions that meet the require-
ments of future cellular mobile communication systems and
enhance their performance. This integration initially led to the
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development of multi-carrier code division multiple access
(MC-CDMA). The use of OFDM modulation in a CDMA
context offers the advantage of elongating the duration of
transmitted symbols. Despite their performance, these sys-
tems are characterized by drawbacks in terms of interference
between codes, carriers, and users.

When integrating MC-CDMA systems with a robust chan-
nel encoder, unpunctured turbo trellis coded modulation
(UTTCM) demonstrates superior spectrum efficiency and er-
ror probability performance. Consequently, this subject has
gained substantial attention from various research groups, re-
sulting in significant advancements in these techniques. Since
the introduction of turbo channel codes, numerous studies
have showcased their performance and optimization objec-
tives using binary modulations. However, concerns regarding
high-data-rate transmission while adhering to a predefined
bandwidth have led some researchers to consider implement-
ing turbo codes solely for highly spectral-efficient modula-
tions [4]. Consequently, UTTCM is the most powerful com-
mercially available error-correction coding technique. As it is
based primarily on iterative coding techniques at the recep-
tion side, its efficiency becomes more critical in the Rayleigh
channel, as it is capable of protecting transmissions against
mobile radio channel fading, as seen in fourth-generation
mobile telephony (LTE) [5].

The primary goal of operators consisting in maximizing the
number of users highlights the significant contribution of
multi-user detection in enhancing the overall spectrum effi-
ciency of MC-CDMA systems [6], [7]. In cases of unknown
or time-varying channels, perfect verification of the Nyquist
criterion is unfeasible, and residual interference may be miti-
gated through equalization schemes, such as zero-forcing or
minimum mean square error (MMSE) [8]—[10].

In this paper, Section 2 presents a comprehensive review of
prior research on MC-CDMA and UTTCM. It underscores
different facets of MC-CDMA and UTTCM techniques, high-
lighting their individual contributions and potential integra-
tion possibilities. Section 3 presents a detailed description
of the research methodology employed, elucidating the ap-
proaches utilized in investigating the performance and ef-
ficiency of MC-CDMA integrated with UTTCM. Section
4 presents the experimental findings, offering empirical ev-
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idence, and analyzes the results derived from the research
conducted.

Section 5 concludes the paper by summarizing the contri-
butions made to enhancing mobile communication systems
through the integration of MC-CDMA and UTTCM [11]. It
also emphasizes their potential for superior performance in
terms of spectral efficiency and error correction capabilities.

2. Related Work

The research involving MC-CDMA systems encompasses
several studies focusing on enhancing efficiency, detection,
equalization, and compensation characteristics of these sys-
tems. The investigation performed by Bendelhoum ef al. [12]
delves into improving a downlink MC-CDMA system for ef-
ficient image transmission, focusing on image compression
and transmission efficiency.

Fateh er al. [13] evaluate the performance of MC-CDMA
systems employing single-user detection techniques, while
Zidane et al. [14] conduct a comparative study between
adaptive and blind algorithms for channel identification and
equalization in MC-CDMA.

Additionally, studies by Zidane et al. [15] and Safi et al. [16]
explore compensation methods for fading channels and uti-
lize higher-order cumulants for equalization in MC-CDMA.
Furthermore, Frikel ef al. [17] propose a channel identifica-
tion scheme that uses chaos for a multicarrier code division
multiple access system.

Meanwhile, research conducted by Abderraouf et al. [18] fo-
cuses on applying iterative coding systems utilizing UTTCM
to improve the performance of 4G-LTE mobile radio commu-
nication networks. This involves enhancing data transmission
efficiency within fourth-generation networks by implementing
UTTCM and iterative decoding systems.

3. Methods

3.1. MC-CDMA Technique

The MC-CDMA technique, introduced in [19], has been sub-
jected to extensive comparisons with DS-CDMA systems,
demonstrating its effectiveness over other approaches thanks
to combining CDMA access methods and OFDM modula-
tion [20]. Consequently, MC-CDMA systems have emerged
as promising candidates for the 4th generation of mobile radio
systems [21]. Spread spectrum techniques and multi-carrier
modulations offer numerous advantages, including the inher-
ent information confidentiality of the spread spectrum [22],
lower power spectral density of the transmitted signal, and
the ability to accommodate multiple accesses through code
division. With multi-carrier modulations, the emphasis is
placed on achieving spectral efficiency and robustness against
inter-symbol and inter-channel interference.

This discussion covers the MC-CDMA concept, signal struc-
ture, coding methodologies, and detection approaches.
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Tab. 1. Optimal 8-state TCM encoders for Gray and Ungerboeck-
Gray mapping.

Number '
of states | ho | hi | ha | hs | hs | Mapping
05 | 10 / / G
8 2 13
11 04 / / uG

3.2. Structure of the UTCM Encoder

The UTTCM encoder, as proposed in [23]—[25], consists of
two TCM encoders concatenated with an interleaver, each
with a rate of R

For a spectral efficiency of m [bps], the mapper receives
2m+2 bits, m systematic bits from the 1st, along with a parity
bit, and a de-interleaved parity bit from the 2nd encoder,

resulting in the utilization of a 2*2 point constellation.

For a spectral efficiency of 2 [bits/s/Hz], each encoder operates
at a rate of 2/3 with 8 states and a 16-QAM, constellation,
employing Gray (G) and Ungerboeck-Gray (UG) mapping
[26]. The free distance of the UTTCM setis df = V/3.6.
Table 1 illustrates the optimal 8-state TCM encoders for G
and UG mapping, displaying the number of states, mapping
details, and respective values of hg to hy.

3.3. Structure of the Proposed MC-CDMA System

The structure of the proposed transmission scheme is shown in
Fig. 1. The MC-CDMA signal [27] is generated through a se-
rial concatenation of the classical DS-CDMA and OFDM.
The MC-CDMA modulator disperses each user’s data in
the frequency domain. Specifically, each chip of the direct
spreading sequence of a data symbol modulates a subcarrier.
In contrast to DS-CDMA’s serial transmission, MC-CDMA
transmits the spreading chips of a data symbol in parallel,
through different subcarriers. The transmitted signal’s nature
aligns with the transmission channel’s input and allows the
receiver to perform the reverse operation. The observed sig-
nal potentially closely resembles the message issued by the
source.

The transmitting signal corresponding to the k-th data bit of
the m-th user is given by:

Z

—1

am (K)em (i) cos(¢i)pr, (t — KTy) , - (1)

sm(t) =

7

where

w¢:27rfct+27r£t,i:O,l,...,Nfl. 2)
Ty

em(1),¢m(2), ..., cm (N — 1) represents the spreading code
of the m-th user, pr, is the unit amplitude gate function on
the interval [0, T3], F. is the carrier frequency, and F' is the
spacing between the subcarriers. The transfer function of the
fading channel considered for the m-th user at frequency pr,
fe+ zTEb is:

Hp, (fc + iﬂ) = pmae’’m 3)

Ty
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Tab. 2. Parameters used in the simulation.

Fig. 1. Structure of the simulated transmission chain.

where p,,, ; and 6,,,; are the random amplitude and phase of
the fading channel, respectively.

The received signal, when m users are active, is:

M-1N-1
=Y pmiam(k)em(i)cospi +n(t), (@)
m=0 =0
where p; = 27 f.t + QW%t + 0,,,;. The channel’s effect is
included in py, 4, 0,,,; and n(t). Assuming perfect channel
estimation and perfect synchronization at the receiver, the
detected signal (the decision variable) is given by:

N—-1
vo = ao (k) Z p0,i do,i + Bint + n(t) . 5)
1=0
The decision variable consists of three terms, the first one
corresponds to the desired signal component (m = 0) and
the second corresponds to the interference:

M—
Bint = 5

i
where Hmﬂv = Hm,l — 90,2-.
It is important to note that this term cancels out in an ideal
channel (p,,; = 1 and 0,,, ; = 0).

The final term corresponds to noise:

1N—

Z Pm,i doyiam(k)CO (’L) COS ém,i 5 (6)

N (k+1)T5,
n= Z/ —n(t)co(i) do,i cos(¢;)dt )
k

i=0 VKT Ty
or
; F 3
¢ = 27’l’fct + 2r—t + (907»; .
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4. Results and Discussion

Table 2 presents a comprehensive summary of the parameters
used in the Matlab simulation.

4.1. Channel and System Configuration

Proakis B channels were used as the designated transmission
channels throughout the study. The length of the spreading
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Parameter Value
Transmitted data size M = 128 octets
OFDM block fot
. Walsh-Hadamard codes of
Spreading codes
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Cyclic prefix Nep = Nypi/4
Equalizer ZF and MSE equalizer
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Fig. 2. BER as a function of DS-CDMA SNR, with MSE equalizer,
Proakis B channel Ny;; = 16 and Nyser = 1,4, 6, and 8.

code (Walsh-Hadamard) was kept constant at (N ;¢ = 16).
Variations in the number of users (/V,s.,) Were examined,
spanning values from 1 to 8. For these simulations, both
the minimum square error equalizer (MSE) and the zero-
forcing equalizer were employed. Figures 2 through 4 in the
subsequent sections portray BER vs. SNR curves, illustrating
the comparative performance of DS-CDMA and MC-CDMA
systems.

Figures 57 depict the simulation results for two types of
equalizers, namely the zero forcing equalizer (ZF) and the
minimum squared error equalizer (MSE), and for a number of
users equal to (1, 4, 5, 6, and 8) — for two types of systems, i.e.
DS-CDMA and MC-CDMA. A common observation across
all scenarios is an increase in BER becoming evident as the
number of users grows. However, it is noteworthy that the
equalizers do not exhibit identical performance characteris-
tics. Hence, this comparative analysis aims to determine the
optimal solution for each scenario. Therefore:

o the MSE detector shows robustness against the glare phe-
nomenon, outperforming the ZF equalizer,
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Fig. 3. BER as a function of MC-CDMA SNR, with ZF equalizer,
Proakis B channel, N¢s; = 16 and Nyser = 1,4, 5, 8, and 16.
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Fig. 4. BER as a function of MC-CDMA SNR, with MSE equalizer,
Proakis B channel, Ny¢; = 16 and Nyser = 1,4, 5, 6, 8, 16.
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Fig. 5. Error rates as a function of SNR; comparison of MC-CDMA
and DS-CDMA systems, with ZF equalizer, Proakis B channel,
Nyp = 16 and Nyger = 1.

o MC-CDMA exhibits better performance compared to DS-
CDMA, due to the multi-carrier OFDM system’s increased
resistance to fading effects.
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Fig. 6. BER as a function of SNR; comparison of MC-CDMA and
DS-CDMA systems, with a MSE equalizer, Proakis B channel,
fot =16 and Nuser =1.
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Fig. 7. BER as a function of SNR; comparison of MC-CDMA
systems with a quadratic error equalizer and MC-CDMA and a ZF
equalizer, Proakis B channel, N¢y; = 16 and Nyger = 1.

Furthermore, the contrast between OFDM-CDMA and DS-
CDMAA illustrates better fading resistance of the OFDM-
CDMA system, achieved due to its multi-carrier OFDM
structure. These findings offer practical installation-related
insights allowing to get the most out of real-life wireless
communication systems.

4.2. Performance of MC-CDMA System Using UTTCM
Channel Coding

The UTTCM encoder utilized in this study, acting as the
channel encoder, is characterized by 2/3 efficiency, has 3
memories, and operates with a 128-byte data block size. The
Walsh-Hadamard codes employed have a length of Ny ;.
Simulations were conducted on the Proakis B channel [28],
with variations in the number of users (N e = 1,4, 5, 6,
and 8). Simulation results corresponding to these parameters
are depicted in the following figure.

The results presented in Figs. 8 and 9 demonstrate that the
MSE detector outperforms the ZF equalizer. Figures 9 and
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Fig. 8. Performance of an MC-CDMA system with UTTCM encoder,
Proakis B channel, ZF equalizer, Niter = 4, M = 128 x 8 = 1024,
and N fft = 16.
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Fig. 9. Performance of an MC-CDMA system with UTTCM encoder,
Proakis B channel, MSE equalizer, Njte,r = 4, M = 128 X 8 =
1024, and Ny = 16.
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Fig. 10. Performance of an MC-CDMA system with UTTCM
encoder, Proakis B channel, MSE equalizer, SNR = 9 dB, Njter =
4, M =128 x 8 = 1024, and Nss; = 16.

10 illustrate that the performance of the MC-CDMA system
is enhanced by:

e increasing SNR,

e decreasing the number of users (N ser).
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Fig. 11. Performance comparison of an MC-CDMA system with and
without UTTCM encoder, Proakis B channel, zero forcing equalizer,

Nier =4, M =128 x 8 = 1024, Ny, = 16 and Nyser = 4.
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Fig. 12. Performance comparisons of an MC-CDMA system with
and without UTTCM encoder, Proakis B channel, MSE equalizer,
Niter =4, M =128 x 8 = 1024, Nys; = 16, and Nyser = 4.

Figures 11 and 12 indicate that the BER improvement at-
tributed to the use of the UTTCM channel encoder reaches
107, Comparing the performance of the MC-CDMA system
without the UTTCM encoder with that of a system with the
UTTCM encoder shows an improvement of approximately
4.88 dB in Fig. 11 and 4 dB in Fig. 12. Hence, employing
the UTTCM encoder leads to better performance in the MC-
CDMA system.

More thorough understanding of the performance of the MC-
CDMA system is gained by analyzing it after encoding with
UTTCM. This culminates the results shown in Figs. 8 to 12.
The MSE detector is better than the ZF equalizer, and the
system’s performance is enhanced with an increase in SNR
and a decrease in the number of users (N, ser).

Moreover, the comparison manifests a notable improvement
in BER when using the UTTCM channel encoder, boosting it
by 4 to 4.88 dB. The consequence of integrating the UTTCM
encoder has an immense effect on improving the performance
of the MC-CDMA system.
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Fig. 13. Comparison of performance of decoder 1 and decoder 2 of
a UTTCM encoder associated with an MC-CDMA system, Proakis
B channel, MSE equalizer, M = 128 x 8 = 1024, N;; = 16, and
Nuyser = 4.
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Fig. 14. Performance of an MC-CDMA system with UTTCM
encoder, Proakis B channel, ZF equalizer, M = 128 x 8 = 1024,
fot = 16, and Nuser =4.

4.3. Impact of the Iterative UTTCM Decoding Process on
the MC-CDMA System

To investigate the impact of implementing the iterative de-
coding process, simulations were conducted using a UTTCM
encoder made up of two elementary 8-state encoders, each
with 2/3 efficiency and pseudo-random interleaving. MAP
was the decoding algorithm employed. Figure 13 illustrates
the relationship between decoders 1 and 2.

The transfer characteristic of extrinsic information is now
known for a SISO decoder. During iterative decoding, the
output of decoder 1 serves as the input of decoder 2 and
vice versa. At sufficiently high signal-to-noise ratios, the two
curves converge, indicating the exchanged extrinsic informa-
tion for each iteration, starting from zero mutual information.

This method allows to track the exchanged extrinsic infor-
mation between the two decoders throughout the iterations,
providing insights into the convergence and mutual informa-
tion exchange in iterative decoding processes.
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Fig. 15. Performance of an MC-CDMA system with UTTCM
encoder, Proakis B channel, MSE equalizer, M = 128 x 8 = 1024,
fot = 16, and Nuser = 4.

Figure 15 illustrates the performance of an 8-state UTTCM,
with a varying number of iterations. One may observe that
the performance of an MC-CDMA system improves by:
enhancing SNR, increasing the number of iterations.

This enhancement in performance, attributed to higher SNR
and additional iterations, underscores the influence of the
iterative process on the MC-CDMA system’s efficiency when
utilizing the UTTCM encoder.

In addition to the above analysis, the impact of implementing
the iterative decoding process on the MC-CDMA system with
the UTTCM encoder is investigated. Simulations conducted
using a UTTCM encoder composed of two elementary 8-state
encoders, along with the MAP decoding algorithm, shed light
on the relationship between decoders 1 and 2, as depicted in
Fig. 13.

The convergence of the transfer characteristic of extrinsic
information for a SISO decoder is observed, indicating the ex-
changed extrinsic information between the decoders through-
out the iterations. This method allows for tracking the mutual
information exchange between the decoders, providing in-
sights into the convergence and efficiency of the iterative
decoding process.

5. Conclusion

This research is dedicated to integrating novel transmission
systems and amalgamating multiple technologies, such as
OFDM multi-carrier modulation, CDMA code division mul-
tiple access, and UTTCM iterative channel coding techniques.
The comprehensive simulations manifest that the fusion of
the advanced MC-CDMA communication technique with
UTTCM encoder channel coding successfully addresses sys-
tem constraints related to throughput, robustness, congestion,
and spectral efficiency for the chosen transmission channel.

Moreover, employing MMSE and ZF equalization techniques
within the MC-CDMA system demonstrates a significant
potential to mitigate the effects of channel selectivity. Con-
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sequently, the proposed scheme performs better in terms
of optimizing spectral utilization, overcoming interference,
and ensuring reliable data transmission across various chan-
nel conditions. Integrating UTTCM iterative encoding tech-
niques notably contributes to achieving higher data rates,
while preserving data integrity and fidelity. Furthermore,
adaptive equalization strategies, particularly MMSE and ZF,
play a pivotal role in addressing channel distortions, thus en-
suring robust communication in environments susceptible to
fading and interference.
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