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Abstract

The evolution of Multiple Input Multiple Output (MIMO) technology has significantly strengthened
wireless communication performance; however, persistent challenges remain in interference
mitigation, computational complexity, and spectrum efficiency. Filter Bank Multicarrier with Offset
Quadrature Amplitude Modulation (FBMC-OQAM) has emerged as a viable alternative to
Orthogonal Frequency Division Multiplexing (OFDM). This non-orthogonal waveform is attractive
because of its low out-of-band radiation and high spectral efficiency. Nevertheless, inter-symbol and
inter-carrier interference arising from the non-orthogonal nature of FBMC-OQAM signals and
computational complexity degrade system performance. To address these challenges, this paper will
present a new framework which is a synergistic integration of Code Division Multiple Access
(CDMA), FBMC-OQAM, and space-time coding in MIMO. There are three major goals of the
suggested strategy. To reduce mitigation of interference, the incorporation of CDMA spreading
sequences is done to reduce inter-symbol and inter-carrier interference. Second, the space-time
coding is designed with the aim of minimizing the number of computations made without affecting
the performance. Third, the framework's objective is to improve bit error rate and other performance
indicators, spectral efficiency, and robustness against multipath fading, ensuring reliable
communication in MIMO environments. Performance of the proposed method is assessed and
contrasted with additional benchmark models. Experimental results show that integrating CDMA
with  FBMA-OQAM and space-time coding significantly reduces interference, minimizes
complexity, and enhances spectral utilization. The developments will ensure that future wireless
networks can enjoy quality and dependable communication procedures. The proposed work
establishes a solid foundation for the practical implementation of FBMC-OQAM in MIMO systems.
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1 Introduction

Future wireless communication systems, such as massive machine-type communications (match),
ultra-reliable low-latency communications (URLLC), and enhanced mobile broadband (ebb), must
evolve to meet the requirements of emerging network scenarios (Popovski et al., 2018; Walia et al.,
2025; Tandon & Thakur, 2025; De Almeida et al., 2019). As these networks are expected to define the
future of telecommunications, they must satisfy specific requirements (Séily et al., 2020; Lenine et al.,
2025). Therefore, the waveform for the next-generation wireless networks must be designed to meet
these demands. Currently, Orthogonal Frequency-Division Multiplexing (OFDM) is widely used in
wireless networks due to its effectiveness in frequency-selective channels. However, OFDM has
drawbacks. It employs a rectangular pulse, which leads to significant issues (Chen et al., 2018), for
instance, (i) high out-of-band (OOB) radiation, which interferes with nearby channels; (ii) the Cyclic
Prefix (CP) overhead, which reduces spectral efficiency; and (iii) the need for strict time and frequency
synchronization to preserve orthogonality. These limitations make OFDM less suitable for all application
scenarios. These limitations highlight the need for new waveforms to address the challenges of
next-generation networks (ChithraDevi et al., 2024).

To address these challenges, techniques like filtering and windowing have been applied, but remain
insufficient. All these limitations of OFDM have driven researchers to explore alternative waveforms
that can meet the demands of next-generation communication systems. One prominent alternative is
Filter Bank Multicarrier with Offset Quadrature Amplitude Modulation (FBMC-OQAM). This
waveform has significant advantages over OFDM, making it suitable for future communication systems.
FBMC-OQAM transforms complex-valued QAM symbols into real-valued streams, before transmission
(Raslan et al., 2022). Localized prototype filters for time and frequency are used to shape each subcarrier.
These filters reduce OoB emissions. Additionally, FBMC-OQAM improves spectral efficiency since it
does not use CP (Kadhim et al., 2024; Sahin et al., 2013).

Despite its benefits, FBMC-OQAM sufters from intrinsic interference due to its OQAM constellation
(RezazadehReyhani & Farhang-Boroujeny, 2017). This complicates Multiple Input Multiple Output
(MIMO) integration. Much research has explored integrating Multiple Input Multiple Output (MIMO)
with FBMC-OQAM. In (Caus & Perez-Neira, 2013) Caus and Neira designed precoding and decoding
matrices for frequency-selective channels. This approach showed promising outcomes but resulted in
Bit Error Rate (BER) floors and increased complexity. Wang et al., (2018) presented a model for
interference cancellation in MIMO-FBMC-OQAM using a preamble structure. Compared to
conventional methods, this model achieves lower BER. The framework of FBMC developed by Zakaria
& Le Ruyet, (2012); Perez-Neira et al., (2016) is quite efficient in eliminating inherent interference
through a better design of filters and system setup. The strategy enhances signal orthogonality and
robustness of the system. Combined with MIMO architectures, it provides a significant improvement of
performance and spectral efficiency. The authors found that the Alamouti technique can only be
implemented if CDMA is included (Ghazi et al., 2021). Block-wise Alamouti method was proposed for
FBMC employing the PHYDYAS filter (Le et al., 2016). In this configuration, a time-inverted frame
structure was employed to encode the transmitted data. Conventional Alamouti decoding could be
employed at the receiver to recover data. This straightforward approach preserves the integrity of the
FBMC data structure.

Singh et al., (2018) investigated the error rate of MIMO-FBMC-OQAM based on Zero-Forcing (ZF)
successive interference cancellation. Nissel et al., (2017) suggested distributing data throughout the time
or frequency domain as an effective way to reestablish complex orthogonality in FBMC. This spreading
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was efficient as it used the Walsh-Hadamard transform. Their analysis of FBMC-OQAM was conducted
using the PHYDYAS prototype filter. In (Arjun et al., 2021), Arjun et al. Designed a low complexity
FBMC for MIMO system. The Authors analyzed the effects of interference on various modulation
schemes across different signal-to-noise ratio (SNR) levels. The results further indicated that
higher-order modulations were affected by interference and were more prominent in high SNR.
Bedoui & Et-tolba, (2021) presented a deep neural network for MIMO-FBMC-OQAM interference
reduction. This approach showed good results in terms of BER, with increased complexity. In
(Varlamov et al., 2023), Varlamov et al. proposed an approach that uses the correlation features of
FBMC-OQAM in MIMO systems with memory to perform equalization with self-interference
correction. Results showed that the algorithm achieved a comparable level of performance, surpassing
the one-tap approach, and it was compared to a more intricate parallel multistage algorithm. The
presence of interference causes incompatibility between FBMC-OQAM and MIMO systems.
Raslan et al., (2022) presented a block spreading-based effective FBME-OQAM implementation. This
spreading restored complex orthogonality to facilitate the use of FBMC-OQAM with MIMO. This
method uses the Discrete Haar transform to reduce computational complexity. Performance was
evaluated and compared with CP-OFDM and spatial multiplexing with ZF detection. Simsir, (2024)
implemented the Migrating bird’s optimization algorithm to reduce interference and complexity in the
MIMO-FBMC-OQAM system. Li et al.,, (2022) used a power multiplexing method to reduce
interference in the FBMC-OQAM system. The pulse shaping filters were presented by Abdel-atty
(Abdel-Atty et al., 2020) in effort to improve the FBMC-OQAM system performance. The suggested
scheme employed the Walsh-Hadamard code in FBMC-OQAM in order to distribute data. The
PHYDYAS-based system was more successful. The paper points out that the FBMC-OQAM systems
also work in distortion prone channels and therefore it can be a viable alternative in ionospheric
communication systems using high frequencies and speeds of communication system. Nonetheless, this
system has certain shortcomings such as inter-symbol and inter-carrier interference occasioned by the
non-orthogonality of FBMC-OQAM and a heavy computation load when dealing with a multi-antenna
space-time coded system. In this paper, the objective is to resolve these problems using the synergies of
CDMA and space-time coding in the environment of MIMO. This paper has the following major
contributions:

e Suggest a hybrid system combining FBMC-OQAM and CDMA to deal with inter-symbol and
inter carrier interference. The suggested approach improves the interference rejection and
preserves the benefits of FBMC-OQAM.

o Create a low complexity space time coding and decoding algorithm to work with MIMO systems.
This algorithm will minimize complexity in computation.

e Suggest an algorithm to enhance the spectral efficiency of FBMC-OQAM systems in the MIMO
systems, such that the frequency spectrum is effectively exploited without reducing the error
performance.

e Minimally verify the performance of the proposed framework with multipath fading effect in
various propagation conditions, which provides better reliability of MIMO systems.

The remaining part of the paper is as follows: Section 2 describes the FBMC-OQAM in a MIMO

setup. The simulation results of the proposed model will be provided in section 3. After Section 4, the
paper is concluded.
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2 Proposed Model

2.1 Model of the FBMC-OQAM System

Analysing and implementing a MIMO FBMC-OQAM system is the main emphasis of the work.
Antennas for both transmitting and receiving signals are part of the system, which allows for better
wireless communication. Figure 1 shows the configuration of the proposed system. The system
incorporates N. sub-carriers, which are sufficient for channel delay spread. The transmitter uses a
precoder T(w;), and the receiver utilizes an equalizer R(w;) for i=1,2,3... N Here, w; refers to the
angular frequency of the it" subcarrier. Synthesis Filter Bank (SFB) blocks are located at the transmitter,
whereas Analysis Filter Bank (AFB) blocks are located at the receiver (filter bank). Important
components of the transmitter and receiver in the proposed MIMO FBMC-OQAM system are F (w) and
G (w). Data is precoded at the transmitter using the matrix F(w). This implies that it optimises the usage
of the wireless channel and prepares the data to be sent over numerous antennas in a manner that
enhances the signal quality. To equalise the received signal, G (w) is used on the side of the receiver. It
aids in decoupling the mixed signals picked up by various antennas and removing the influence of the
wireless channel. Because of this, accurately recovering the original data becomes much simpler. For
every subcarrier (frequency) in the system, F(w) and G(w) operate to ensure that the signal is
appropriately handled at that frequency. When used in combination, they boost the wireless
communication system's overall efficiency. Using the FBMC-OQAM waveform, we assume that a set
of data symbols is sent across N sub-carriers. When broadcast via a p™ antenna, the FBMC-OQAM
signal is expressed as (Equation 1),

Sk[p] = ;Vn=1 Zfi drlgl,nsfm,n [p] (1
Where, sf;,,[p] - at the n time instant, the synthesis filter associated with the m™ subcarrier. It is
provided by (Equation 2),

'an(p—Lg_l)ei¢m,n

Sfm,n[p] =s[p - nN/Z]e]T 2 ()

Where, S[k] - a prototype filter of length L ,and e/®?mn - phase term (Renfors et al., 2017). Let
yPLan
m

the channel's frequency response between the p1™ shown and q1™ receive antennas. A common

method to represent the signal received at the q1™ antenna is as (Equation 3),
rO k) = SpL, (S8 55 HE YV dl gmn K1) + 0D (k] 3)

Where, 7 [k] represents Gaussian noise. Equation (4) is used to produce the demodulated real
symbol corresponding to the m™ subcarrier and n™ instance.

YA =< rUk], gmnlk] >

— yNr gyplqls pl Pl ql
- Zp:l Hm (dm,n + ]um,n) + nm,n (4)
Were, uﬁm — imaginary intrinsic interference. Let the vector containing

Np (Number of Transmit Antennas) demodulated  real symbols are denoted as

T
Yin = [V Yo - yﬁﬁl] and the vector comprising Ny(Number of Transmit Antennas). The

T
transmitted real symbols are represented as d,, ,, = [d}nrn, Az - d,l\,lfn] . The demodulation operation

in matrix form can then be expressed as (equation 5):
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Ymn = m(dm,n +jum,n) + Nmmn (5)
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Figure 1: MIMO FBMC-OQAM

Were, H-channel matrix. The signal that was received might be shown as,

1 11 1NT 1 01 1

Ymn Hpym - Hygn ||dmn +iUmn Nmn
N I : : +1 (6)
Ngr N,1 NrNp Nt . Nt Ng

Ym,n Hm,n - H mn dm,n + ] um,n 77m,n

2.2 Alamouti Scheme

The Alamouti technique (Alamouti, 2002) may be better understood by looking at the one-tap channel
model, as using equation (6),

Vi = Migus,, + Mk

When the channel gain between the transmit and receive antennas is denoted by hy ,, at time instant
k, and the additive noise is represented by n,. We take it as read that hy ,, is a unitary-variance Gaussian
random process with complex values. Coherent detection is being considered, where the receiver is
assumed to have complete knowledge of hy ,,. Two broadcast antennas and one receive antenna are used

to accomplish the Alamouti technique.

In multicarrier modulation, the time and frequency axes may be permuted, so let's use sy and Sy541
as the two symbols to broadcast at 2k and 2k + 1, respectively. Antenna 1 transmits S,y 1/ V2 at time
instant 2k, whereas antenna O transmits s, / V2. Antenna 1 transmits Sox/ V2, whereas antenna 0
transmits —(Syx41)"/ V2. The total transmitted power is normalized by adding the 1/ V2 factor. At time
instants 2k and 2k + 1, the samples of the received signal are provided by equation (7)

1
=— (hyr 0 Sox + hop1(s ) ) + Ny,
Y2k \/f( 2k,0 S2k 2k,1(S2k+1 ) 2k

1

Yok+1 = ﬁ (_h2k+1,0 (Szk+1) * +h2k+1,1(52k)*) + Noks1, )
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If we assume the channel is constant from 2k to 2k + 1 in terms of time, we will get the result as in
equation (8),

[ Yok ] _ 1 hak,o haka [ 52k nZk ] g
Yak1l ™~ (hzm)* _(th,o) 52k+1 n2k+1 ®)
Hyy

The transpose conjugate operation is denoted by H, and the identity matrix I, has dimensions (2,2),
thus HokHi k = G) (|h2k’0|2 + |h2k’1|2) I;. Keep in mind that H, is an orthogonal matrix. Hence,

the values of s, and s,; 44 are acquired by using the Maximum Ratio Combining (MRC) equalization
in equation (9).

[,S;] _ \/z h;k,() th,l ] [ Yok
S2k+1 |h2k'0|2 + |th’1|2 (hzk,l) —(th,o) y2k+1
_ [ S2k Hak
a [52k+1] M2k+1] 9
Were,
[ Kok ] _ \/z h;k,o th,l ][ Mok (10)
okt |th,0|2 + |h2k,1|2 (h2k,1) _(th,O) n2k+1

The equation (10) E(|uzxl®) = E(luzk+11?) = ZNO/(|h2k,O|2 + |h2k,1|2) holds because the two
noise components 1n,, and n,,,; are uncorrelated. Here, N, represents the density of monoliteral noise.
Therefore, the bit error probability, abbreviated as p,,, is determined by assuming a QPSK modulation
and using the formula from (Tse & Viswanath, 2005) given in equation (11).

2 2
P =0 j(lhm' Sl )SNRt an

Where SNR; stands for the Signal-to-Noise Ratio on the transmitter side. A diversity gain of 2 will
be produced by an uncorrelated pair of channel coefficients.

2.3 CDMA- FBMC-OQAM and Alamouti

In this work, we first review the findings of Lélé et al., (2007) and Lélé et al., (2007) for
CDMA-FBMC/OQAM systems, which analyse the transmission of complex and real data symbols,
respectively, under the assumption of distortion-free channel conditions. Next, we demonstrate how the
proposed system, in combination with Alamouti coding, may be used for transmission across a realistic
channel model. We assume that N¢ = M /N, is an integer that indicates the length of the CDMA code by
N,. The ut" user's code, represented by ¢, = [Co,u CNC_lju]T, is the transposition operation. For a
user U, at a certain moment ng, N, various data are sent out as follows: dy.10,0, 100,15+ - - » Auon0Ng-15
when spreading is done in the time domain, such as in pure MC CDMA (Multi-Carrier-CDMA)
(Dinan & Jabbari, 2002). Then, at the time ny and frequency mg, we get the actual symbol a0
communicated by spreading with the ¢;,, codes, which is given by equation (12).
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U-1

_ Cm, my
Among = N’ udy, ny, _N
= Ve c

(12)

The number of users, denoted as U, the modulo operator, and the floor operator are all defined here.
The orthogonality of the code ensures that the reconstruction of dy , , (Wherep € [0,Ns_q]) is
preserved from the a mg, ny term. Disregarding background noise, the dispersal operator leads to
equation (13),

Ne—1

d;;;p = z CmudpNe +m,ng (13)
m=0
The inclusion of no CP allows for the transmission of these spread real data sets dy, p to be
guaranteed at a symbol rate that is more than double that required for complicated MC-CDMA data
transmission, as shown in (Lél¢ et al., 2010). For real data and a maximum spreading length (defined by
the number of subcarriers), the real portion of the symbol is maintained after the dispreading procedure,
but the imaginary component i,, , is not identified (see figure 2). Areal orthogonality criterion is satisfied

by this technique, and it can accommodate up to M users.

The Filter Bank Multicarrier (FBMC) transmission technique employing Offset Quadrature
Amplitude Modulation (OQAM) is shown in figure 2. Spectral efficiency is enhanced in this system by
the use of well-designed filter banks that retain orthogonality, rather than a Cyclic Prefix (CP). The
complex Quadrature Amplitude Modulation (QAM) symbols that make up the input data are first
decomposed into their real (Re{}) and imaginary (Im{}) parts. The addition of a half-symbol time offset
(T/2) to the imaginary components is an essential aspect of OQAM since it guarantees that the real and
imaginary portions do not interact with one another and improves the time-domain orthogonality. After
this separation, the FBMC waveform is generated by processing the real and delayed imaginary
components via a polyphase filter bank. This bank employs the Inverse Discrete Fourier Transform
(IDFT) and pulse shaping. When compared to traditional OFDM, this filter bank method enhances
frequency localization while reducing spectral leakage. The next step is to time-multiplex the outputs,
which means that the transmission of real and imaginary signals happens in alternating time slots. After
that, the last signal is transferred via the communication channel, and the receiver uses the inverse
procedure to get the initial data. To improve spectrum efficiency and reduce inter-symbol and
inter-carrier interference, FBMC employs sophisticated filtering algorithms, in contrast to classical
OFDM, which depends on CP for interference mitigation.

A

Re{} >

A 4

Xo,n

\ 4

Despreading
in time

Spreading in
time

\ 4

FBMC Modulation

Real data d,,, |-
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y

\4
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\ 4
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Channel Filter
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Figure 2: CDMA-FBMC/OQAM transmission scheme
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2.3.1 Cancellation of Inferences Process

In (Wang et al., 2010), it is suggested to have a deeper look at the interference term by assuming that the
CDMA codes are Walsh-Hadamard (W-H) codes with a length of M = 2N = 2n, which is an integer.
The length, denoted as L, = bM, of the prototype filter is determined by the indicating function
Ljp—no| < 2b, which is 1 if [ n —ny| < 2b and 0 otherwise. Once that is done, we can describe the
scalar product of the basic functions as in equation (14),

(gm,n ,gp,n()) = 6m—p,n—n0 +jyrzr)1,,:l10 I'ln —ny| < 2b, (14)
where jy,fl"fl" is given below equation (15),
J¥ma = ¢{ (=1)mno) jmin=p=noq  (n —no,m — p)} (15)

The interference term in the transmission of actual data may be stated in equation (16), according to
(Lél¢ et al., 2007), with a maximum spreading length, M = 2N = Nc.
2b-1 2N-12N-1

U-1

y J— pan

lun = Z dn+n0,u z z CpuoCmu¥mn+n, (16)
u=0 p=0 m=0

The cancellation of i, ,, interference may be shown in (L¢I¢ et al., 2007) when U < M /2 spreading
codes are appropriately chosen. Given that M = 2N = 2" is the size of the W-H matrix, it is possible to
partition all of the index sets into two sets, S{* and S%', where the cardinal is equal to M /2. The following
is the building rule for these two subsets that ensures users will not interact with each other. When
n =1, the first two elements of each subset are initialized to 0 and 1, respectively. Our current
assumption is that the two subsets have the following set of indices for an integer n = ny in
equation (17),

n=-2b+1,n+0

S10 = {iy1,i12,013, - i1 gm0-1 }
S0 = {i1iz2,in3, - iz zm0-1 } (17)
Two additional subsets of the same size are constructed using these subsets in equation (18),
87 = {{ina + 27,13, + 270,15+ 270 iy pno-1 + 270}
52" = {{iza +270,i5 +270, 155+ 27 iy no-a + 270} (18)

After that, we get the subgroups with a larger size, n = ny + 1, in the following way we get
equation (19),
Spott =glo y §po, glott = glo y ST (19)
Applying this method, one may verify that when n=5, we get equation (20),
S? ={1,4,6,7,10,13,16,18,19,21,24,25,28,30,31}
S5 =1{2,3,5,8,9,12,14,15,17,20,22,23,26,27,29,32} (20)

So, for each user at any moment, we have d, , = dyn and iy, , = 0; these equalities hold for any
number of users up to M/2. The complete data provided utilizes three characteristics of W-H codes.
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2.4 Alamouti with CDMA- FBMC /OQAM

There will be some distortion in the channel, even in the most practical transmission strategy. Therefore,
we will assume for the explanation that this is a perfectly synchronized wireless downlink
(DL)transmission.

2.4.1 Problem Statement

It is important to note that the Alamouti decoding process replaces the channel equalization process
before attempting to apply the Alamouti method to CDMA-FBMC/OQAM. The Alamouti decoding
process must replace the equalization component when converting the Alamouti scheme to
CDMA- FBMC/OQAM. The de spreading operation must be executed immediately after the
FBMC/OQAM modulator. Next, the de spreading operation has to happen before the Alamouti decoding,
which is different from the DL typical MC-CDMA scenario. In fact, the de spreading block's output is
the only place where a complex orthogonality attribute may be recovered using FBMC/OQAM. The
issue of whether complex orthogonality holds in CDMA-FBMC/OQAM if the de spreading operation
is performed before equalization arises from this crucial point. If so, how much would it cost? The
following issue arises from the first point: take into consideration the complex values t;, §;, A;.From

M- Biti(despreading), is it feasible to get Y/ o! B;t; /A; (equalization + spreading)? In this case,
e; = t;/A; represents equalization, while /! B;e; represents the despreading procedure. Unless all
the 4; are equal, meaning 4; = A; = A, the response is usually (clearly) NO. This holds true in the
scenario when a constant channel across frequencies is present. To be more precise, this is the only
scenario in which switching the sequence of equalization and despreading processes would not
negatively impact transmission quality. On the other hand, for a channel whose frequency is not constant,
the performance should be affected by using despreading before equalization. Allow us to start by
thinking about a flat channel. The channel co efficient will therefore affect the subset of subcarriers that
have a certain spreading code applied to them.

2.5 Model Implementation

Sn,O | ” v
> ! . 0QAM IFFT and
. | ! Spreading modulator R »  FBMC
: v Modulation
1
1
' Alamouti
, |Data from User
:
IFFT and
S, M/2-1 > > > FBMC
—¥ | . OQAM Modulation
: Spreading »| modulator >

Figure 3: Alamouti CDMA- FBMC/OQAM transmitter

In order to enhance dependability of wireless communication, figure 3 demonstrates the process of
transmission in a CDMA-FBMC/OQAM system coupled with Alamouti Space-Time Block Coding
(STBC). The input of data to users is done first; data is entered by more than one user. Data is distributed
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by use of unique codes ensuring separation of users and also increased resistance to interference. The
Orthogonality and spectral efficiency of the spread signals is checked by the OQAM modulator by means
of an Offset Quadrature Amplitude Modulation (OQAM). To provide diversity in the broadcast of
modulated symbol pairs across two antennas, the Alamouti STBC encoding block modulated symbol
pairs and after modulation, it encodes the pair of encodes into a 2 x2 space-time block matrix. To process
the symbols that have been encoded, IFFT and FBMC modulation are applied. In this case, IFFT
converts data in the frequency domain to the time domain signals and FBMC is used to transmit data
using a multicarrier means efficiently. Lastly, the processed signals are broadcasted using two antennas,
which enhances their resistance of fading and multipath effects as a result of exploiting Alamouti
diversity. The combination of CDMA, FBMC and Alamouti STBC offers the improvement of signal
reliability, spectrum efficiency and better interference reduction to wireless communication systems.

—> §n,0
FBMC . :
Demodulation| . Alamqutl > 0QAM a| De Spreading 1
(FFT) Decoding Demodulator[—® :

——» Sy, M/2-1

Figure 4: CDMA- FBMC/OQAM receiver of Alamouti

Figure 4 demonstrates a CDMA-FBMC/OQAM transmission system with Alamouti Space-Time
Block Coding (STBC), and the receiver structure has a flow diagram. The delivered data should initially
be processed by the receiver through some series of operations referred to as signal extraction. The
FBMC demodulation process is the first step and its FFT-based processing is applied on the received
signal. In this case, the recovered subcarriers are obtained with the help of Fast Fourier Transform (FFT)
and Polyphase filter bank (PPN) and spectral efficiency is preserved. The Alamouti decoding block
receives the demodulated signal and applies space-time diversity algorithm in restoring the original
broadcast symbols in the two received signals. This helps in the strength of the signal and minimizes the
effects of channel fading. To recover the originally reflected symbols, OQAM demodulation of the signal
is done following the Alamouti decoding. This is a process of individually processing and adding the
real and imaginary elements of the signal and synchronizing them. Then there is the de-spreading
procedure, which is effective in the reduction of multi-user interference by making use of user-specific
spreading codes (applied at the transmitter) to isolate data of individual users. Finally, the symbols that
were reconstructed (which are displayed as s 1,0 to s, M/2-1) represent the reconstructed information
in many users. The receiver architecture is developed in such a way that it enhances reliability, spectrum
efficiency, resistance to interference and fading so that it can be used in a multi-user communication.

At multiple-input multiple-output (MIMO) instant n, the de spread signal is as in equation (21):

c — c
Znoug = hno,idno,uo,i (21)

At time instant n0, the complex data of the user u 0, denoted by dflo,uo,i’ is being sent by antenna 1.

Here we have a system with two antennas, each with an index of 0 and 1, and we apply the Alamouti
coding scheme to the data of each user u, where sy, ,, is the user u main stream of complex data, we can
get equation (22),

dck _ Szk,u
2k,u,0 — \/—
2
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S2k+1,u

ds — . 22

2k,u,1 vf ( )

At time 2k + 1, we can get equation (23),
dc _ _(52k+1,u)
2ku0 = =
U, 5
S2k

ds — 23

2k+1,u,1 2 (23)

Bypassing noise, the de spreading signal for user u on a flat fading channel is
Zrcl,u = hn,OdrCL,u,o + hn,ldrcl,u,l
Then,

[ Z5pu hak,o haka [ Saku ] (24)
s

1
Z§k+1,u*]_ﬁ (h2k+1,1)* _(h2k+1,0)*

The decoding equation given in Section 2.2 is identical to the one used in the Alamouti technique.
Therefore, the decoding might also be done in the same manner. Figure 3 shows the Alamouti
CDMA-FBMC/OQAM transmitter, while figure 4 shows the Alamouti receiver.

2k+1.u

3 Simulation Results

This section assesses the suggested FBMC-OQAM's performance in a MIMO setting. The proposed
model was implemented and validated using the MATLAB 2022a platform. Its performance was
assessed by computing BER, PSD, PAPR, and ISI under varying channel conditions. In addition to this,
results were compared with benchmark models to validate the proposed approach.

3.1 Bit Error Rate Analysis

In order to determine the efficacy of the suggested model in terms of data samples fit, the performance
is fully checked by comparing BER with SNR. Specifically, the spreading in time domain of
Walsh-Hadamard is used to repair the complex orthogonality of the FBMC-OQAM system. This is
essential because Alamouti coding is based on the fact that there is complex orthogonality in the process
of transmission. Moreover, every code within system is also orthogonal to itself even with the delay
factor, thereby gives an extra strength against other possible problems, like Inter-Symbol Interference
(ISI) Xu et al., 2021).

Table 1: Simulation parameters of the proposed model

Parameters Value
Spreading length 8
Modulation order 16
SNR 0 to 30dB
Number of symbols 30
Overlapping factor 4
Channels AWGN, Pedestrian A, Vehicular A
MIMO 2X1,2X2 with ZF, 2x2 with ML

This orthogonality guarantees that the system is able to manage the signal degradation caused by ISI
which is one of the major problems in wireless communications. The analytical validation of the system
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of proposed model efficiency is realized through the detailed analysis of performance on the basis of
BER. This analysis is done with respect to MIMO-FBMC-OQAM which uses CDMA with Alamouti
space-time coding, ZF and Maximum Likelihood (ML) detection. They are tried in different channel
conditions such as pedestrian A channels, and Vehicular A channels. Table 1 displays simulation
parameters that were applied in this evaluation.

3.2 Performance Comparison on Various Channels

Performance Comparison of AWGN, Pedestrian A, and Vehicular A Channels Based on SNR
14 o

T T T T T
=—©— Channel 1 (AWGN)
Channel 2 (Pedestrian A)
13 7| =& Channel 3 (Vehicular A)

Output SNR (dB)

0 5 10 15 20 25 30
Input SNR (dB)

Figure 5 (a): Performance comparison of AWGN, pedestrian A, and vehicular a channels based on
input SNR vs output SNR

Performance Comparison of AWGN, Pedestrian A, and Vehicular A Channels Based on BER
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Figure 5 (b): Performance comparison of AWGN, pedestrian A, and vehicular a channels based on
output BER
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Figure 5 (a, b) shows the behaviour of three wireless communication channels (AWGN, Pedestrian
A, and Vehicular A -) at different SNR, where the outcome SNR and BER are taken into consideration
in the context of a 32-subcarrier system. The AWGN channel represented by blue has the largest output
SNR, and the lowest BER of all input SNR, and is the theoretically best environment based on the
absence of multipath or fading effects. The Pedestrian A channel, which is shown in green, has slightly
poorer performance, and both the output SNR and the BER is moderately degraded by the low-mobility
fading nature, which is very slow. The Vehicular A channel, illustrated in the red colour, exhibits the
lowest SNR output and the highest BER, which represents the problems of high mobility fast fading and
Doppler spread. In general, the graph indicates clearly that AWGN is better performing, and the fading
effects found in Pedestrian A and Vehicular A diminish the efficiency of the system especially when it
comes to the error rate and signal quality when SNR attains higher values.

Figure 6(a), (b), (c) is a comparative study of the Signal to Interference plus Noise Ratio (SINR)
performance of the Standard and Optimized FBMC-CDMA systems in three subcarrier configurations
namely; 32, 64 and 128. The sub plots show how SINR changes with the SNR values of 1dB to 7 dB
and the number of transmit antennas (N t =1, 2, 4). The optimized FBMC-CDMA system in subplot (a)
shows the optimized SNR of all the SNR levels and all the antenna configurations better than the
standard model had 32 subcarriers. It is important to note that the optimized system, N t = 4 has the
largest SINR with maximum of 16 dB at SNR = 7dB which means that it has a very good interference
suppression. The same tendency can be noticed once we shift to subplot (b), where the number of
subcarriers is 64; the values of the optimized system are somewhat lower than the ones of the standard
system on average, but still, the optimized system is better than the standard one. The profitability is
more evident at high SNR, and the optimized model exhibits more steep increase in SINR. Subplot (c)
which depicts 128 subcarriers, the SINR is also slightly reduced in all the configurations because the
spectral division is more refined, and prone to being affected by interference. Nevertheless, in this denser
spectral environment optimised FBMC-CDMA system still has better performance and particularly
when Nt is higher; it has reached SINR values near to 13.5 dB. One can find that the optimized
FBMC-CDMA system is always able to provide a better SINR in all three subcarrier settings, and the
higher the number of transmit antennas is, the higher the optimized SINR. This shows the effectiveness
and strength of the optimized model in avoidance of the interference and the improvement of the signal
quality within multi-carrier communication systems.

SINR: Subcarriers = 32

SINR (dB)

0 5 1|o 1l5 2‘0 2‘5 3lo
SNR (dB)
(a)
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Figure 6: Comparative analysis of proposed model regarding SINR Vs SNR of different subcarriers

(a) 32 subcarriers, (b) 64 subcarriers and (¢)128 subcarriers

Figure 7(a), (b), (c) illustrates a comparative study of the Bit Error Rate (BER) performance of the

standard and optimized FBMC-CDMA models stated under different conditions of subcarriers (32, 64
and 128) and transmit antenna configurations (N t =1, 2 and 4). Every subplot is a representation of the
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number of subcarriers and measures the variation of BER with the Signal-to-Noise Ratio (SNR) increase
between 1 dB and 30 d B. Regarding subplot (a), or 32 subcarriers, we can see that the optimized
FBMC-CDMA model is always superior compared to the standard model in all the antenna
configurations. In particular, the model optimized with increasing the number of transmit antennas
shows increased reduction in BER, and the model shows the best performance with N t =4, which shows
BER having a value of below 0.46 at 7 dB SNR. The plot (b) illustrating the case with 64 subcarriers
reveals the same trend but with slightly lower gains as in the case of 32 subcarriers. The optimized model
remains to have lower BER at all the SNR levels but with more differentiation as the number of antennas
increases. The subplot (c¢) which is the 128 subcarriers shows that both models have a slight negative
change in the performance of BER with an increase in the number of subcarriers, probably because of
the inter-symbol interference and complexity. Nevertheless, the optimized FBMC-CDMA model
continues to perform much better with respect to BER performance as opposed to the normal
counterpart, especially in cases where N t = 4 where BER reduces very steeply with increasing SNR
after 5 d B. All in all, these plots demonstrate that the optimized model has the benefit of reducing the
number of errors and that performance is enhanced more with increased SNRs and the number of
transmit antennas. Systems where the subcarrier density of the performance is large are especially critical
since the optimized model is more resilient to errors over a more complicated spectral environment.

BER Comparison on Various Nt Values
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Figure 7: BER performance comparison on various subcarriers (a) 32 subcarriers, (b) 64 subcarriers,

and (c) 128 subcarriers
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3.2 Power Spectral Density Analysis

PSD Comparison: Standard vs Optimized FBMC-CDMA (Nt =1, 2, 4)
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Figure 8: PSD of the proposed method and earlier models

The Power Spectral Density (PSD) presented in figure 8 illustrates the spectral behavior of standard
and optimized FBMC-CDMA systems across varying transmit antenna configurations (N t = 1, 2, and
4). The horizontal axis is the normalized frequency and that of the vertical axis is the PSD in dB W/Hz.
Based on the plot, it can be seen that the optimized FBMC-CDMA configurations (that are represented
by the dashed lines) have better spectral containment than their standard counterparts (that are
represented by the solid lines) at the side lobes. This implies that there is a very big lowering of
out-of-band (OOB) emissions and this is essential in minimizing adjacent channel interference.
Moreover, the sharpening of the edges and a flatter passband of the PSD curves which increases with
the number of transmit antennas show the improvement of spectral efficiency. It is important to note that
the FBMC-CDMA system that has been optimized to use N t = 4 displays the narrowest spectral
properties and the optimization has been effective in providing spectral shaping and mitigating spectral
leakage.

PSD Comparison: OFDM vs Standard vs Optimized FBMC-CDMA (Nt=4)
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Figure 9: PSD of the proposed method over standard and optimized
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Figure 9 shows that the optimized FBMC-CDMA system exhibits significantly lower out-of-band
emissions, indicating better spectral containment and reduced interference. The Standard FBMC-CDMA
(blue dashed line) shows moderate spectral leakage. In contrast, OFDM (blue solid line) exhibits the
highest sidelobe energy, implying more spectral leakage and poor frequency localization. This indicates
how optimization works in FBMC-CDMA in enhancing spectral efficiency and reducing adjacent
channel interference.

3.3 Performance Comparison

Throughput Comparison
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Figure 10: Performance comparison of throughput with the previous model

In figure 10, the three communication methods, Optimized FBMC-CDMA, Standard FBMC-CDMA
and OFDM have been compared in terms of throughput in Mbps. The throughput is shown in Megabits
per second (Mbps) in the y-axis and the various techniques in the x-axis. In the chart, it is clear that
Optimized FBMC-CDMA is the one that has the maximum throughput, then Standard FBMC-CDMA,
and the next one, which has the lowest throughput, is the OFDM. In particular, Optimized
FBMC-CDMA attains a speed of about 85 Mbps, Standard FBMC-CDMA at about 75 Mbps and the
throughput of the OFDM at about 65 Mbps.

Figure 11 shows the comparison between the Peak-to-Average Power Ratio (PAPR) of Optimized
FBMC-CDMA, Standard FBMC-CDMA and that of OFDM in decibels (dB). The y-axis is used to
indicate the PAPR in dB, and the x-axis is used to indicate the respective communication techniques. As
can be observed in the chart, Optimized FBMC-CDMA has the lowest PAPR which is about 6.5 d B.
The PAPR of Standard FBMC-CDMA is higher with 8.2 dB whereas the highest PAPR between the
three is that of the OFDM with 10.5 db. Lower PAPR is generally desirable in communication systems
as it reduces the requirements for the power amplifier's dynamic range and improves power efficiency.
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Figure 11: Performance comparison of PAPR with the previous model

4 Conclusion

The current paper has proposed a low-complexity FBMC-OQAM system incorporating CDMA and
space-time coding in a Multiple-Input Multiple-Output (MIMO) system. The proposed system greatly
improved performance as it has been used to provide a spreading technique to the data symbols that
assist in restoring complex orthogonality property of the system. Using this model, the spreading method
of FBMC-OQAM makes it possible to easily utilize other methods of MIMO, such as CDMA and
space-time coding in the MIMO-FBMC-OQAM architecture. The suitable coding matrix was derived
and put into place to guarantee orthogonality of FBMC-OQAM.

The suggested model has been thoroughly tested, and its efficiency has been compared to some of
the previous approaches to the subject. Further, the performance of the methodology was evaluated in
three configurations of different MIMO systems namely 1 x 1, 2 x 1 and 4 x 1, using varying values of
transmit antennas while maintaining a fixed receive antenna. The standard and optimized strategies were
compared based on BER. The comparative analysis revealed that the proposed approach worked better
than existing models in almost every situation and possesses a higher performance and efficiency. The
findings support the possibilities of the low-complexity FBMC-OQAM system as an effective solution
to the modern MIMO communication systems.
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