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Abstract—Today’s Sth  Generation (5G)  wireless
communications systems count heavily on Orthogonal
Frequency Division Multiplexing (OFDM) waveforms.
Numerous concerns regarding OFDM-based Long-Term
Evolution (LTE) communication limitations have not been
thoroughly explored. In contrast, Qut-of-Band Emissions
(OOBE) occur when a signal is transmitted or received
outside the accessible frequency range and poses a problem.
This situation is a significant obstacle to creating state-of-the-
art 5G communication technology. Some thoughts have been
given to modifying the OFDM filters for SG communications
due to their resistance to Inter Carrier Interference (ICI) and
Inter Symbol Interference (ISI). To reduce spectral leakage
into neighbouring sub-bands, OFDM-based waveforms
require pulse windowing. This paper proposes a Kaiser-
Blackman A (KBA) filter that shows Key Performance
Indicators (KPIs) in the simulation concerning OOBE with
minimal complexity. The filter was observed in the Power
Spectrum Density (PSD) of the Adjacent Channel Leakage
Ratio (ACLR) in the time domain, yielding a result of —170
dBm, which was then measured in the frequency domain at
—180 dBm. Comparatively, —220 dBm shows an improvement
in performance in the hybrid domain, unlike conventional
filters’ baseline performance. As a result, low latency has
been achieved, which is considered a critical challenge of 5G
communication and beyond.

Keywords—Orthogonal Frequency Division Multiplexing
(OFDM), f-OFDM, Power Spectral Densities (PSD), Bit
Error Rate (BER), Peak to Average Power Ratio (PAPR),
Out-Of-Band Emission (OOBE) and Adjacent Channel
Leakage Ratio (ACLR)

I. INTRODUCTION

Researchers have examined and used Orthogonal
Frequency Division Multiplexing (OFDM) for over a
decade in both wired and wireless broadband standards [1].
In addition to being used in the vast majority of wireless
standards [2], such as variants of IEEE 802.11 and IEEE
802.16, LTE-advanced, and 5G [3, 4]. OFDM is now a part
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of the broader class of discrete Multi-Tone Transmission
(DMT) standards, such as Asymmetric Digital Subscriber
Line (ADSL) and Digital Video Broadcasting Cable
(DVB-C). The benefits of orthogonality allow the
available bandwidth to be partitioned into a set of small
subcarriers that are closely distanced. Adaptive
modulation methods can also be used on subcarrier bands
to improve the adequate bandwidth. High data rates,
resistance to multi-path fading, and simple implementation
are only some of the benefits of OFDM [5]. Here, research
finds a single formula for the spectral characteristics of
OFDM, Filter Bank Multicarrier (FBMC), and F-OFDM
signals. It is more than simply a standard representative; it
has also garnered increased interest from the business
world and the academic community. Conformity with
spectrum-regulating masks is obligatory in wireless
communication systems [6]. In this sense, spectral
behaviour is a crucial indicator of performance. The
advantages and disadvantages (such as out-of-band
emission) of OFDM, FBMC, and F-OFDM may be
systematically compared with the right choice of
parameters using this unified spectrum framework (such as
the various choices of pulse shaping or spectrum shaping
filters, among others). In addition to helping make
comparisons, this shared framework might motivate the
creation of novel techniques for transmit-receive signal
processing in a generic multicarrier system. Finally,
quantification is established to estimate the sideband
envelopes more efficiently using the unified spectrum
expression.

Due to its efficiency, Orthogonal Frequency Division
Multiplexing (OFDM) is presently employed in various
unique and wireless communication systems. However,
OFDM has a high Peak to Average Power Ratio (PAPR)
[4] and is susceptible to Inter Carrier Interference (ICI) [3].
In addition, Inter Symbol Interference (ISI) occurs when
the channel distribution delay is greater than the length of
the Cyclic Prefix (CP) [7]. Researchers have devised
innovative strategies for 5G networks to overcome these
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limitations. When f-OFDM first emerged, the filtered-
OFDM system used a one-filter system for the sharper
OOB spectrum characteristics. Still, they later converted
to a multiple-filter method, which became pretty
comparable to the Universal Filtered Multicarrier (UFMC)
[1]. The F-OFDM is currently constructed using the
Hanning filter and other optimisation methods. It has been
noted that the Hanning filter’s leaky spectrum results in
out-of-band emissions since the side-lobe fall rate of the
filter is flat [8]. It was suggested that the Kaiser filter might
replace the standard filter [8], which has a sidelobe fall rate
of —24 dB/octave rather than 0 dB/octave. In some cases,
using current methods for side-lobe suppression can
reduce the spectral efficiency of a system or the BER
performance. Previous literature has highlighted some of
the issues with these solutions.

Furthermore, state-of-the-art methods do not address
the characteristic of increased OOBE in OFDM-based
waveforms. High-peak-power signals passing through
High-Power Amplifiers (HPA) can re-increase the spectral
sidelobes, misguiding the benefits of sidelobe suppression.
Massive signal shifts can cause in-band distortions, such
as widened modulation sidebands or spectral regrowth in
increasingly modulated signals. All radio communication
transmitters employing HPAs use sufficient power during
transmission to ensure that all recipients receive a strong
signal. HIGH-Performance Antennas (HPAs) are typically
placed in the saturation zone to maximise performance.
However, this placement also introduces out-of-band
spectral recurrence [9]. The research to date has focused
on OOBE rather than PAPR due to the increase in the
OOBE in the 5G waveform led to the non-linearity signals
on the RF chain, and the power signal will be toggling.
Moreover, enhancing the filter length to lower the OOBE
could impact the throughput and latency, particularly when
combined with the traditional windowing and filtering
method. The fast sidelobe rate drop is another thing that
causes significant changes in the signal. This, in turn,
causes in-band distortions by the HPAs, which leads to
higher PAPR [10]. The Blackman filter’s rapid fall in
sidelobe rate contributes to the issue of spectral regrowth,
indirectly contributing to reducing the OOBE that is
considered one challenge in the 5G system. It is crucial to
identify solutions to the OOBE problem that do not
increase out-of-band emissions [7, 11-13]. This paper
focuses on the following:

e Designing a new windowing filter to improve the
5G waveform’s spectral efficiency with OOB
reduction and without harmful interference.

The distinct 5G waveform is modelled by fusing
F-OFDM with modulator-side windowing or
filtering.

Filtered OFDM are proposed as filter-based
definitions of CP-OFDM, respectively, to account
for exceptional cases.

In previous works, to meet the higher data rates
expected with a new class of services offered by 5G
systems, the lower layer of the 5G systems has to be
flexible. To do this, 5G waveforms will need to provide
many accesses to accommodate the features of the various
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wired and wireless communication services that are
expected in the future. In light of this, the waveforms must
be able to accommodate many traffic types simultaneously
within the same frequency range. Waveforms of CP-
OFDM and the filtered f-OFDM utilised in 4G networks
are compared. Additionally, the multicarrier modulation
waveform generated by a filter bank is assessed for its
potential as a 5G waveform. In addition to accommodating
various forms of traffic, future 5G systems would need to
utilise spectrum localisation to solve issues arising from
spectrum  fragmentation. The 5G  waveforms’
orthogonality and synchronisation will partly meet these
needs. Further, while serving many users, adopting 5G
waveforms will significantly reduce the amount of
signalling information. The new waveforms will support
multiple input and output use cases. Reducing OOB
transmit power is the primary objective of waveform
shaping methods used in orthogonal frequency division
multiplexing systems.

Recent efforts to enhance 5G waveforms and lower
OOBE are summarised in Ref. [14], along with numerous
others that have come before. The broad categories these
methods fall into are frequency domain, precoding
matrices, and symbol mapping [15]. Adaptive Symbol
Transition (AST) [16] is one of the time domain strategies
that inserts between two-time blocks to address the OOBE
problem. However, it incurs spectrum efficiency losses
and has a data-dependent design. Some filters are inserted
in the time domain, but many filtering approaches are
wasteful in terms of the extension of the symbol, resulting
in a decrease in spectrum efficiency [17, 18]. As a filtering
method, windowing is another time domain approach that
uses a window function [3]. Precoding matrices comprise
the second category of methods [19]. Guard Subcarriers
(GS) are proposed in Ref. [20], wherein zero-input
subcarriers are reserved at channel edges. While it solves
the problem, it has lower spectral efficiency. The Carrier
Cancellation (CC) technique described in Ref. [12] is
similar to that described in Ref. [15], with the exception
that its idea is to reserve a subcarrier on the edges with
non-zero input, and it also experiences the same spectrum
efficiency loss and data-dependent design issues.

The concept of Subcarrier Weighting (SW) is suggested
to improve the performance of OFDM and 5G waveforms
[16]. It involves assigning different coefficients to each
subcarrier. However, this approach has a design issue that
depends on the data used. The use of a precoding matrix in
Refs. [17, 18] results in a decrease in spectral efficiency
since it serves several tasks for different approaches. The
techniques for symbol mapping are outlined in
Refs. [19-22]. In their study, the authors suggest a
Multiple-Choice Sequence (MCS) that utilises multipath
streams for selection. However, this approach results in
significant overhead, ultimately decreasing spectral
efficiency. Nevertheless, the expansion of Constellation
[21, 22] can enhance OOBE performance, even if it
necessitates more transmit power and a deterioration in Bit
Error Rate (BER) [20]. The proposed approach involves
using continuous signals and their derivatives to develop
an N-Continuous OFDM structure and utilise techniques
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to reduce OOB interference in the presence of multipath
channels. The iteration decoder is the primary constraint in
this design since it substantially amplifies the system’s
overhead.

This paper’s organisation follows: Section II reviews
the F-OFDM waveform. We recommend studying Section
III, which covers the 5G wave windowing method and
each contender. Section IV provides a summary of filtering
with windowing. In Section V, we discussed why we
searched for shape candidate criteria and presented the
wave patterns we saw. Section VI proposes a hybrid
technique under the new KPI for assessing candidate
performance, which is prevalent in 5G waveform research.
In Section VII, we introduce the hybrid method. Thus, the
search will be discussed, and a hybrid technique will be
proposed to minimise the 5G waveform and display the
wave patterns in Section VIII. This article finishes with
Section IX.

II. F-OFDM ARCHITECTURE

In addition to CP-OFDM, W-OFDM and Filtered-
OFDM (f-OFDM) [23-25] is a micro-filtered multicarrier
system with a more versatile filtering resolution. As shown
in. Fig. 1, the time-frequency grid is partitioned differently
depending on the channel characteristics and use cases.
Although more challenging to implement than CP-OFDM,
F-adaptability OFDM allows it to use a broader range of
numerologies (including bandwidth, sub-carrier spacing,
CP duration, and transmission time interval) [26-28].
Considering all B blocks, the baseband F-OFDM signal is
displayed as Eq. (1) [26].

S[t] =

YEITMA Il yN-L qb | gy[l]es2mknmt=mlcp)/N ()

Time domain Tx

- Filtering or Tx—>
¥ Tx Windowing

coded data symbol rate

Mapping '—v

Frequancy domain Time domain

—_——

Fig. 1. F-OFDM block diagram in the time domain.

The notation denotes the complex data transmitted
across the block, nth subcarrier, and m” sub-symbol.
Meanwhile, it represents the windowing function in the
frequency domain of a time domain Finite Impulse
Response (FIR) filter applied to both blocks. Lastly, it
refers to the size of the cyclic prefix. In contrast to UFMC,
F-OFDM retains the Cyclic Prefix (CP), as demonstrated
by Eq. (1). Consequently, this necessitates a receiver that
is less complex and more resilient to Inter-Symbol
Interference (ISI). The rectangular shape is considered an
optimal choice for the window function in the frequency
domain, denoted as L,-by-b. However, mapping this
particular entity results in a synchronised form of
unlimited length in the time domain, making it
inappropriate for the intended purpose. To perform this
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filtering, windowed synchronise routines must be used.
Further details regarding different types of filters can be
found in Ref. [29]. Fig. 1 is a block diagram representation
of the significant components of a conventional -OFDM
transmitter. In contrast to other sub-band-wise filtering
algorithms, such as UFMC, F-OFDM distinguishes itself
by employing matched filtering and utilising receiver
IFFT/FFT blocks of comparable sizes. The F-OFDM
waveform has many of the same benefits as other
frequency-localised waveforms. It has low Out-Of-Band
Emission (OOBE), can support asynchronous transmission,
works with various numerologies, and doesn’t need as
many guards’ tones. Using shorter filter lengths in F-
OFDM results in the inability to achieve low OOBE levels,
a characteristic that subcarrier-wise filtered multicarrier
systems possess. Nevertheless, it can support the Multi-
Input Multi-Output (MIMO) transmission methodology
without requiring Sequential Interference Cancellation
(SIC) methods. Although F-OFDM offers numerous
advantages compared to CP-OFDM, its complexity
remains a notable limitation.

III. REDUCING THE OOBE IN F-OFDM

The transmission synthesis includes the amalgamation
of distinct sub-band signals, as seen in Fig. 1. During the
uplink (UL) transmission, users only use the frequency
band given to them. In contrast, during the downlink (DL)
transmission, data is disseminated to various consumers
using separate sub-modules throughout all accessible
frequency bands. The graphic depicts the sequential steps
involved in constructing a signal composed of a single sub-
band. The time domain representation of the Ni complex
QAM symbol is generated using the Inverse Discrete
Fourier Transform (IDFT) technique. Furthermore,
additional sub-band filtering is performed. Eq. (2) [30]
represents the summation of sub-band-wise filtered
components, which form the transmit vector in the time
domain for a specific multicarrier signal.

S@t) =X FViS; )

where is a matrix of size N, represents the columns of the
IFFT matrix that are most important in terms of sub-band
location, and is a Toeplitz matrix of size (N+N_filter-1)
time N that contains the Finite Impulse Response (FIR)
that makes the convolution possible. Egs. (3—5) define the
rewritten signal without the addition:

F = [FiFF; ... Fg] 3)
K = dlag [V1V2V3 e VB] (4)
S=1[S{5753 ..Sp]" ®)

By shrewdly stacking filter matrices, an IDFT matrix is
created, and all the data symbols are merged into a single
column. Thus, the value of S(7) is equal to FVS.

S(ty=FVS (6)

Table I presents the essential design parameters. In this
particular scenario, the Sub-module associated with an F-
OFDM transmitter controls the broadcast frequency
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selection for a B entity. To implement the methodology on
a segmented spectrum, it is necessary to consider the
quantity of feasible spectral sub-bands (B). Comparable to
Long Term Evolution (LTE) [31]. Nevertheless, it is
possible to partition the single sub-band into smaller
segments of uniform size within each sub-band. These
segments, known as Physical Resource Blocks (PRB),
constitute the spectral components. When selecting a filter,
two crucial factors are the ability to modify the filter’s
main lobe and side lobe attenuation and the window’s
width. The values of the parameters utilised in our analysis
will be shown in the section dedicated to the simulated
findings.

TABLE I. CONFIGURATION SETTINGS

Parameters Meaning

B Sub-bands of Total Number
Ni (blockSize) Subcarriers in sub-band i

N Overall Subcarriers

Filter Length Tap the length of the filter.

1V. WINDOWING MODELS

OFDM windowing is based on partitioning the available
transmission bandwidth into a series of orthogonal
subcarriers. Following established conventions, an
Orthogonal Frequency Division Multiplexing (OFDM)
signal can be mathematically expressed using Eq. (7) in the
following:

S(8) = Xnz—co Sn(t —nT) @)

Consequently, many pieces are integrated to construct
the conventional architecture of an OFDM transmitter. The
sequential sequence of data symbols will undergo a
conversion process, commonly called symbol mapping,
resulting in a parallel sequence. The Inverse Fast Fourier
Transform (IFFT) block will transmit all the modulated
data symbols on OFDM carriers. Subsequently, the
parallel stream will be serialised and transformed to a
frequency appropriate for transmission. Various iterations
of  traditional  Orthogonal Frequency  Division
Multiplexing (OFDM) have been developed. To mitigate
Inter-Symbol Interference (ISI), time guard intervals, such
as Cyclic Prefix (CP) or Zero Padding (ZP), can be inserted
between consecutive Orthogonal Frequency-Division
Multiplexing (OFDM) symbols [32]. Windowed
Orthogonal Frequency Division Multiplexing (WOFDM),
alternatively referred to as OFDM with Weighted Overlap
(WOLA) [33], retains the fundamental framework of
OFDM  systems while mitigating computational
complexity and facilitating the incorporation of Multiple-
Input Multiple-Output (MIMO) techniques. Therefore, the
mitigation of OOBE in OFDM [34] is accomplished by
substituting the abrupt edges of the rectangular pulse with
a more gradual windowing function at the transmitting end
and by overlapping adjacent Windowed Overlap-Add
(WOLA) symbols. This study will primarily enhance
classic OFDM filtering to the extent that generalisation is
feasible.
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V. TIME DOMAIN MODEL AND NEW FILTER

Filtered-Orthogonal Frequency Division Multiplexing
(F-OFDM) is a spectrum-shaping approach that utilises
filtering. The primary differentiation is in the design of the
band-pass filter. The prototype filter is a rectangular pulse
that spans the Orthogonal Frequency Division
Multiplexing (OFDM) symbol and the Cyclic Prefix (CP).
The 3rd Generation Partnership Project (3GPP) standard
mandates the utilisation of Filtered Orthogonal Frequency
Division Multiplexing (F-OFDM) in the 5th Generation
(5G) waveform, with the specific requirement of
employing Hanning filtering to mitigate OOBE. The Tx
filter has been carefully engineered to effectively minimise
OOBE interference [35]. To minimise the OOBE, the
Hanning filter is employed, whereby the length of the
Transmit (Tx) filter is configured to be half the length of
the Filtered Orthogonal Frequency-Division Multiplexing
(F-OFDM) symbol. The calculation of the TX filter
involves the multiplication of an ideal bandpass filter and
a time domain mask. Consequently, creating or picking the
filters dynamically is imperative, considering the tone
allocation. The filter’s OOB suppression and ISI effect are
subject to variation based on the tone allocation, given that
the total filter length remains constant. Another concern of
utilising F-OFDM in low-latency scenarios is the extended
group delay resulting from implementing lengthy filters.
The concatenated transmit and receive filter in Ref. [36]
necessitates a processing delay of one Orthogonal
Frequency Division Multiplexing (OFDM) symbol. The
utilisation of Hanning windowing can substantially
increase switching overhead inside the Time Division
Duplexing (TDD) spectrum due to the considerable
processing delay involved.

The generation of the F-OFDM waveform may be
similar to the “time domain windowing technique”, which
is also used in creating the WOLA waveform. The
provided example [37] illustrates the previously indicated
equivalence. The synthesis of F-OFDM waveforms may
be efficiently performed using various windowing
methods [38]. Systems lacking Multiple-Input Multiple-
Output (MIMO) capability often exhibit more complex
modulation and demodulation processes in Frequency
Division Multiplexing (F-OFDM) compared to other
Cyclic Prefix-Orthogonal Frequency Division
Multiplexing (CP-OFDM) waveforms. The increased
complexity may be partially attributed to using just half the
Inverse Fast Fourier Transform (IFFT) length when using
standard windowing approaches. The Hanning windowing
function, as specified by the 3GPP standard [39], was used
for the wiring in Eq. (8) of the F-OFDM system.

@(K)nann = 0.5— 0.5 xcos (2 X Pi x k/N—1) (8)

Numerous researchers have employed the Kaiser filter,
precisely the variant [40, 41], to mitigate the limitations
associated with the conventional methodology. The
utilisation of Finite Impulse Response (FIR) coefficients
in the Kaiser filter window [42] is contingent upon the
parameterisation of such coefficients, which is determined
by the level of attenuation exhibited by the side lobes. The
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Blackman window is considered optimal because of its
ability to effectively reduce the extent of the primary lobe
while simultaneously optimising the suppression of the
secondary lobes. Fig. 2, which examines the 5G filters

used in F-OFDM, indicates that the Blackman filter is the
best choice for developing and building a new tuning filter.
This filter is essential for enhancing the directional
characteristics of a radio antenna [43—46].

Time domain PSD vs. Normalized frequency
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Fig. 2. PSD in F-OFDM with different 5G filters in the time domain.

The evaluation of a novel filter will be undertaken,
specifically focusing on the Kaiser and Blackman filters as
depicted in Eq. (9). The Kaiser Windowing function w(k)
is defined by Eq. (10) [47] for an N-point sample where
beta is the windowing parameter. To generate and further
develop the novel KBA filter, the expiration of the filter is
illustrated as follows:

wipa(k) = Wmoaified kaiser (K) X ®piackman (k) )
R 0))
Wkaiser(k) - m (10)
10<B 1= (N/2)2>

- Io(B) an

2
() =Io| B |1- (%) (12)

sin [ (A 2—,[)’2

Io(b)=N><—<( ) ) (13)

(Nk) ,32
I(D) =1,(B) (14)
L(x) = —=(D" X jn (ix) (15)
Jn(x) = \/% XC0S cos (x — @) (16)

Eq. (16) in Eq. (15):

I,(x) = —(i)”x\/%x coS cos (ix — @) 17)

According to the 1st order from the Bessel equation,
n=0 as we are using with x= beta:
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I,(B) = -’ x —>< cos (lﬁ w) (18)
I,(B) = —\/: Xcos (1,6’ - ) (19)
Eq. (13) and Eq. (19) in Eq. (10):
( <”T">2—Bz)
Nt———nrr—">-—"-
() & (20)
Winodified kaiser =7 =
dified k —\/%*cos (lﬁ—z)
T ( () g )
modified kaiser k) = 21
Wmodified kaiser (K) v—xJ( ) [;zx s (5 (21)
modifie aiser(k) = _NX—W: i —
Winodified k - ("’7") _Bzxsec (l,[)’
T . 2
Z) x sin ( (NTk) - ,82> (22)

When alpha is equal to 3, a specific part of the equation
will only involve beta (). Based on the beta test, we have
determined that the most appropriate and least complex
solution occurs when a beta is less than or equal to 3.
Therefore, this solution will be applied to the
corresponding portion of Eq. (22) as shown below:

3w

7 =
Eq. (23) in Eq. (22):

(3-%) =07772 02110 (23)

N(0.7772-0.211i)

(Nk)z
—) —am
2

Wiaiser (k) = —

. Nk\2
X sin (7) —an

>(24)
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We will neglect the imaginary at the Eq. (25), so:

NXx0.78

) L NKk\?2
— ———Xxsinsin —) —ar
Nk\* 2
(%) -an

Whodified kaiser (k) =

(25)
Wpiackman (k) = 0.42 — 0.08 cos (an) + 0.5 cos (47[1{])
(26)
Eq. (25) and Eq. (26) in Eq. (9):
_ Nx0.78 . NI\ ?
WKBA(k) = —W Xsin ( (7) - (177.') X (042 -

0.08 cos (:/L) + 0.5 cos (Wk)) 27
Nx0.78

wiepa (k) = _W xsin ( (”7")2 - an) x (0.42 -

0.08 cos (n—k)z + 0.5 cos (Nn—_kl)4) (28)

N-1
Nk\?2
Jo=J(5) -an (29)
k
Pk =75 (30)
wiga(k) = =22 xsin (11,) x (0.42 — 0.08
cos (pr)? + 0 5 cos (pr)*) (31)
wipa(k) =
—Nx0.78sinsin ([ )*(0.42-0.08 coscos (pyk)? +0.5coscos (pni)* )
Ank
(32)
Wipa(k) =
Nsinsin (Ay;)(0.062cos (pyk)? —0.39cos (pyk)*—0.327) (33)
Ank

VI. FIR FILTER DESIGN USING WINDOWING TECHNIQUE

The frequency response of a wanted filter exhibits
periodicity and can be represented by an expansion in
terms of a Fourier series. The series that emerges as a result
is expressed as [48]:

Hq(eM) = Zie o hg(m)e™ " (34

where:

Hd(ejw)

s S Ha(e™e M mdw — (35)

The concept referred to as Fourier coefficients is
characterised by having a finite length.

One potential method for acquiring a Finite Impulse
Response (FIR) filter involves truncating the finite series
by setting the value of n to be approximately equal to
F[(N-1)/2], where N represents the length of the desired
sequences.

However, when the Fourier series is abruptly truncated,
oscillations occur in both the pass and stop bands. The

observed oscillations can be attributed to the gradual
convergence of the Fourier series, a process commonly
referred to as the Gibbs phenomenon.

To mitigate the occurrence of these oscillations, the
filter’s Fourier series coefficients undergo modification
through the multiplication of the infinite impulse response
by a finite weighing sequence denoted as w(n), commonly
referred to as a windowed sequence [44].

w(n) = w(-n) = [# 0 In] <[ = 0 In| > |2 ] 36)

By doing the multiplication of the window sequence
w(n) with hy(n), a finite duration sequence h(n) It is
obtained to fulfil the desired magnitude response.

h(n) = {hd(n).w(n) In| < |%| 0 otherwise} (37)

The z transform of the sequence is given by:

H(z) = ¥p-—h(n).2z7" (38)

Then:
H(z) = ZT:_Eh(n).Z‘” (39)
—h[—— 2T 4t h(—2).22 + h(=1).2" + h(0) +
h(D).z7  + h(2).272 + -+ h (%).z‘T (40)
H(z) = h(0) + 3. 2, [h(n). 27 h(-n).2"] (41
The impulse response, denoted as #h(n), exhibits

symmetry at n=0, meaning that it satisfies the condition
h(n) = h(—n). The fourth equation can be expressed as:

N1

H(z) = h(0) + X, 2, h(n). [z + 2] (42)

The transfer function mentioned above is deemed non-
physically realisable [49, 50].
The concept of realizability can be achieved by
N-1
multiplying Eq. (5) with the factor of z" 2 .
N-1
2

H(z) =H(2),z~ (43)

N-1

= Z__ h(0) + Z Jh(M). [z77 + 27 (44)

VII. DESIRED CHARACTERISTICS OF WINDOWING FUNCTION
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The primary objective of windowing is to concentrate
most of the energy inside the central lobe of the frequency
response while simultaneously ensuring that this lobe is
relatively tiny.

It is desirable for the maximum sidelobe level of the
frequency response to exhibit a diminutive magnitude.

The energy of the side lobes in the frequency response
should exhibit a quick reduction as the angular frequency
approaches 7.
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Fig. 3. The time-domain characteristics for the new filter (window) KBA.

The Discrete Fourier Transform (DFT) uses the
compounding window in this context to produce W(n)
samples. These samples are then normalised so that their
maximum amplitude equals one. The parameter represents
the computational process identifying the level difference
between the primary and secondary lobes. In this context,
a score of 3.0 signifies that the side lobes exhibit a
reduction in sound level of 60.0 dB compared to the main
lobe, equivalent to a decrease of 3.0 decades. The length
of the sidelobes is used to represent their attenuation. The
parameter facilitates the customisation of the Blackman
filter window by modifying the algorithmic equilibrium
between the primary lobe and the secondary lobes. The
time-domain characteristics in Fig. 3 illustrate the optimal
parameters, including the length of the Blackman window
and the side-lobe attenuation of 60 dB.

A. Mathematical Model in Time Domain

The mathematical representation of F-OFDM in the
time domain is expressed as follows:

Input data = do, d, da, ..., dy,

Modulation scheme = 64QAM = A,

A= [aoo Q10 Q20030 " Qe3p0 ]

.2mwkn

Multiply by subcarrier e/ 70z#,

. 2TTNn
For 1* carrier = e 71022, where k= 1 and N=1024.

_j 2nn _j 2mn _j 2nn _j 2nn
(k) — a0,0e 1024, al‘oe 1024, az‘oe 1024, a3‘oe 1024,
_.ZTL'TI.
a63,0e J1024’
(45)

x(n) = IFFT X(k) =

y o }
&)008_118—[211 “es - cee 0
V1024
0 0
0 X(K)g3,1022 e—jzg‘;;‘“
V1024
0 o X100 2000m
L V1024 .
(46)
windowed Coofitiont h(n)
h(m) = [ho hy s hy -+ hsyy ] 47)
windowing:
s(n) = h(n) xx(n) = [y(n)]
VIII. HYBRID DOMAIN MODEL

The hybridisation of the time domain and frequency
domain, as depicted in Fig. 4, successfully produces a
significant reduction in OOBE and boosts the KPIs for the
5G waveform. Furthermore, the computing complexity
remains unchanged while employing the Cyclic Prefix (CP)
with filtering OFDM in light of the CP’s length, which
mitigates both OOBE and Inter-Carrier Interference (ICI)
concurrently. This hybrid approach minimises OOBE in
the 5G waveform and beyond.

Time domain Tx
Filtering or
Tx Windowing

Frequency domain
Tx Filtering or
Tx Windowing

Time domain

Frequancy domain :

— e —

Fig. 4. F-OFDM block diagram in hybrid domain.
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A. Mathematical Model in Hybrid Domain

Input data = d,, d,, ds, ..., dy,
Modulation scheme = 64QAM = A

A= [aoo Q10 Az00q30 " Qe3,0 ] (48)
Windowed matrix (H(K)):
H(O) = [Ho,o Ho,1 Ho,z H0,3 H0,511 ] 49)

To have windowing for the A(K) in the frequency
domain, we should convolute the A(K) with the windowed
coefficient:

C(K) = A(K) x H(K) (50)
So, the windowed matrix will be:
[ H, st Hpge ot H511]
| 1.150g “ee cee “es HSlO I
HEK)=]| : : : : (51)
H447 “ee “es “es H458
H448 H457

Windowed in the Frequency domain:

CK) =A(k) x HK) = [AUK)] x [H(K) ] (52)

2mkn

Multiply by subcarrier e /7027 .

2nn

For 1% carrier = e /7024, where k= 1 and N=1024.

X(k) =
_ .2nnk _ .2nnk _ .2nnk _ .2nnk
Hyag o€ oz Hsq1aq0€ oz Hsqpaz0€ 1oz Hsgoa3 e iz
_ .2nnk
=+ HyggQe30€ Ti024

(53)
x(n) = IFFT X(k) = [IFFT X(K) ] (54)

s(m) =[] - [x(n) ] (55)

IX. OUTCOMES AND BENCHMARKS

The present study commences by examining the F-
OFDM 5G waveform with the MATLAB program used to
assess the efficacy of KBA. Unlike F-OFDM, the present
study shows an improved ability to accurately locate
frequency domain frequencies and better withstand
temporal frequency offset changes than CP-OFDM.
Furthermore, it is worth noting that low-latency
applications benefit more from using shorter filter lengths
rather than sub-carrier-wise filtering. However, filters with
shorter lengths have restricted powers to block out-of-band
emissions. Subsequently, a simulation was performed to
assess the performance of F-OFDM using the Kaiser
window. The simulation used the same parameters as those
used for the Blackman window F-OFDM and the Kaiser
F-OFDM. The system was thoroughly assessed using
essential KPIs such as PSD, BER, ACLR, and complexity.

The combined Blackman filters and Kaiser windows
were combined with the simulated software. Table II
presents the key input parameters employed in the
simulation. According to the ref. [51], there exists a linear
relationship between the Peak-to-Bottom Gain Ratio
(PBGR) of a filter inside a single subband and two factors:
the length of the filter and the ratio of the number of sub-
carriers to the number of sub-bands. This study Posits that
Bit Generation Error (PBGR) probability is negligible, as
the absence of frequency selectivity among sub-carriers
would have no effect. The F-OFDM- FFT 1024 system is
characterised by a fractional expression denoting the total
number of sub-carriers, equivalent to the filter’s length.

TABLE II. SIMULATION PARAMETERS

Simulation Parameters CP-OFDM F-OFDM Proposed F-OFDM
No. of FFT points 1024 1024 1024

No. of subcarriers in each subband 1024 1024 1024

No. of Physical Resource Blocks (PRB) 14 14 14

No. of subcarriers per resource block 12 12 12

No. of bits in each subcarrier 6 6 6

Filter Length 513 513 513

Cyclic prefix length 72 72 72

Type of filter Rectangular Hanning Kaiser-Blackman
SNR 20 20 20

Sidelobe attenuation factor, dB 45 40 40

Modulation 64QAM 64QAM 64QAM

Tone offset or excess bandwidth 5 4 4

Bata 0 0 3

Several performance metrics are employed to assess the
efficacy of the presented methodologies, including PSD,
BRE, Signal-to-Noise Ratio (SNR), Peak-to-Average
Power Ratio (PAPR), and computational complexity at the
transmitter side. Field testing is conducted to examine the
effectiveness of the proposed methodologies and the
performance of waveforms based on KPIs. In addition, the
suggested methods were evaluated compared to existing
windowing methods found in the academic literature. This
evaluation focused on the performance of reducing OOBE
as well as the level of computing complexity.

X. COMPARISON OF THE FILTERS FOR F-OFDM
WAVEFORM

Fig. 1 displays time-domain simulations of CP-OFDM
and F-OFDM using the Kaiser filter, the Blackman filter,
and a rectangular filter for OFDM. The impulse responses
of the filter demonstrate that the pass band of the F-OFDM
filter is smaller in contrast to that of the OFDM filter. This
discovery indicates that the F-OFDM technique has
improved spectral efficiency, particularly when the spectra
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are fragmented. Fig. 5 illustrates the frequency-domain
filter characteristics of both the Blackman and KBA filters.
The KBA filter has a roll-off rate of 6 dB per octave,

Window Viewer

Time domain
T T

Amplitude

500

100 150 200 250

Samples

300 350 400 450

whereas the Blackman filter has a roll-off rate of 0 dB per
octave.

‘Frequenc‘y domain
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Fig. 5. Specification of the filters.

A. Power Spectral Density Analysis

This study examines the power Spectral Densities
Rectangle (PSDR) for F-OFDM with Hanning, Kaiser, and
KBA filters and OFDM systems with Additive White
Gaussian Noise (AWGN). The receiver is estimated
through simulations using the Minimal Squared Error
(MSE) approach, with the system running under Additive
White Gaussian Noise (AWGN) circumstances at a Signal-
to-Noise Ratio (SNR) of 20 dB. The KBA-based F-OFDM
has a lower spectral leakage level than the Blackman filter.
The examination of the ACLR confirms the results. The
measured characteristics are the ACLR, leading, and
adjacent channel power. On one side, the PSD frequency
(dBW/Hz) for each window function with normalised
frequency in the time domain is depicted below Fig. 6. The
results of the simulation demonstrated that F-OFDM with
KBA yielded the most favourable outcomes in the study of
the time domain, specifically in terms of the PSD under
conditions of Additive White Gaussian Noise (AWGN)
with a Signal-to-Noise Ratio (SNR) of 20 dB and an
ACLR of -170.39 dB. In contrast, the Kaiser and Hanning
windows yielded comparable outcomes, specifically an
ACLR of 85.79 and —-80, respectively.

‘Time domain PSD vs. Normalized frequency
T T T

PSD (dBW/HZ)

—— F-OFDM-Rect.
s —F-OFDM-Hann
—-=-F-OFDM-KBA
|——CP-OFDM-Rect.

Normalized frequency

Fig. 6. Time domain analysis for PSD of AWGN SNR =20 dB in
Hanning, KBA, and Rectangular OFDM.

On the other hand, Fig. 7 presents the simulation
outcomes for Power Spectral Densities (PSD) compared to
normalised frequencies of F-OFDM windows in the
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frequency domain. The provided figure demonstrates that
the F-OFDM KBA, as proposed, yielded superior results
(—180.39) in terms of ACLR in the frequency domain
compared to alternative OFDM-Kaiser and OFDM-
Hanning filters. Notably, the OFDM-Kaiser filter had
exceptional results in ACLR, with a value of —99.79,
compared to the OFDM-Hanning filter, which produced an
ACLR of -80.

Frequency domain PSD vs. Normalized frequency
T T

PSD (dBW/Hz)

——F-OFDM-Rect
——F-OFDM-Hann
——F-OFDM-KBA
—— CP-OFDM-Rect.

04 02 04 o1

o
Normalized frequency

. Frequency domain analysis for PSD of AWGN SNR = 20 dB in
Hanning, KBA, and Rectangular OFDM.

hybrd domain PSD vs. Normalized frequency
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CP-OFDM-Rect.
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03

450
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Fig. 8. Hybrid frequency domain analysis of the PSD of AWGN
SNR = 20 dB in kaiser, KBA, and rectangular OFDM.

In addition, the PSD study results for the hybrid
frequency domain demonstrated favourable outcomes, as
depicted in Fig. 8. Moreover, the suggested KBA filter
exhibited a significantly higher ACLR of -220.39
compared to the OFDM Kaiser and Hanning filters.
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Furthermore, the preceding two observations exhibited
remarkably similar results of Anterior Cruciate Ligament
Reconstruction (ACLR), with values ranging from —80 to
—87.79, respectively.

B.  Bit Error Rate (BER)

This section intends to present the simulation results on
the BER performance of the KBA-F-OFDM signal using
64-QAM modulation. The data presented in Figs. 9-11
suggest that despite its higher power consumption, the
conventional Cyclic Prefix Orthogonal Frequency
Division Multiplexing (CP-OFDM) has a comparatively
inferior BER performance compared to the F-OFDM,
Kaiser, and KBA F-OFDM signals. When the value of B
equals 3, Kaiser’s BER experienced a slight increase. The
observed outcome can be attributed to the absence of
shielding between CP-OFDM sub-bands, leading to
reciprocal interference. Nevertheless, the simulation
outcomes of the BER concerning the Signal-to-Noise
Ratio (SNR) of the filters as mentioned above in the
temporal domain indicated that the Kaiser-Blackman A
(KBA) exhibited superior performance when compared to
the OFDM-Kaiser and Hanning filters, as visually depicted
in Fig. 9. The simulation results demonstrate that the KBA
yields similar outcomes to other windows of OFDM-
Hanning and CP-OFDM-Rec, as shown in Figs. 9-11,
respectively.

Time domain-Bit Error Rate vs. SNR
T T

il
Signal to Noise Ratio (SNR) (d8)

Fig. 9. Time domain evaluation of BER performance for the conventional
64QAM CP-OFDM with the 64QAM F-OFDM-based rectangular,
Hanning, and KBA windows.

Frequency domain Bit Error Rate vs. SNR
T T

——F-OFDM-Rect. |*
——F-OFDM-Hann |-
—F-OFDM-KBA  |_
—+ CP-OFDM-Rect.©
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Fig. 10. Frequency domain evaluation of BER performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Kaiser, and KBA windows.
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Hybrid domain-Bit Error Rate vs. SNR
T
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Fig. 11. Hybrid domain evaluation of BER performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Kaiser, and KBA windows.

C. Pek Average to Power Ratio (PAPR)

This subsection provides an overview of the outcomes
obtained from the Peak-to-Average Power Ratio (PAPR)
performance simulation for the F-OFDM signal utilising a
64-QAM modulation scheme. The comparative analysis of
the Peak-to-Average Power Ratio (PAPR) performance
between conventional Cyclic Prefix Orthogonal
Frequency Division Multiplexing (CP-OFDM) and
Frequency-Offset  Orthogonal Frequency Division
Multiplexing with Hanning Window (F-OFDM-Hanning)
and F-OFDM-KBA signals reveals that the latter two
exhibit superior PAPR performance, despite their greater
power consumption. This observation is supported by the
data presented in Figs. 8-10. The lack of protection
between CP-OFDM sub-bands is the cause of this
phenomenon. The simulation results in the time domain
demonstrated that the KBA outperformed the OFDM-
Hanning filter in terms of performance. Additionally, the
KBA exhibited similar results to other windows of OFDM-
Hanning and CP-OFDM-Rec for Figs. 12—14. The Cross-
Correlation Distortion Factor (CCDF) for the F-OFDM-
KBA exhibits a value of 0.01 in the temporal domain,
which is comparatively higher than its counterparts in the
frequency domain (0.001) and the hybrid domain (0.006).
Furthermore, the hybrid domain demonstrates a lower
minimum power of 3 dB, in contrast to the temporal
domain (3.5 dB) and the frequency domain (3.25 dB).

(CCDF) Pr(CM>Threshold)
T

[ | ——F-OFDM-Hann
—=—F-OFDM-KBA
=-=-CP-OFDM-Rect.

4
Threshold [dB]

Fig. 12. Time domain evaluation of PAPR performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Kaiser, and KBA windows.
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Fig. 13. Frequency domain evaluation of PAPR performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Kaiser, and KBA windows.
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Fig. 14. Hybrid domain evaluation of PAPR performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Kaiser, and KBA windows.

D. Computational Complexity of Waveform

The examination of the existing literature revealed that
the 5G network must fulfil specific criteria, such as high
processing speed, to enable low-power gadgets to function
for longer durations. This study investigated the
computational complexity and compared it to Orthogonal
Frequency Division Multiplexing (OFDM) utilising
different windowing waveforms, such as F-OFDM. The
number of multiplications needed for each burst in
windowing waveforms is significantly higher than those
suggested by the algorithm’s complexity. The study’s
primary findings indicate that reducing complexity
significantly influences two key factors: low latency
communications and low energy consumption at both the
transmitter and receiver. To mitigate the presence of

extraneous radiation, it is possible to employ a solitary
filter at a specific terminal of the F-OFDM waveform to
direct a continuous CP-OFDM signal. According to
Eq. (16), the computational complexity of CP-OFDM can
be estimated as Ny (loga(Ny)-3) + 4, where Nyrepresents the
number of fast Fourier Transforms (FFTs) and Inverse Fast
Fourier Transforms (IFFTs) employed in the system.
Moreover, the split-radix approach employs the
windowing procedure.

CP — OFDM ompiexity = B X (2 % (Nylog, Ny — 3N + 4)

(56)

Nris the LTE-specified count of FFT/IFFT and B resource
blocks.

CP — OFDMcomplexity =B X (2 X (Nflogz Nf - 3Nf + 4)

(57)
F — OFDM_ompiexity = Mx(2x(N log, N — 3N + 4) +

2NL + 2x(N + NCP)xL) (58)

As aresult, to provide a fair evaluation of all windowing
options for a given waveform, it is common to represent
the window length as Lw, where L denotes the window
length, and w represents the order of the window (L-1).
When the order of the window is increased, the system’s
complexity likewise increases since the length of the
window must be increased as well. Regarding simulation
parameters, it may be said that CP-OFDM exhibits a
higher level of simplicity than F-OFDM. Significantly, the
F-OFDM exhibits a higher level of simplicity than the
Kaiser and the conventional F-OFDM, with due
consideration given to the value of OOBE reduction. To
achieve comparable OOBE performance using an
alternative F-OFDM waveform, it is necessary to
systematically augment the beta value through Kaiser
windowing and the adjustment of the Blackman filter order.
These modifications contribute to the overall complexity
of the system.

E.  Adjacent Channel Leakage Ratio (ACLR)

Tables I1I-V below illustrate the distinctions among
CP-OFDM (Based), F-OFDM (standard), and F-OFDM
(proposed), highlighting the enhancement in ACLR
resulting from the significant improvement in out-of-band
emission when employing the newly suggested filter.

TABLE III. TIME DOMAIN ACLR ANALYSES OF F-OFDM AND OFDM SYSTEMS

Main Channel Power (in

System SNR  Physical Channel  ACLR (indBm) 200 23’;;?;‘; Channel Power
CP-OFDM 20  AWGN ~30.20 ~40.10 ~70.30

F-OFDM Hanning 20 AWGN -80 -40 ~120

F-OFDM Kaiser 20 AWGN -85.79 3121 -117

F-OFDM Kaier Blackman, 20  AWGN ~170.39 -30.11 -200.5
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TABLE IV. FREQUENCY DOMAIN ACLR ANALYSES OF F-OFDM AND OFDM SYSTEMS

System SNR Physical Channel

ACLR (in dBm)

Main Channel Power Adjacent Channel Power

(in dBm) (in dBm)
CP-OFDM 20 AWGN -30.20 —40.10 —-70.30
F-OFDM Hanning 20 AWGN -80 -40 -120
F-OFDM Kaiser 20 AWGN -99.79 -31.21 -130
F-OFDM Kaier 20 AWGN ~180.39 -30.11 -210.5
Blackman,
TABLE V. HYBRID DOMAIN ACLR ANALYSES OF F-OFDM AND OFDM SYSTEMS
. . Main Channel Power Adjacent Channel Power
System SNR Physical Channel ACLR (in dBm) (in dBm) (in dBm)
CP-OFDM 20 AWGN -30.20 —40.10 -70.30
F-OFDM Hanning 20 AWGN -80 —40 —-120
F-OFDM Kaiser 20 AWGN —87.79 -31.21 -119
F-OFDM Kaier Blackman, 20 AWGN —220.39 -30.11 —250.5

The analysis of ACLR in the time domain for F-OFDM
and OFDM systems.

F. Out-of-Band Emission (OOBE) Outcomes

To improve the performance of reducing OOBE, the
windowing approach is proposed as an alternative to the
widely used Hanning windowing technique for F-OFDM
waveforms. In particular, where the value of K equals 1024
and M corresponds to 64QAM. The measurement of
ACLR performance will be conducted following the 3GPP
specification, employing the windowing technique. The
performances of three distinct filters in the presence of an
Additive White Gaussian Noise (AWGN) channel, with
parameters K = 1024, M = 64QAM, and alpha = 3, are
illustrated in Figs. 11-13. These filters include the CP-
OFDM-Rectangular window, the traditional F-OFDM

Hanning window, and the F-OFDM with KBA windowing.

The performance of F-OFDM with KBA windowing is
superior to that of CP-OFDM with rectangular windowing
and F-OFDM with Hanning windowing in terms of
reducing OOBE. Additionally, it is evident that the OOBE
of the original Cyclic Prefix Orthogonal Frequency
Division Multiplexing (CP-OFDM) signal initiates at
levels of —67.55, —67.59, and —-65.9 dBW/Hz in the
temporal, spectral, and hybrid domains, respectively. In
contrast, the conventional Filtered Orthogonal Frequency
Division Multiplexing (F-OFDM) signal exhibits OOBE
starting at 225.6, —225.2, and —222.7 dBW/Hz levels in the
corresponding domains. Furthermore, the F-OFDM with
KBA (F-OFDM-KBA) demonstrates OOBE commencing
at levels of —301.7, -301.8, and —362 dBW/Hz in the three
domains. The utilisation of filtering in F-OFDM
effectively mitigates OOBE and eliminates the leaking of
sidelobes inherent in CP-OFDM signals due to their
sinusoidal characteristics.

The F-OFDM with KBA windowing outperformed both
the F-OFDM with Hanning windowing and the CP-OFDM
in the first, second, and third domains, with power spectral
densities of -301.7, -301.8, and -362 dBW/Hz,
respectively. One of the primary benefits of the F-OFDM
system is its ability to mitigate OOBE in the OFDM signal.
This capability enables improved frequency localisation
and enhanced spectrum reuse, thereby addressing the
demands of 5G applications. Furthermore, it has been
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demonstrated that the spectral concentration issue is most
effectively addressed by employing the KBA (windowing)
filter, which maximises concentration in the waveform.
The alpha value can also be modified to increase the
KBA’s performance.
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Fig. 15. Time domain evaluation of OOBE performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based

rectangular and KBA windows.

Fig. 15 depicts the PSD’s temporal performance
regarding the OOBE. The graph illustrates that the KBA
OOBE exhibits an improvement of over 29%, which
validates the efficacy of the new KBA filter.
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Fig. 16. Frequency domain evaluation of OOBE performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular and KBA windows.

Additionally, Fig. 16 presents the PSD performance in
the frequency domain, as assessed through the OOBE. The
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graph demonstrates that the KBA OOBE exhibits a notable
improvement of over 29%, satisfying the requirements for
validating the efficacy of the new filter (KBA).

Fig. 17 illustrates the PSD’s performance in the hybrid
domain, explicitly focusing on the OOBE. The graph
demonstrates that the KBA OOBE exhibits a consistent
improvement of over 41%, a commonly accepted
benchmark for validating a new filter.
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Fig. 17. Hybrid domain evaluation of OOBE performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular and KBA windows.
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Fig. 18. Three domains evaluation of OOBE performance for the
conventional 64QAM CP-OFDM with the 64QAM F-OFDM based-
Rectangular and KBA windows.

Fig. 18 indicates that the KBA outperforms the other
two filters in all three domains, with the most significant
advantage being shown in the hybrid domain and the
highest OOBE in the case of the hybrid domain.

XI. PRESENT OUTCOMES AND BENCHMARKS

The findings of this study indicate that the F-OFDM
framework, as presented, presents numerous advantages
when compared to existing state-of-the-art approaches.
The advantages encompassed by this approach consist of
the augmentation of spectral efficiency, the reduction of
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Inter-Carrier Interference (ICI) resulting from the
improved F-OFDM signals, as well as the heightened
flexibility in accommodating differences in the
numerology of Frequency Range 1 (FR1) and Frequency
Range 2 (FR2) employed by different services. F-OFDM
performs better than CP-OFDM and classic F-OFDM
while  concurrently  exhibiting  reduced energy
consumption.

Based on the analysis of KPIs for F-OFDM and CP-
OFDM, employing the Hanning filter and the KBA filter
with the CP-OFDM-rectangular filter, as depicted in Fig.
15, which illustrates the OOBE, PSD, BER, PAPR, and
complexity, it can be concluded that the KBA filter
outperforms the conventional filter in both F-OFDM and
CP-OFDM systems. In the context of PSD, applying KBA
in the hybrid domain demonstrates superior outcomes.
Conversely, employing KBA to enhance BER in the time
domain exhibits the most notable enhancement.
Significant improvements are observed in both the Time
and hybrid domains when the KBA filter is simultaneously
implemented in PAPR. In the context of F-OFDM,
utilising the KBA filter yields a complexity that surpasses
that of the traditional filter in both the time and frequency
domains. Using KBA leads to an improvement in the
OOBE for the KPIs across all three domains. Furthermore,
the OOBE demonstrates an even more significant
improvement in the hybrid domain, as depicted in Fig. 16.
The present study examines the PSD status among three
flight conditions across three distinct domains. This study
aims to investigate the status of BER across three flights
operating inside three distinct domains. The current status
of PAPR is being examined throughout three flights within
three distinct domains. The complexity status among three
flights inside three domains. The Electronic Out-of-Band
Execution (e-OOBE) status concerning three flights over
three domains is being reviewed. Fig. 19 depicts the status
of KPIs for three flights across three domains.

Figs. 20 and 21 present a comparative analysis between
the outcomes of the present study and the findings reported
in the latest research papers, focusing on both the time and
frequency domains. This comparison is employed to
substantiate the findings. The use of the KBA filter
approach yields a significantly more significant
improvement than the most recent research, including
factors such as the OOBE, level of competitive complexity,
and other KPIs.

We will analyse the accompanying figure to assess the
efficacy of the new window KBA and compare it to the
conventional Hanning filter in terms of performance. The
equation is integrated to calculate the area. The value of k
in the Hanning filter ranges from 0 to 500, as indicated in
the equation. In contrast, for the KBA filter, k ranges from
100 to 400 throughout the integration of the equation. The
numerical value provided is 3.33.
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Fig. 22. Time domain 256QAM analysis for PSD of AWGN
SNR =20 dB in Hanning, KBA, and rectangular OFDM.
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Fig. 23. Frequency domain 256QAM analysis for PSD of AWGN
SNR =20 dB in Hanning, KBA, and rectangular OFDM.
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Fig. 24. Hybrid domain 256QAM analysis for PSD of AWGN
SNR =20 dB in Hanning, KBA, and Rect. OFDM.

Based on the outcomes derived from the equations
mentioned above, it is evident that the amplified waveform
achieved using the KBA filter surpasses that of the
conventional Hanning filter. Consequently, our waveform
assessment will employ the 256 QAM mapping scheme, as
depicted in the accompanying figure. In this context, the
Figs. 22-24, and the accompanying figure, are relevant.
The numerical value is 21. In the PSD analysis across all
domains, no significant differences that may be
disregarded are observed, as indicated by the BER
depicted in Figs. 25-27, illustrating that despite a fourfold
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increase in the sending, the observed difference remains
quite close to that of the classic filter (Hanning). The
numerical value in Fig. 28. The present study aims to
examine and contrast the performance of 64QAM and
256QAM modulation schemes.

‘Time domain-Bit Error Rate vs. SNR
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Fig. 25. Time domain evaluation of BER performance for the
conventional 256QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Hanning, and KBA windows.
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Fig. 26. Frequency domain evaluation of BER performance for the
conventional 256QAM CP-OFDM with the 64QAM F-OFDM-based
rectangular, Hanning, and KBA windows.
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Fig. 27. Hybrid domain evaluation of BER performance for the
conventional 256QAM CP-OFDM with the 64QAM F-OFDM based-
Rectangular, Hanning, and KBA windows.
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XII. CONCLUSIONS AND FUTURE WORKS

This work uses windowing to build novel F-OFDM
techniques to reduce OOBE while reducing computer
complexity. This research created novel time-domain
windowing methods. Instead of the conventional
waveform, we designed KBA windowing to decrease
OOBE while maintaining windowing extent and reducing
processing costs. New frequency domain methods are
being tested to minimise OOBE and processing
complexity in 5G networks while maintaining practicality.

A hybrid domain technique combines temporal and
frequency domain best practices. The purpose is to reduce
out-of-band emissions.

Three methods verified this work’s strategy and
techniques. Simulation in MATLAB will start. The
windowing methods’ impacts on OOBE, computational
complexity, BER, and power spectral density are tested.
KBA beats Hanning and CP-OFDM-rectangular filters in
OOBE, PSD, BER, PAPR, and computational complexity.
KBA boosts hybrid domain PSD and time domain BER the
most. PAPR KBA filters boost hybrid performance and
time. KBA filters surpass F-OFDM filters in time and
frequency. KBA improves the first OOBE user experience
for assessing KPIs in all three areas. However, the hybrid
domain OOBE improves the most. The new filter KBA
must provide a 29% in-time domain increase over out-of-
band emissions to succeed. Additionally, OOBE boosts
frequency domain power spectral density by 29%. These
metrics verify KBA filters. The KBA’s hybrid domain
PSD and OOBE have continuously improved by over 41%,
a filter validation requirement. The KBA filter beats the
others in all three categories. The hybrid domain gives it
the most excellent out-of-band energy; therefore, this
benefit is prominent.
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The KBA window’s performance was compared to the
Hanning filter employing 256 QAM mapping. Despite
quadrupling the standard Hanning filter’s transmission,
PSD stays identical across all domains. THE BER differs
somewhat but is close to the typical filter. Finally, KBA,
the novel filter, should use 256QAM instead of 64QAM.
This research suggests that 5G and future networks use
FBMC and GFDM waveforms. The transmitter’s F-
OFDM algorithms may be employed for receiver
windowing.
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