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In contemporary wireless communication systems, multicarrier modulation schemes have become widely adopted over single-
carrier techniques due to their improved capacity to address challenges posed by multipath fading channels, leading to enhanced
spectral efficiency. Orthogonal frequency division multiplexing (OFDM), a prevalent multicarrier scheme in 4G, is favored for its
ease of implementation, interference resilience, and high data rate provision. But it falls short of meeting the requirements for 5G
and beyond due to limitations such as out-of-band (OOB) emissions and cyclic prefixes. This paper introduces the filter bank
multicarrier (FBMC) and universal filtered multicarrier (UFMC) with quadrature amplitude modulation (QAM) and phase shift
keying (PSK) waveforms through Additive White Gaussian Noise channel (AWGN), Rayleigh fading channel and Rician channel.
The objective of this paper is to enhance the performance of UFMC with reduced complexity through the new filtering approach
for achieving optimal outcomes. The proposed scheme, incorporating Tukey filtering technique, demonstrates superior perfor-
mance in reducing peak-to-average power ratio (PAPR) and improving bit error ratio (BER) compared to the original UFMC
signal without necessitating additional power increments. Specifically, the UFMC system with Tukey filtering achieves a notable
net gain of 5 dB. Simulation results demonstrate that utilizing various filter types in FBMC and UFMC systems, combined with
QAM modulation, significantly reduces OOB emissions compared to conventional systems. In aspect to BER, Tukey window
showed almost 10−6 at 15 dB SNR in UFMC which is better than FBMC.

1. Introduction

Wireless communication technology has revolutionized inter-
personal interactions by seamlessly integrating mobility and
communication. The insatiable need for gigabit-per-second
(Gbps) data rates continues to rise, driven by new applications
and users. The advent of 5G communication services repre-
sents a significant leap in coverage, quality of service (QoS),
and applicability for various scenarios, including massive
machine type communications (mMTC), internet of things
(IoT), and ultrareliable, low-latency communications (uRLLC).
5G stands out with its tenfold increase in data rates compared
to 4G, enabling innovative use cases. 5G’s ultrareliable and
low-latency features are vital for mission-critical applications
like autonomous vehicles, remote surgery, and industrial auto-
mation. In essence, 5G serves as a comprehensive techno-
logical solution, leveraging preexisting technologies to address
diverse communication scenarios. Within this framework,

multicarrier modulation (MCM) emerges as a key technique,
dividing data into multiple components and transmitting
them as separate carrier signals. Despite the historical success
of orthogonal frequency division multiplexing (OFDM) in
mitigating multipath fading, it faces challenges in the 5G
landscape. The transition to 5G, with technologies like
millimeter-wave communication and massive multiple-input
multiple-output (MIMO) systems, presents unique challenges
for OFDM. As 5G continues to expand its capabilities, alter-
native modulation technologies may be explored to overcome
the shortcomings of OFDM in meeting the diverse and
demanding requirements of emerging applications in wireless
communication. These challenges include increased suscepti-
bility to frequency-selective fading, inefficient use of spectral
resources, and limited support for advanced beam forming
techniques. Consequently, 5G has spurred the development
of alternative modulation and waveform schemes, such as
filtered OFDM (f-OFDM), universal filtered multicarrier
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(UFMC), and generalized frequency division multiplexing
(GFDM). These approaches aim to address the evolving
needs of 5G communications by providing improved spec-
tral efficiency, enhanced robustness in diverse channel con-
ditions, and support for advanced antenna technologies [1].
Successfully supporting many types of services with high
data rates, huge bandwidth, multiple access, low bit error ratio
(BER), and high throughput must be considered. Under these
situations, OFDM in 4G technologies is incapable of meeting
a broad range of services in a variety of scenarios. However,
the discontinuous spectrum of carrier aggregation is limited
by increased frequency offset, out-of-band (OOB) emission,
and time synchronization limit. Time synchronization is a
major concern of the physical layer for wireless communi-
cation [2]. To meet those versatile requirements, different
MCM approaches, such as filter bank multicarrier (FBMC),
and UFMC are now in the research process for 5G.

In recent times, several alternative technologies have
emerged as candidates for the 5G air interface, diverging
from the traditional OFDM approach. Among these innova-
tions are f-OFDM, FBMC, UFMC, and GFDM. Each of these
approaches exhibits distinct advantages and tradeoffs. In the
FBMC modulation scheme, a notable departure from con-
ventional OFDM is observed, as it employs individual fil-
tering for each subcarrier via a filter bank. This meticulous
filtering process significantly mitigates OOB emissions,
consequently reducing intercarrier interference (ICI). How-
ever, it is imperative to acknowledge that FBMC’s superior-
ity in spectral containment necessitates a more complex
hardware infrastructure due to the required filter length.
In contrast, the UFMC system adopts a different strategy
by aggregating and filtering subcarriers into sub-bands [3].
Additionally, UFMC boasts several merits, including reduced
side lobe radiation, low latency, support for frequency seg-
mentation, and multiservice applications. Its adaptability to
short burst communications further enhances its appeal.
UFMC’s utilization of Dolph–Chebyshev (DC) filters for
each sub-band merits attention, as it allows valuable signals
to pass through the pass band without any loss while rapidly
decaying frequency response in the stop band helps curtail
OOB emissions. Notably, UFMC retains fundamental char-
acteristics of OFDM, rendering it pertinent to MIMO applica-
tions. This adaptability to MIMO systems further underscores
the versatility and potential of UFMCwithin the evolving land-
scape of wireless communications.

Numerous efforts have been made to address the task of
enhancing performance when dealing with UFMC systems.
The primary focus of this research paper is to identify the
most promising candidate for 5G technology through a com-
prehensive analysis and comparison of various modulation
schemes, including quadrature amplitude modulation (QAM)
and phase shift keying (PSK), as well as modifying the con-
ventional window filtering techniques by applying different
filtering methods such as Hamming, Hanning, Blackman,
Kaiser, and Tukey window applied to FBMC and UFMC
systems. The study involves an extensive evaluation of key
performance metrics, including peak-to-average power ratio
(PAPR) and BER, under different channel conditions,

specifically Additive White Gaussian Noise (AWGN) and
Rayleigh fading channels. Additionally, the paper conducts
a comparative analysis between the utilization of PHYDYAS
and Chebyshev filters within the UFMC framework, with a
specific focus on their impact on BER and PAPR. To ensure
the practical relevance and validity of the simulated BER results,
a comprehensive theoretical BER model has been developed
and presented alongside the simulation outcomes. Also, Com-
plementary Cumulative Distribution Function (CCDF) is sim-
ulated to verifying the calculation proposed system PAPR.
This rigorous approach not only provides valuable insights
into the performance of FBMC and UFMC systems but also
contributes to the selection of the most suitable and less com-
plex technology for 5G applications.

2. Literature Review

A lot of work has been done on FBMC andUFMC.We selected
some latest papers and tried to find out our paper’s uniqueness.
Summarization of some recent papers are described below:

The research introduced novel pulse shaping filters for
FBMC/OQAM systems and evaluated their characteristics.
They compared FBMC/OQAMperformance in various chan-
nels based on power spectral density (PSD), spectral efficiency
(SE), signal-to-interference ratio (SIR), carrier frequency off-
set (CFO), and BER. Furthermore, the authors suggested a
FBMC/OQAM strategy using frequency/time block spreading
through Walsh–Hadamard codes [4].

The authors conducted a comprehensive analysis of the
UFMC system, focusing on several key performance metrics
including SE, BER, PAPR, CFO, and the impact of various
multipath fading channels and timing delays (TD). They
developed a rigorous mathematical model to precisely calcu-
late the BER for the UFMC system, providing a closed-form
equation for this critical parameter. Additionally, the authors
derived an equivalent representation of the transmitter in
the frequency domain. Furthermore, they presented the out-
comes of Monte Carlo simulations specifically related to
UFMC, offering valuable insights into the system’s perfor-
mance under various conditions. This research provides a
substantial contribution to the understanding and evaluation
of UFMC system performance, offering a solid foundation
for further study and practical applications [1].

Farhang-Boroujeny [5] pointed out the drawbacks of
OFDM related to the “subset of subcarriers” issue in their
research and endorsed the FBMC system as a superior alter-
native [5].

Kim et al. [6] introduced QAM–FBMC, a novel wave-
form that improves spectrum confinement and efficiency
compared to cyclic prefix-OFDM (CP-OFDM). Their study
on QAM–FBMC transmission and reception techniques
demonstrated higher spectrum efficiency compared to CP-
OFDM [6].

A comparative analysis of various FBMCused pulse shaping
filters, such as rectangle, extended rectangular, RRC (root raised
cosine), optimum finite duration pulse, Hermite, PHYDYAS,
and IOTA filters. Notably, instead of using CP in FBMC, Her-
mite and IOTA filters showed better SIR in high-frequency
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dispersion scenarios and lower sidelobe levels. PHYDYAS
filters, on the other hand, demonstrated the best SIR perfor-
mance, offering simplified receiver and transmitter design
possibilities [7].

Sakkas et al. [8] conducted a comprehensive investigation
into the UFMC system, specifically focusing on its design
aspects with regard to BER performance in relation to sub
band filter length. This paper explored the enhancement of
UFMC performance in parallel processing environments by
investigating the impact of employing large FFT andM-QAM
values. The increased computational complexity associated
with larger FFT andM-QAM values can bemitigated through
multiprocessing techniques, resulting in overall performance
improvement [8].

In their study on 5G communications, Baki et al. [9] intro-
duced two distinct prototype filters for FBMC and UFMC sys-
tems. Specifically, they proposed the utilization of a Binomial
Filter for FBMC and a Fractional Powered Binomial Filter
(FPBF) for UFMC. Comparative analysis revealed that the
Binomial Filter in FBMC significantly reduces PAPR by approx-
imately 0.81 dB at the 256-QAM level, when compared to
another widely used Prototype Filter. Additionally, in the
case of UFMC with the FPBF, the sub-band interference is
notably 58 dB lower than that of UFMC using a 60 dB DC
Filter. Furthermore, the PAPR is minimized in the context
of FPBF-based UFMC [9].

Guo et al. [10] focused their research on minimizing the
computational complexity of UFMC technology. They achieved
this by introducing two key structural enhancements: the FIR
(finite impulse response) filter structure and the polyphase filter
structure, both implemented through a lightweight approach.
Thesemodifications were integrated into theUFMC transmitter
design with the dual aim of reducing computational demands
and maintaining signal accuracy. As a result of their efforts, the
UFMC transmitter’s computational complexity was signifi-
cantly reduced, showcasing the potential of these techniques
to enhance the efficiency of UFMC technology [10].

Hussain and Audah [11] introduced a novel approach
in the context of UFMC communication, integrating BCH
(Bose–Chaudhuri–Hocquenghem) codes within the system.
Their research focused on employing BCH codes over an
AWGN channel within the UFMC framework. Their find-
ings indicated that the integration of BCH codes in UFMC
resulted in improved BER performance. Additionally, their
approach demonstrated a more effective reduction in both
PAPR and OOBE values compared to conventional OFDM
systems [11].

In order to mitigate spectral leakage issues within adja-
cent sub-bands, a novel approach has been proposed involv-
ing the utilization of Kaiser–Bessel filter-based pulse shaping,
as opposed to the conventional DC filter, for UFMC-based
waveforms. This strategy has been further examined through
a comprehensive analysis, encompassing PSD, CCDF, and
adjacent channel power ratio (ACPR) assessments. The sim-
ulation results revealed that UFMC (Kaiser-based window)
exhibits superior power spectral density and reduced side-
bands in comparison to UFMC (Dolph–Chebyshev) and
conventional OFDM. Specifically, UFMC with Kaiser–Bessel

windowing demonstrated a higher power spectral density
and exhibits reduced sideband interference. This signifies
its potential for enhancing spectral efficiency and minimiz-
ing interference in communication systems, thereby present-
ing a promising alternative in waveform design for future
applications [12].

Dhua et al. [13] conducted an analysis of FBMC-based
wireless systems with fewer subcarriers, demonstrating super-
ior performance in latency and BER compared to f-OFDM
systems, while also boasting lower computational complexity.
It’s worth noting that for higher order modulations, FBMC’s
BER performance declines due to increasing interference
levels [13].

A study conducted by Molla et al. [14] suggests that
UFMC exhibits promise as a next-generation modulation
scheme when compared to OFDM. This conclusion is drawn
from their investigation of simulated PSD and BER perfor-
mance across varying numbers of subcarriers and filter
length values [14].

Ramavath et al. [15] introduced a CP-based FBMC system,
which involves the addition of a cyclic prefix to the transmitted
signal. This technique effectively reduces the impact of multi-
path fading and intersymbol interference (ISI). Notably, CP-
based FBMC systems exhibit superior performance in terms of
PSD compared to traditional FBMC systems [15].

3. Mathematical Analysis

This section systematically describes transceiver systems of
OFDM, FBMC, and UFMC in term ofmathematics equations.
After that the theoretical for PAPR, PSD, BER are described.
Then, AWGN and Rayleigh Fading channels basic equations
are explained. Finally, the mathematical equations of different
window filtering techniques that are applied to FBMC and
UFMC are described respectively, which are reliable and valid.

3.1. Orthogonal Frequency Division Multiplexing (OFDM).
OFDM, is a twin-frequency division multiplexing system,
akin to FDM principles [16]. In OFDM, diverse information
carriers are employed to transmit data. Prior to transmission,
these signals in the frequency domain are transformed into
the time domain through the use of the IFFT technique. IFFT
adjusts the length of complex data points to a power-of-two
configuration in the time domain, facilitating efficient trans-
mission [17].

Transmitted data is subdivided into subcarriers with a
CP for ISI mitigation, replacing filters and oscillators. At the
receiver, FFT transforms the time domain signal into the
frequency domain, as depicted in Figure 1.

3.2. Properties of Orthogonality in OFDM. Orthogonality is
an important key element in OFDM because the lack of
guard bands between the subcarriers. Because all of the sub-
carriers are close together, their spectra overlap each other.
On the other hand, each subcarrier frequency corresponds
with zero power in all other subcarriers, the expected mutual
interference does not occur.

Let us consider complex signals fej2πfktgN−1
k¼0 in OFDM

which is time limited and represents different subcarriers
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at fk ¼ k=Tsym, where 0≤ t ≤Tsym. It will be orthogonal if
the integral of the fundamental period product is zero. In
Equation 1, the orthogonality can be expressed as [18].

1
Tsym

Z
Tsym

0
ej2πfk te−j2πfitdt ¼ 1

Tsym

Z
Tsym

0
e
j2π k−i

Tsym
t
dt: ð1Þ

At t¼ nTs ¼ nTsym=N; n¼ 0; 1; 2;……;N − 1, the above
signal in discrete time domain can be written in Equation 2
as [18].
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e
j2π k

Tsym
nTse−j2π

i
TnTs ¼ 1

N
∑
N−1

n¼0
e
j2π k

Tsym
nT
N e

−j2π i
Tsym

nTsym
N

¼ 1
N

∑
N−1

n¼0
ej2π

k−ið Þ
N n ¼ 1;8integerk¼i

0;Otherwise
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3.3. Transmitter Block in OFDM. The OFDM transmitter
maps the message bits into a sequence of PSK or QAM
symbols, which are later converted into N parallel streams.
In OFDM, several complex-valued subcarriers are modu-
lated in each symbol period. Let the message signal, Xl½k� :

denote the lth transmit symbol at the kth subcarrier, where
l= 0, 1, 2…., ∞ and k= 0, 1, 2……, N−1. N denotes the total
number of subcarriers. The lth OFDM signal at the kth sub-
carrier can be expressed in Equation 3 as [18].

Ψ l:k tð Þ ¼ ej2πfk t−lTsymð Þ; <t<Tsym

0 elsewhere

(
: ð3Þ

In the continuous-time domain, the passband and base-
band OFDM signals can be represented in Equations 4 and 5,
respectively [18].

xl tð Þ ¼ Re
1

Tsym
∑
1

l¼0
∑
N−1

k¼0
Xl k½ �Ψ l;k tð Þ

� �( )
; ð4Þ

and

xl tð Þ ¼ ∑
1

l¼0
∑
N−1

k¼0
Xl k½ �ej2πfk t−lTsymð Þ: ð5Þ

The complex time domain sequence is then generated
using IDFT and a CP, and it is sent over the channel.
The continuous-time baseband signal at t¼ lTsym þ nTs with
Ts ¼Tsym=N and fk ¼ k=Tsym to obtain the discrete time
OFDM symbol. Thus, the following equation can be found
in Equation 6 [18].

xl n½ � ¼ ∑
N−1

k¼0
Xl k½ �e2πknN for n¼ 0; 1;…; N − 1ð Þ; ð6Þ

where Xl½k� : is complex symbol transmitted over the kth sub-
carrier. The above equation is the N-point IDFT of PSK or
QAM data symbols fXl½k�gN−1

k¼0 , which can be quickly calcu-
lated with the IFFT technique. After that CP was added with
the actual OFDM signal.

3.4. Insertion of Cyclic Prefix with OFDM Transmitted Signal.
There are two ways to insert guard interval in OFDM. One is
zero padding (ZP) and another is CP. In this research study,
CP is used instead of ZP. The cyclic extension of an OFDM
symbol is referred to as the CP. It acts as a guard interval in
OFDM, preventing ISI from the preceding symbol.

Let the CP length of each sample is TG. So, the symbol
duration of extended OFDM is Tsym ¼Tsub þTG.The CP has
guaranteed the continuity of each delayed subcarrier, and its
orthogonality with all other subcarriers is sustained over Tsub
in Equation 7 [18].
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FIGURE 1: Visualize transceiver diagram of OFDM [18].
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1
Tsub

Z
Tsub

0
ej2πfk t−t0ð Þe−j2πfit−t0Þdt ¼ 0; k ≠ i: ð7Þ

In Equation 8, arrival of the first OFDM signal with a
delay of t0. So,

1
Tsub

Z
Tsub

0
ej2πfk t−t0ð Þe−j2πfit−t0−TsÞdt ¼ 0; k ≠ i: ð8Þ

3.5. Receiver Block of OFDM. At the receiving end, the trans-
mitted signals are received which is passed over the channel.
The received signal in discrete frequency domain yl½n� : can be
represented as yl½n� : ¼ h½m� : × x½n−m� : þ zl½n� :, where h½m� : =
Channel impulse in discrete time domain and zl½n� : =AWGN
noise in discrete time domain. Then removing CP and using
DFT, the actual OFDM signal is converted to frequency domain
from time domain and will be extracted. In frequency domain,
the signal can be expressed in Equation (9) as [18].
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¼ ∑
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Channel Frequency Response
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8>>><>>>:
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ð9Þ

3.6. Filter Bank Multicarrier (FBMC). One of the most sig-
nificant disadvantages of OFDM is the poor spectral behav-
ior induced by the usage of CP, which FBMC overcomes by
including a generalized pulse shaping prototype filter and
providing well-localized subchannels in both the time and
frequency domains. FBMC systems have received much atten-
tion as an alternative to traditional OFDM systems. FBMC
has an asynchronous transfer function and tunable parame-
ters. Only the adjacent subchannels must be orthogonal in
FBMC. FBMCs are classified into three types: multitone fal-
tering FBMC (FMT/FBMC), multitone cosine modulated
FBMC (CMT/FBMC), and offset quadrature amplitude mod-
ulated FBMC (OQAM/FBMC) [17]. Mainly, OQAM-FBMC
is being focused. This is based on QAM symbols with in-
phase and quadrature components that are half the symbol
period apart. It is feasible to employ OQAM modulation to
utilize the entire channel bandwidth. Instead of CP, filter tech-
niques are applied in FBMC.

The prototype filter is a zero-frequency carrier filter and
serves as the basis for other subcarrier filters [19]. The num-
ber of overlapping multicarrier symbols in the time domain
is known as the overlapping coefficient, characterizing the
filter. Using prototype filters, the FBMC system has lower
spectral sidelobes compared to traditional OFDM systems. A
filter bank, namely synthesis filter bank, is used at the trans-
mitting end, whereas a filter bank, namely analysis filter bank,
is used at the receiving end. Figure 2 describes the visualize
transceiver system of FBMC.

3.7. Transmitter Block in FBMC. From Figure 2, the infor-
mation bits are sent through QAM mapping at the transmit-
ter, and the kth subcarrier of the lth time, akðlÞ : is generated.
OQAM preprocessing is necessary to obtain an OQAM sig-
nal. Using complex-to-real conversion (C2R), the complex

signal akðlÞ : is transformed to a real signal and divided into
two new signals, dkðnÞ : and dkðnþ 1Þ :. Even and odd num-
bered subchannels have separate complex to real transforms,
which may be expressed in Equations (10) and (11) respec-
tively as [21].

dk nð Þ ¼ Re ak lð Þð Þ; k¼ even;

Imag ak lð Þð Þ; k¼ odd;

(
ð10Þ

dk nþ 1ð Þ ¼ Imag ak lð Þð Þ; k¼ even;

Re ak lð Þð Þ; k¼ odd;

(
ð11Þ

where Reð:Þ : and Imagð:Þ: are the real and the imaginary part
of the signal, respectively. For obtaining symbol orthogonal-
ity, dk(n) signal is multiplied by θkðnÞ : ¼ jkþn. OQAM signal,
xkðnÞ : is expressed in Equation (12) [21].

s m½ � ¼ ∑
M−1

k¼0
∑
1

−1
xk nð Þ hk m − n

M
2

� �
ej

2π
Mkm|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Filter response

; ð12Þ

where s½m� : =Transmitted signal in discrete time domain,M=
number of subchannels.

3.8. PHYDYAS Prototype Filter. The designed prototype filter
is a PHYDYAS filter bank which is symmetrical. As frequency
sampling technique is used in prototype filter, the design
structure of frequency sampling technique is very simple. The
goal is to directly project the optimal sampling point in the
frequency domain using a frequency domain filter response
expression, and then apply the IFT to obtain the filter values
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in the time domain. The frequency response of the filter can be
written as [22].

H fð Þ ¼ ∑
K−1

k¼− K−1ð Þ
Hk

2 sin π f − k
MK

À Á
MK

À Á
MKsin π f − k

MK

À ÁÀ Á ; ð13Þ

where K = overlapping factor.

3.9. Receiver Block in FBMC. The transmitted signal s½m� : is
passed over the AWGN channel and affected by some noise.
At the receiving end, the demodulated signal Y ½k� : can be
obtained by the projection of the received signal r½m� : in dis-
crete time domain is expressed in Equation (14) [4].

Y k½ � ¼ ∑
þ1

k¼−1
r m½ �bhk m − nM=2½ � þ Z K½ �; ð14Þ

where bhk½m� : ¼ h∗k ½m� : ¼ e−j
2π
Mkmh½k�: and Z½K� : =AWGN in fre-

quency domain.

3.10. Universal Filtered Multicarrier (UFMC). UFMC is a
noble multicarrier modulation technique that combines the
advantages of OFDM and filter bank in FBMC. Instead of
filtering the entire signal at once in OFDM or filtering each
subcarrier in FBMC, the group of subcarriers is filtered
in UFMC.

From Figure 3, it can be seen that, in UFMC transmission,
first the total bandwidth is divided into several sub-bands and
each sub-band consists of a certain number of subcarriers. By
using the series-to-parallel converter, the data bits are then
converted in parallel. The time-domain of the signal is chan-
ged to the frequency domain by theN-point IFFT [24]. In this
case, the IFFT operator acts as a modulator, which ensures
that the sub-band carriers do not interfere with one another

[25]. The output of the IFFT is serialized by parallel to the
serial converter and then filtered with the necessary filter.
After that, each filter output is assembled, and the final signal
is sent through the channel. The received data from the chan-
nel is passed through the series to parallel converter. Zero
padding is required for adding the guard interval of zeros.
This eliminates ISI caused by Transmitter filter delay. Fur-
thermore, 2N point FFT converts the received data from the
frequency domain to the time domain. Lastly, the symbol
demapping process is used to convert the data symbols into
bits and retrieve the original data.

3.11. Transmitter Block of UFMC. In UFMC, the subcarrier
group is filtered. Let, for the kth user, total number of sub
bands is Bk, total number of subcarriers is Nk and each sub
band consists of M-users. Consider in the ith sub-band there
are Ni subcarriers. So, ∑

Bk
i¼1Ni ¼Nk. Ni complex symbols

sequence is transformed into a block of Ni parallel symbols.
ByN-point IFFT,Ni length of each sub-band frequency domain
signal Si(k) will be converted into discrete time domain signal
which shown in Equation (15) [23].

si lð Þ ¼
1ffiffiffiffi
N

p ∑
k¼Oi

Si kð Þej2πkl=N ; l ¼ 0; 1;…::;N − 1; ð15Þ

where Oi = subcarrier indices in the sub-band i. After that
filtering is applied on each sub-band sequence which is
represented as siðlÞ :, passed through a corresponding impulse
response of FIR filter, fiðlÞ : of L length to reduce OOB leakage.
Filter is modulated to the proper frequency by multiplying a
prototype impulse response f ðlÞ: with an exponential sequence,
that is fiðlÞ : ¼ f ðlÞ :ejπlðM−1Þ=N . In this theoretical expression, DC
window with adjustable sidelobe attenuation is considered.
After FIR filtering, the transmitted signal in discrete time
domain for ith sub-band is shown in Equation (16) [23].
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xi lð Þ ¼ si lð Þ∗fi lð Þwhere index; l ¼ 0; 1;…;N þ L − 2;

ð16Þ

where ∗ indicates the discrete time convolution. The summa-
tion of different sub-band signals is written in Equation (17).

x lð Þ ¼ ∑
B

i¼1
xi lð Þ ð17Þ

By putting Equations (15) and (16) in Equation (17) we
get,

x lð Þ ¼ 1ffiffiffiffi
N

p ∑
N−1

n¼0
∑
N−1

k¼0
S kð Þej2πklN f l − nð Þ ð18Þ

Finally, discrete time signal, xðlÞ: found in Equation 18 is
ready for transmission.

3.12. Dolph–Chebyshev (DC) Filtering Approach in UFMC.
Several filters have been existed but the classical UFMC sys-
tem is used DC filter technique. It is used to reduce the OOB
spectral emissions. The DC window is defended in the fre-
quency domain by the following Equation 19.

F ωð Þ ¼ CL−1 x0cos
ω
2

À ÁÀ Á
CL−1 x0ð Þ ; ð19Þ

where xo = adjustable parameter and CmðxÞ : ¼mth order Che-
byshev polynomials. At sampled frequencies ωk ¼ 2πk=L, the
Lth orderDCwindow in the frequency domain can be expressed
as in Equation 20 [26].

F ωð Þ ¼ CL−1 x0cos πK=Lð Þð Þ
CL−1 x0ð Þ ; ð20Þ

where L(even) represents filter order and index k¼ð− L
2 − 1Þ

:;………:; − 1; 0; 1. Following this, the coefficients of the
discrete-time DC filter’s impulse response f ðlÞ: is obtained
by taking the IDFT of Fk and scaling the result to have a
peak value of one. This can be formulated in Equation 21 as:

f lð Þ ¼ ∑
L
2−1ð Þ

k¼−
L
2−1ð Þ

Fke
2πjkl
L ð21Þ

Due to the symmetry in FðωÞ:, we assume that the window
f ðlÞ : has real-valued coefficients. Consequently, in Equation 22,
we can also write f ðlÞ : as:
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f lð Þ ¼ 1
L

1þ 2r ∑
L−1
2

k¼1
x0cos

πk
L

� �� �
cos

2πkl
L

� �� �( )
;

ð22Þ

where x0 ¼ coshð 1
L−1 cosh

−1ð1rÞÞ :and r is defined as the stop-
band ripple [26].

3.13. Receiver Block of UFMC. With 2N-point FFT and ZP
operations, the received signal in frequency domain is repre-
sented in Equation 23 [23].

Y mð Þ ¼ 1ffiffiffi
2

p
N

h kð Þ ∑
Lþn−1

l¼n
∑
N−1

n¼0
∑
N−1

k¼0
S kð Þ f l − nð Þe−j2π ml

2 −knð Þ=N|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Filter Response

8><>:
9>=>;

þ Z kð Þ
ð23Þ

For even subcarriers (m= 0, 2,…, 2N −2), k in frequency
domain is divided into two stages written in Equations 24
and 25, respectively. When k¼ m

2 , then

Y mð Þ ¼ 1ffiffiffi
2

p
N

H
m
2

� �
∑

Lþn−1

l¼n
∑
N−1

n¼0
S

m
2

� �
f l − nð Þe−j2πm2 l−nð Þ=N

� �
þ Z

m
2

� �
;

ð24Þ

when k ≠ m
2

Y mð Þ ¼ 1ffiffiffi
2

p
N

H kð ÞS kð Þ ∑
L−1

l¼0
f lð Þe−j2π

m
2 l

N ∑
N−1

n¼0
e
−j2π

m
2
l − k

� �
n=N

( )
þ Z kð Þ:

ð25Þ

3.14. Analysis of Peak to Average Power Ratio (PAPR). PAPR
is described the envelope fluctuation of multicarrier modula-
tion schemes. PAPR occurs after an IFFT procedure, in which
data symbols from many sources are added together to give a
high peak value. The PAPR of multicarrier modulation tech-
niques can be defined in Equation (26) as [18].

PAPR ¼ Ppeak
Paverage

¼
max

n¼ 0; 1; 2;……N − 1 x tð Þj j2
E x tð Þj j2 ; ð26Þ

where E=Expected value, Ppeak ¼ Peak power of transmitted
signal, and Paverage¼ Average power of transmitted signal.

The CCDF of signals for the proposed UFMC system can
be defined as:

P PAPR>PAPRoð Þ ¼ 1 − 1 − e-PAPRoð ÞN ; ð27Þ

where PAPRo =The clipping level.

3.15. WindowMapping by Discrete Fourier Transform (DFT).
Window functions are used to restrict a signal in time (to
make it shorter) or to improve Fourier transform artifacts. In
this work, several window functions such as Hamming, Han-
ning, Blackman, Kaiser, and Tukey are used that implemen-
ted by Discrete Fourier Transform (DFT) in MATLAB code.
Default window techniques in MATLAB were not used in
these purposes. We applied window functions to the impulse
response of those transmitted signals in Equations(12) and (18)
to analysis which window technique gives better performance.
The window function equations are [27]:

h nð Þhamming ¼ 0:5 1 − cos
2πn
L − 1

� �� �
; 0 ≤ n ≤ L − 1;

ð28Þ

h nð Þhanning ¼ 0:54-0:46 cos
2πn
L − 1

� ��
; 0 ≤ n ≤ L − 1;

ð29Þ

h nð Þblackman¼ 0:42-0:5cos
2πn
L − 1

� ��
þ 0:08 cos

4πn
L − 1

� �
;

0 ≤ n ≤ L − 1;

ð30Þ

h nð Þkaiser ¼
I0 α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L−1
2

À Á
2
− n −

L−1
2

À Á
2

qh i
I0 α L−1

2

À ÁÂ Ã ; ð31Þ

h nð Þ ¼

0:5 1þ cos
2π
r

n −
r
2

� �� �� �
; 0 ≤ n<

r
2
;

1;
r
2
≤ x<1 −

r
2
;

0:5 1þ cos
2π
r

n − 1þ r
2

� �� �� �
; 1 −

r
2
≤ n ≤ 1:

8>>>>>>><>>>>>>>:
ð32Þ

4. Result and Discussion

The section contains a description about the main findings of
our works. It has been divided into three parts. The first step
is to measure PAPR for fixed subcarriers at the transmitting
end. Second, for 400 subcarriers, simulation results of con-
ventional OFDM, FBMC, and UFMC with different modu-
lation methods such as PSK and QAM are described. In our
simulation, we use several channels: AWGN and Rayleigh
Fading. After that, several window functions of filters were
used. Finally, the simulated BER results were compared to
the theoretical model. For simulation, MATLAB 2018b was
used. Table 1 presents some of the most important simula-
tion parameters in order to provide a clear picture of the
simulated environment.

In Figure 4, for a specific point the PAPR value for clas-
sical model of OFDM, FBMC, and UFMC is 8.8856, 8.5673,
and 8.6541 dB, respectively. From Figure 5, Hanning and
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Tukey window techniques gave better result than traditional
system in FBMC. Meanwhile, in UFMC, Kaiser and Tukey
window techniques gave satisfactory output which was repre-
sented in Figure 6.

Figure 7 provided a comprehensive depiction of the per-
formance evaluation of PAPR across multiple schemes. The
proposed UFMC gave comparatively better performance in
respect of PAPR. Correspondingly, Table 2 offered a succinct
summary of the PAPR values which obtained from Figure 7.
Specifically, at a designated point of 0.0001 on the Y-axis, the
PAPR values stand at 12, 10, 8.5, and 7 dB for OFDM, FBMC,
UFMC, and the proposed UFMC scheme, respectively. The
proposed UFMC scheme exhibits superior PAPR performance
compared to the conventional UFMC, FBMC, and OFDM.
Table 2 revealed notable observations regarding the PAPR
reduction achieved by the proposed scheme. A clear improve-
ment was demonstrated by 5, 3, and 1.5 dB in comparison to
the PAPR values of OFDM, FBMC, and UFMC, respectively.
Our proposed method in UFMC outperformed OFDM and
FBMC, exhibiting the lowest power levels in the top 10% of
instances. For example, our proposed system gained almost
6%dB over the conventional system. The utilization of the
Tukey window was associated with a remarkable decrease in
BER accompanied by a low PAPR. This approach attained sub-
stantial BER reduction even under conditions of minimal SNR.

In Figure 8, the BER comparison was shown by using
PSK modulation scheme in both simulation and theoretical
perspective among OFDM, FBMC, and UFMC. For verify
the simulated results with theoretical results, let us assume a
SNR point 14 dB.

Table 3 demonstrates that the simulated and theoretical
outcomes exhibited a high degree of similarity. However, the
performance of BER fell short of expectations when employ-
ing PSK modulation. The simulated BER is 10−4 at near to
20 dB in UFMC and almost 10−4 at 20 dB in FBMC. But in

OFDM, at 20 dB the BER was almost 10−3, which is very poor
compared to FBMC and UFMC.

Figure 9 displayed a comparative performance analysis of
three conventional modulation techniques within the con-
text of the AWGN channel. At SNR of 14 dB, both simulated
and theoretically-derived results were tabulated for refer-
ence, as delineated in Table 4.

Table 4 revealed a notable alignment between the simu-
lated and theoretical outcomes. However, it was imperative
to underscore that the BER performance in PSK modulation
fell short of the desired adequacy. The simulated BER is 10−4

at near to 20dB in UFMC and almost 10−4 at 20 dB in FBMC.
But in OFDM, at 20 dB the BERwas almost 10−3, which is very
poor compared to FBMC and UFMC. In QAM, the BER was
10−5 at 14 dB in UFMCwhich is far better compared to FBMC
andOFDM. From Figures 8 and 9, it became evident that there
was a robust concurrence between the theoretical and simu-
lated results. Moreover, it was noteworthy that QAM schemes
exhibited superior performance in the context of UFMC com-
pared to PSK schemes specifically within an AWGN channel.

Figures 10 and 11 illustrated the BER performance of
OFDM, FBMC, and UFMC in a Rayleigh fading channel
under different modulation schemes. It was observed that
due to the presence of interference from additive noise,
FBMC and UFMC exhibited poorer BER performance in
the Rayleigh channel compared to the idealized AWGN chan-
nel. For example, in Figure 11, the QAM technique, at 14 dB,
the BER of UFMC in Rayleigh fading channel was 1.25× 10−2

whereas, in Figure 9, at AWGN channel, the BER is 10−4. It’s
important to note that the power dissipation in a Rayleigh
channel is significantly higher compared to an AWGN chan-
nel. This disparity in power dissipation could impact overall
performance and may not consistently yield favorable results.

Figure 12 demonstrated that the Chebyshev filter outper-
forms the PHYDYAS filter in UFMC, delivering satisfactory
performance while requiring lower power. Notably, at a ran-
dom SNR point of 14 dB, the Chebyshev filter exhibited super-
ior results.

The new filter approach in UFMC undergoes assessment
even with higher order modulation schemes. Figure 13 illus-
trated the comparison of BER features between the proposed
UFMC and the original UFMC signal across various QAM
orders. Even with higher order modulations, the proposed
UFMC consistently demonstrates superior BER performance.

Figure 14 depicted the BER performance of FBMC using
different window techniques. To ascertain the most effective

TABLE 1: Parameter definition chart.

Symbol parameters OFDM FBMC UFMC

No. of subcarriers 600 600 600
No. of sub bands × × 40
Sub bands size × × 40
Overlapping factor × 4 ×
CP length 40 × ×
Channel AWGN/Rayleigh/Rician AWGN/Rayleigh/Rician AWGN/Rayleigh/Rician
Modulation order 16 QAM/16 PSK 16 QAM/16 PSK 16 QAM/16 PSK

8.8856 8.5673 8.6541
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Multicarrier modulation techniques
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PR

 (d
B)

OFDM
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FIGURE 4: The PAPR values of traditional OFDM, FBMC, and
UFMC system.
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window technique, we evaluated BER at a random SNR of
14 dB, yielding varying BER values as outlined in Table 5. In
Table 5, it was evident that the Kaiser window exhibited the
most favorable BER response when compared to all other

window techniques in aspect of power. This could be attrib-
uted to its effective suppression of stop-band ripples and the
reduction of side-lobe bands, resulting in commendable per-
formance within FBMC systems. But overall Tukey window
gave best performance in aspect of SNR.

8.948 8.7119 9.0125 8.7779 8.4199

0

5

10

Hamming Hanning Blackman Kaiser Tukey
PA

PR
 (d

B)

Applied different window filter techniques

FIGURE 5: The PAPR values of FBMC by applying different window techniques.
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FIGURE 6: The PAPR values of UFMC by applying different window techniques.
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FIGURE 7: The CCDF of OFDM, FBMC, UFMC, and proposedUFMC
system.

TABLE 2: The value of CCDF of OFDM, FBMC, and UFMC at a fixed
point.

MCM techniques At 0.001

OFDM 12 dB
FBMC 10 dB
UFMC 8 dB
Proposed UFMC 7 dB
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Signal-to-noise ratio (SNR) in (dB)
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Simulated UFMC
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FIGURE 8: Conventional BER of OFDM, FBMC, and UFMC using
PSK of AWGN.

TABLE 3: Comparison between simulated and theoretical results in
PSK.

MCM techniques Simulated results Theoretical results

OFDM 2× 10−2 3× 10−2

FBMC 5× 10−3 2× 10−3

UFMC 6× 10−3 3× 10−3
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Figure 15 illustrated the BER performance of UFMC
employing various windowing functions. To determine the
optimal BER performance among these windowing techni-
ques, we considered a random SNR value of 14 dB. As
detailed in Table 6, the Tukey window emerged as the top

performer within the UFMC framework, especially at low
SNR levels. This observation implied that the Tukey window
demanded lower power consumption when compared to
alternative filtering approaches.

In Figure 16, it was evident that, the performance of the
Tukey window gave better performance than Chebyshev win-
dow through Rician Channel. In Table 7, a thorough compar-
ison between the Chebyshev and Tukey windows revealed a
distinct advantage for the Tukey window, demonstrating
a 24% enhancement in output performance. Consequently,
employing the Tukey window not only yields superior results
but also consumes less power, underscoring its efficacy in
achieving optimized outcomes.
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FIGURE 9: Conventional BER of OFDM, FBMC, and UFMC using
QAM for AWGN.

TABLE 4: Comparison between simulated and theoretical results in
QAM.

MCM techniques Simulated results Theoretical results

OFDM 1× 10−2 3× 10−2

FBMC 7× 10−2 1× 10−2

UFMC 10−5 6× 10−5
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FIGURE 10: BER performance of OFDM, FBMC, and UFMC using
PSK with 10 Tap Rayleigh channel.
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FIGURE 11: BER performance of OFDM, FBMC, and UFMC using
QAM with 10 Tap Rayleigh channel.
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FIGURE 12: BER performance of UFMC using PHYDYAS and Che-
byshev filter.
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FIGURE 14: BER performance of FBMC using different windows.

TABLE 5: BER values of different windows in FBMC.

Window functions Bit error rate

Hamming 1:9× 10−3

Hanning 3× 10−3

Blackman 3× 10−3

Kaiser 3× 10−4

Tukey 1× 10−3
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FIGURE 15: BER performance of UFMC using different windows
through AWGN channel.

TABLE 6: BER values of different windows in UFMC.

Window functions Bit error rate

Hamming 10−3

Hanning 2× 10−3

Blackman 10−3

Kaiser 2× 10−3

Tukey 6× 10−5
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FIGURE 16: BER performance of UFMC using Chebyshev and Tukey
filter through Rician channel (K-factor= 3).
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In the context of our research study, which involved the
application of diverse filtering techniques, UFMCwith a Tukey
filter was less prone to errors compared to other systems in
terms of PAPR and BER across both FBMC and UFMC
systems.

The Blackman window incorporated an additional cosine
term which helps reduce side lobes, especially when com-
pared to the Hamming and Hanning windows, leading to
improved BER performance. For applications where superior
stop-band attenuation was required, the Kaiser window out-
performed the Blackman window. This was particularly advan-
tageous in FBMC systems, where minimizing signal leakage
between sub bands is crucial. Nevertheless, the Tukey window
offered evenmore effective stop band reduction. In combination
with a 2N point FFT and ZP, it could significantly enhance BER
and PAPR performance in UFMC systems. This combination
of factors made the Tukey window an excellent choice for
applications demanding stringent stop band control and spec-
tral containment.

The BER of FBMC–OQAM scheme was nearly 10−3:7 at
18 dB [28] and 1:58× 10−3 at 20 dB [29]. We found 10−4 at
16 dB in Kaiser window in FBMC shown in Figure 15. The
BER of UFMCwas zero at 25 dB at [30]. The outcome of BER,
using of the significant inter-service-band-interference (ISBI)
cancellation algorithm, is yielded a value of 5× 10−3 at 30 dB
[31]. The BER of UFMC using resource block (RB) system is
10−3 [32]. In UFMC, we identified zero at 15 dB using the
Tukey window filter (Figure 15). However, it’s important to
note that the Tukey window had limitations in reducing side
lobe bands compared to the Blackman window, due to the
absence of an additional cosine term. This could result in
higher noise response with the Blackman window. The new
filtering method in UFMC demonstrated a significant
improvement over OFDM, reducing bit errors by 81%, with
a difference of 0.01994. Meanwhile, the new filtering technique
approach showed a substantial enhancement compared to
conventional UFMC and FBMC, achieving a remarkable
91% reduction in bit errors, with a margin of 0.06994 as
the key distinction. Under the premise of meeting ideal
reconstruction conditions, it could be inferred that the per-
formance of AWGN and Rayleigh channel methods might
be same aspect of OFDM and FBMC [33]. The UFMC

technique demonstrated an energy advantage over OFDM
when subjected to minor frequency shifts within the AWGN
channel [34]. The effects of timing offset (TO), CFO, and
phase noise on the performance of OFDM were unfavorable
in terms of BER [35]. Furthermore, in terms of CCDF, the
average power registers at 9.5 dB for 16 QAM. However,
within our system, the power level stands at 7 dB for 16 QAM,
indicating a notable reduction of 30% in power loss [36].

A comprehensive analysis of the UFMC system, a simpler
methodology incorporating filtering techniques, had been intro-
duced. The obtained results using Tukey window filter clarified
the achievable data rate of the proposed scheme which is shown
in Table 8. Simulation outcomes demonstrated the efficacy of
the new filtering techniques in UFMC-based approaches in
effectively mitigating interference, thereby yielding improved
performance in terms of PAPR and BER compared to DC and
PHYDYAS filter using in UFMC. Overall, when considering
all results, UFMC with Tukey window emerged as one of
the most effective candidates for 5G technology in the cur-
rent landscape.

5. Conclusion

This study introduces a new filtering technique aimed at
enhancing the efficiency of FBMC and UFMC systems. The
simulation outcomes indicate that UFMC exhibits superior
characteristics when compared to both FBMC and OFDM.

Simulation results indicate that the proposed UFMC sys-
tem surpasses conventional UFMC, FBMC, and OFDM sys-
tems in terms of SNR and CCDF outcomes. The results of
simulations assessing BER performance within realistic chan-
nel models demonstrate that the suggested filter implementa-
tion in FBMC and UFMC systems outperforms conventional
systems.

The main challenge of UFMC high computational com-
plexity for transceivers is tackled in this paper by using differ-
ent mapping, channels, and filter techniques. Furthermore,
the proposed system utilizes consistent precoding to diminish
PAPR, enhancing robustness without the need for additional
power increments or intricate optimizations compared to con-
ventional systems. In addition, it is worth mentioning that the
proposed UFMC transceivers have the lowest computational
complexity among the 5G candidates FBMC, f-OFDM.

Our proposed system is suitable for future use in imple-
menting 3GPP-compliant new waveforms within OpenAir
Interface. Subsequent efforts will focus on the hardware imple-
mentation of the proposed system to ascertain the postsynth-
esis hardware complexity.
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TABLE 7: BER values of UFMC through Rician channel.

Modulation technique Window Bit error rate

UFMC
Chebyshev 1:8× 10−2

Tukey 1:45× 10−2

TABLE 8: Comparison between existing system and proposed system.

Modulation scheme Existing system Proposed system

FBMC
10−3:7 [28]

10−4
1:58× 10−3 [29]

UFMC
4× 10−2 [30]

∼10−6
5:7× 10−2 [29]
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