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The need for alternative signal waveforms capable of effectively mitigating interference and
increasing transmission efficiency has remained a major challenge for Fifth Generation (5G) New
Radio (NR) systems. To address this challenge, this research developed two modified waveforms
by integrating Kaiser and Dolph-Chebyshev window algorithms in a programmable Closed Loop
Transfer Function (CLTF) digital module for a Hanning-induced Filtered-Orthogonal Frequency
Division Multiplexing (F-OFDM) waveform. This resulted in two alternative waveforms: Hanning-
Kaiser Window-induced Filtered Orthogonal Frequency Division Multiplexing (HKW-Induced F-
OFDM) waveform and Hanning-Dolph Window-induced Filtered Orthogonal Frequency Division
Multiplexing (HDW-Induced F-OFDM) waveform. Simulation results obtained at a 120 kHz
Subcarrier Spacing (SCS) showed the HKW-induced F-OFDM waveform achieved Advanced
Interference Mitigation (AIM) levels of -25.22 dBm for Adjacent Channel Interference (ACI), -40.05
dBm for Inter-Symbol Interference (ISI), and -53.70 dBm for Inter-Channel Interference (ICl),
corresponding to improvements of 22.73%, 24.84%, and 28.49%, respectively, over the
conventional HW-induced F-OFDM waveform. Similarly, the HDW-induced F-OFDM waveform
achieved AIM levels of -30.02 dBm for ACI, -38.52 dBm for ISI, and -51.17 dBm for ICI,
corresponding to improvements of 46.08%, 20.07%, and 22.44% , respectively over the
conventional HW-induced F-OFDM waveform. The two proposed waveforms also demonstrated
the capability to improve bandwidth utilization and spectral efficiency, thereby meeting the stringent
requirements of Frequency Range 2 (FR2/mmWave) deployments (> 24.25 GHz) through
effective interference mitigation. This capability was further demonstrated by their scalability in
supporting 5G NR numerologies of 0 to 3.
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L. INTRODUCTION

band from a signal containing both wanted and unwanted
components [3],[4]. These unwanted components are
typically caused by interference or noise, which degrade

Filtering and windowing techniques are among the key
performance indicators required to achieve high Spectral
Efficiency (SE) in wireless waveform modification [1]. They
are widely used to sufficiently mitigate interference and
support asynchronous transmission, as stipulated by the Third
Generation Partnership Project (3GPP) Fifth Generation (5G)
New Radio (NR) objectives. Interference anomalies often
result in the underutilization of available radio spectrum
resources [2]. To achieve efficient spectral filtering for
Advanced Interference Mitigation (AIM), this research
adopts an augmented filter response approach. Digital filters
are designed to discriminate a desired frequency or frequency

signal quality and adversely affect wireless communication
performance [5].

Digital filters used in waveform development are broadly
classified into two categories: Finite Impulse Response (FIR)
and Infinite Impulse Response (IIR) filters [6]. This research
focuses on the FIR filter function, specifically the
Windowed-Sinc filter, to modify a Filtered-Orthogonal
Frequency Division Multiplexing (F-OFDM) waveform. F-
OFDM is an Orthogonal Multiple Access (OMA) waveform
proposed for fifth-generation (5G) wireless
telecommunication systems to support massive connectivity
and flexible spectrum allocation through sub-band filtering
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[7]. Unlike Non-Orthogonal Multiple Access (NOMA),
which primarily improves spectral utilization through power-
domain multiplexing, OMA achieves spectral efficiency by
allocating orthogonal frequency, time, or code resources [8].
This provides an alternative and advanced waveform
architecture for 5G NR systems, with enhanced capability for
mitigating interference.

Despite its advantages, F-OFDM suffers from the
reintroduction of Adjacent Channel Interference (ACI), Inter-
Carrier Interference (ICI), and Inter-Symbol Interference
(ISI), following the removal of the Cyclic Prefix (CP) at the
receiver side of a wireless transceiver [9]. To address these
limitations, this work proposes an AIM scheme, which
employs the systematic design and implementation of a
programmable of a programmable Closed Loop Transfer
Function (CLTF) module integrated into the F-OFDM
receiver. The proposed CLTF module is conceptually
analogous to the Cyclic Prefix-Orthogonal Frequency
Division  Multiplexing (CP-OFDM)  technique for
interference mitigation, in which a portion of the symbol
suffix is copied and appended as a prefix prior to transmission
[10]. This principle enables CP-OFDM to provide effective
interference mitigation and robustness against multipath
propagation. However, the insertion of the cyclic prefix
introduces bandwidth overhead, resulting in reduced spectral
efficiency, increased transmission time, and higher power
consumption [11],[12]. Nevertheless, CP-OFDM remains
attractive because of its robustness against multipath
propagation and its relatively low sensitivity to timing errors
[13],[14].

In the proposed approach, unwanted bit codes identified
during the channel estimation stage of a Hanning Windowed
(HW)-based F-OFDM receiver are extracted and redirected
to an alternative filtering path employing either the Kaiser
Windowed (KW) or Dolph Windowed (DW) filters within
the Closed-Loop Transfer Function (CLTF) module. These
signals are subsequently post-filtered using the interference
suppression capability of the FIR digital filters. After the
interference has been reduced to the desired threshold
through the adaptive KW- or DW-based filters, the resulting
filtered signal is fed back to the input section of the receiver
through the programmable CLTF module. The feedback
signal complement any residual error pulses while providing
the required timing synchronization to effectively suppress
ACI, ICI, and ISI. Finally, the processed waveforms are
passed through the channel estimation stage for
demodulation, ensuring that only waveforms satisfying the
required signal quality threshold are recovered. This
approach facilitates efficient network slicing in accordance
with the requirements of 5G NR and beyond [2].

In this work, the modified waveforms are intended
deployment using 60 kHz and 120 kHz Subcarrier Spacings
(SCSs) corresponding to higher 5G numerologies and
beyond. This is aimed at supporting transmission within the
Frequency Range 2 (FR2) spectrum of 24.52 GHz - 52.60
GHz [15]. Experimental studies have shown that higher SCS
values enable more efficient data transmission [16]. For
example, smartphones operating with numerologies 2 and 3
exhibit lower timing jitter, making them well-suited for
bidirectional communication [17]. However, the adoption of
higher SCS values to mitigate interference may also result in
spectrum underutilization and network redundancies.
Consequently, Software Defined Radio (SDR), Cognitive
Radio (CR), and Machine Learning (ML) techniques are
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proposed as promising technique solutions for maximizing
the utilization of these underutilized spectral resources while
improving system scalability [18]. This constitutes one of the
key recommendations of this work for meeting the increasing
data rate requirements of 3GPP 5G NR and future wireless
communication systems.

The novelty of this research lies in the integration of
adaptive filtering techniques into a programmable CLTF
module that generates a complementary feedback signal for
waveform modification, thereby enhancing interference
mitigation in higher operating frequencies. The fundamental
innovation of combining Hanning-, Kaiser-, and Dolph-
windowing techniques in a CLTF-enhanced F-OFDM
receiver lies in achieving adaptive, real-time control of
spectrum leakage while preserving waveform orthogonality
and effectively balancing high spectral efficiency with robust
asynchronization operation for 5G and emerging 6G
communication systems. To the best of the authors’
knowledge, this integrated CLTF-assisted adaptive
windowing framework has not been comprehensively
investigated in the existing literature. Rather than creating an
entirely new waveform, this research modifies an existing
waveform architecture to satisfy the specific interference
mitigation and spectral efficiency measurements of next-
generation wireless communication systems.

II. THEORETICAL BACKGROUND

This section presents the theoretical background of this
research, which include the filter design and its realization. It
also presents the conceptual framework adopted for the
generation of the proposed alternative waveforms for AIM,
together with the corresponding signal decision threshold.
The filter design approach adopted in this work the
windowing method because signal filtering and windowing
are among the key techniques required for waveform
modification in 5G New Radio (NR) systems [1]. In this
work, waveform modification is achieved using a
programmable CLTF module incorporated into an F-OFDM
waveform. The proposed CLTF module adopted in this work
is a programmable memory system that possesses prior
knowledge and the ability to autonomously adjust the
received signal information based on the characteristics of the
transmitted signal information.

The Hanning, Kaiser, and Dolph-Chebyshev windows are
employed in the design of the FIR filters used in this research.
They are selected to achieve control of spectral leakage,
excessive power, Doppler shift, frequency selectivity,
unnecessary power consumption, and filter-tail distortion.
Additionally, the Kaiser-window-based and Dolph-window-
based FIR filters are incorporated into the feedback path of
the CLTF module integrated with an F-OFDM receiver.
These FIR filters serve as adaptive interference mitigation
components for modern wireless communication systems
[17]. With this systematic arrangement and timing, the
proposed framework generates an alternative waveform
capable of mitigating ACI, ICI and ISI, thereby improving the
overall efficiency of the wireless communication system.

A. Hanning Windowing Filter

The Hanning window (HW) is one of the most widely used
window functions for sub-band filtering to achieve
asynchronous waveforms. It belongs to the family of
generalized cosine windows [19]. It has the advantage of
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generating lower side lobes, which helps mitigate Out-of-
Band Emission (OoBE) and reduce the Peak-to-Average
Power Ratio (PAPR) in orthogonal transmission systems
[20]. These characteristics make it suitable for deployment at
both the transmitter and receiver of a wireless communication
system. Accordingly, it is used in this work to generate the
Hanning-window (HW)-based FIR filter used in the proposed
waveform modification framework. The Hanning window
(HW) coefficient is expressed as (1) as computed in [21]:

* _ 2N\
Wiw () = 0.5[1 — cos (W)] )
where, Ny, = My — 1, is the length of the window and « is
the roll-off (window shaping) factor.

To obtain the HW-based FIR filter, Fy;,, (n) for effective
F-OFDM transmitter/receiver filtering, the ideal low-pass
filter sinc transfer function, h;(n) is multiplied with the HW
function, Wy, (n), as given in [22]:

Faw () = ha(m)Wey, (n) @)

The received F-OFDM waveform is then matched with the
transmitted waveform through time-domain convolution to
obtain the asynchronous received signal, R;,(n), expressed
as (3):

Rin(n) = R(s)"Faw(—n) 3

where, R(s)* denotes the received signal impulse response
across subcarriers, while Fjy, (—n) represents the time-
reversed FIR spectrum-shaping filter applied at the receiver
tail.

B. Kaiser Windowing Filter

The Kaiser Window (KW) is widely employed in FIR filter
design because of its excellent capability for controlling
spectral leakage and improving spectral concentration [23].
For a window containing Ny, samples, the Kaiser window
function Wy, (n), represented by Equation 4 is defined by
the attenuation function, 5. Equations (4) - (8) are used to
compute the coefficient of the KW. The KW function is given
for 0 <n < My =1 in [22], in correspondence to the filter

taps, N:
2
lo[B 1—(1—5—3}—1) 1
lo[B] ’

Wiew (n) = “

where: f = ma is the attenuation function, consisting of
the waveform phase,  and the roll-off factor, a, while lo]. ]
denotes the modified zero-order Bessel function given by
[24] as:

o] = 1+ T[22 5)

and,

B {0.1102(A5 - 8.7), Ay =50
~10.5842(4, — 21)°3 + 0.07886(4, — 21), 21 < A, < 50

(6)

where, A denotes the minimum stop-band attenuation and
B is the parameter that depends on Ny, and is chosen to yield
various transition widths and near optimum stop-band

attenuation. The pertinent design parameters are: w, and A,
which are obtained from the following relationships of the
normal transition width [25]:

Ws —w
£y=" (7

where, wg — wj, is the width of the transition band, with
w; denoting the width of the stop-band and w,, representing
the width of the pass-band. w; and w, are also termed corner
frequencies.

The filter length, Ny = My —1 is also determined by
selecting the lowest odd value of Ny that would satisfy the
inequality [26]:

Ny > 25me? 4 g (8)

T Aw
where the parameter D, is determined using the expression:

0.9222,
D = {AS—7.95

14.36Af"

A, <21
A, >21 ®)

and, Wgamp is the normalized sampling frequency and Aw is
the transition width.

However, windows are analyzed in the frequency domain
to compare and classify them in terms of their spectral
characteristics. The frequency spectrum of a window is
obtained in (10):

W(ejwt) — e—jw(NW—l)T/ZWO(eij) (10)
where,
W, (e/*T) is the amplitude function.
Ny, = My — 1 denotes the window length, which is
the same with the filter length, N used.
T corresponds to the interval between samples.

This is useful when plotting the normalized amplitude
spectrum of the window.

To obtain the desired attenuated waveform, the Kaiser-
window-based FIR filture, Fgy, (n) is applied to the distorted
F-OFDM signal containing ACI, ICI, and ISI to filter out the
interference signal pulses from the useful ones. The
corresponding filtered signal, Rgy,(n) is expressed as

Rxw(n) = Z,,(n)" Fgw () (11
where, Fgy(n) is the Kaiser-window-based FIR filter
obtained by multiplying the ideal low-pass transfer function,
hq(n) with KW functions, Wy, (n), and Z, (n) represents the
undesired F-OFDM signal that are contaminated with ACI,
ICI, and ISI.

C. Dolph-Chebyshev Windowing Filter

The Dolph-Chebyshev window (DW) is well known for its
ability to produce a wide main lobe (wideband) while
providing effective control of spectral aliasing. The zero-
phase DW function, W, (n) expressed in (12), is defined in
terms of its real-valued discrete Fourier transform for 0 <
n< My —1[23].
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cos(Ncos™ [ﬁ cos(;fv)])
cosh[Ncosh~1(B8)]

Wpw (n) = (12)

where, § = cosh[-cosh™(10%)], (13)

The value of a@ determines and influences the side-lobes
attenuation. Its normal window function, wy(n) is presented
in (14) as in [19].

N
wo(n) = wo(n - =5), (14)
Similar to (11), the Dolph-window-based FIR filter,
Fpy(n), is applied to the distorted F-OFDM signal
containing ACI, ICI, and ISI to separate the unwanted signal
components from the wanted ones. The corresponding
filtered signal, Rpy,(n) is expressed as
Rpew (M) = Z;(n)" Fpyw (n) (15)
where, Fj,, (n) is the Dolph-window-based FIR filter,
obtained by multiplying the ideal low-pass transfer function,
hq(n) with DW functions, W5, (n).

II1. RESEARCH METHODOLOGY

This section presents the materials and methods, together
with the pictorial and mathematical models, used to realize
this research. The operation of the programmable CLTF
module, which enhances waveform modification to achieve
AIM is clearly demonstrated. The proposed module is
incorporated at the receiver side of an F-OFDM wireless
system to identify and compensate for signal pulses distorted
by interference or deviating from the transmitted signal
information. To achieve the desired system efficiency, the
seamless integration of the CLTF module with the F-OFDM
receiver is demonstrated using a flowchart algorithm.

A. Materials and Method

The successful integration of the CLTF module with the
Hanning-induced F-OFDM waveform consists of the folded
spectrum-shaping filter, G;, the demultiplexer unit, &, the
channel estimation region, G,, the error control system, f3,
and the demodulator, ). The following steps describe the
operating principles of the proposed model.

e The received signal, R;(n) is reconstructed at the
receiver of F-OFDM system after propagating through
the fading channel.

e The received signal is prefiltered using the folded
spectrum-shaping filter, G; to correct anomalies
caused by channel noise and multipath propagation.

e  The demultiplexer unit, {) removes the CP to reduce
transmission overhead. Following CP removal, ACI,
ICI an ISI become more pronounced and require
mitigation to support higher 5G NR frequencies.

e The system gain region, G,, serves as the channel
estimation region, where a decision threshold of 0.5 is
established within the range of 0 and 1.

e The decision threshold differentiates between signals
corrupted by interference, Z,(n) and signals with
relatively lower interference, Z;(n) .

e The corrupted signal pulses, Z,(n) are extracted and
forwarded to the Kaiser-window-based or Dolph-
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window-based  FIR  filter, represented by
H(n) for post — filtering or § region containing
either the Fg,, (n) or Fjy (n) filter. These filters
complement the waveform reconstruction process by
restoring the distorted signal Z, (n) in accordance with
the transmission bits’ standards.

e The filtered signal waveforms, R;(n) is subsequently
fed back to compensate for the received signal pulses
identified as interfered. The corrected signal is
subsequently verified through the system gain region,
G, , before demodulation.

e  The final alternative waveforms are obtained as HK W-
induced F-OFDM and HDW-induced F-OFDM
waveforms.

B. System Modeling

Figure 1 presents a schematic workflow diagram of the
proposed methodology for realizing the programmable CLTF
module used for waveform modification. In this work, the
HKW-induced F-OFDM waveform is employed to satisfy
both FR1 and FR2 waveform requirements, whereas the
HDW-induced F-OFDM waveform is used to satisfy FR2 and
future FR-A waveform requirements. This design is intended
to satisfy the waveform development requirements specified
in the International Telecommunication Union (ITU) and
3GPP NR release 15, 16, 17, and 18.

CP(S)
R(S) J e Z4(n) C(’S:
:I GQ L— [,
Rc(S!
FS) [ w |
L

Figure 1. A CLTF Feedback Module

The received signal response, R(s) after propagating
through the fading channel is expressed as (16) following [2]:
Rs(m) = [R(W)S(n) + W (n)] (16)
where:
h(n) represents the channel impulse response.
S(n) represents the F-OFDM information carrying
symbols.
W(n)) is the Additive White Gaussian Noise
(AWGN) channel, which is a function of the
type of fading channel experienced.

The waveform representation of (16), before the
introduction of the folded spectrum-shaping filter, is
expressed as:

j2m
V() = =Xl TNZ3 Re(n)e w (17)

where k denotes the waveform sample coefficient.
In the CLTF module shown in Figure 1, G; represents the

condition of the received signal information at the folded
version of an asynchronous spectrum shaping filter,
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Fjw(—n) of the F-OFDM system described in (3). It is
defined as the error factor regulator, E as:
Gy = E = Ry(n) — Rp(n)Z3(n) (18)

where, R¢(n) is the alternative filtered signals and Z, (n)
represents to the CLTF baseband samples gained across the
subcarriers.

To derive the CLTF gain, the CP overhead is first removed
in the channel estimation region, G,, to improve system
efficiency. This process is represented in the CLTF module
in Figure 1 as:

G, =G, —CP (19)

The alternative filtered signal response is then expressed
as:

Ry(n) = H()Z,(n) (20)

Accordingly, the conventional CLTF model for AIM signal
waveform modification is expressed as:

zZm) _ G
Rs(n) 1+GaRy(n)

ey

Substituting (19) and (20) into (21), the baseband signal
samples gain, Z; (n) across a wireless system yield:

[G1 — CP]Rs(n)

Z,(n) = 1+[G4 — CPIR¢(n)

(22)

where R¢(n) represents either Ry, (n) or Rpy,(n), which
are the alternative filtered signals generated from (11) and
(15) respectively.

Similarly, the CLTF baseband samples gain, Zpygy (n)
containing the payload and pilot data modified by (11) is
expressed as:

_ [Fiw(=n) - CP]Rs(n)
Ziew (1) = T o0 — CPIRmiw )

(23)

Similarly, the CLTF baseband samples gain, Zypy (n)
containing the payload and pilot data modified by (15) is
expressed as:

[Ffyw(—=n) — CP]Rs(n)
1+[Ffyy (-n) = CP]Rgpw (n)

Zypw(n) = 24

Both Zykw(m) and Zypy(n) are adaptive systems that
autonomously adjust their responses to satisfy different
waveform requirements for generic wireless communication
applications.

Equations (23) and (24) represent the iterative
computations performed within the channel estimation region
of the AIM model receiver. After completing these iterations,
the desired AIM signal is demodulated to recover the original
transmitted information.

Finally, the equivalent waveform representation of (23)
and (24) at the receiver’s output is expressed in (25). This is
achieved by transforming (23) and (24) into their original
orthogonally spaced multicarrier form, which is also
determined by the system numerology specified for 5G NR,
yielding:

; I (N-1 P L]
V() = 3 fimg famo ZK(E7)eT™H(29)

where, Z; denotes the modified AIM waveform obtained
from (23) and (24)

Iv. RESEARCH ALGORITHM

This section presents the graphical algorithm of a sub-band
network architecture considered in this research. The
proposes an algorithm that compensates for signal aberrations
and transmission bottlenecks commonly observed at the
receiver side of a wireless communication system. Previous
studies have shown that these bottlenecks are primarily
caused by ACI, ICI, and ISI. The compensation process for
distorted transmission signal pulses is illustrated in Figure 2.

The algorithm begins with the initialization of the input
waveform data in the time domain and proceeds through
successive processing stages to generate the output
waveform, y, (n), and its corresponding frequency domain
representation, Yy (e/®). After the modulation and
multiplexing processes, the CP is removed to reduce
bandwidth  overhead and eliminate  transmission
redundancies. In a sub-band architecture of this nature, ACI,
ICI, and ISI distortions become more pronounced following

the removal of the CP.
(' start )

Initialize receiver data:
Input = yk(n)
Output = Yk(ew)

Y

Input received signal
impulse, Rs(n)

) 4

Input spectrum shaping
filter folded version, Fuw(-n)
4
Modulate R(s) with F(-n) to
obtain Rin(n)

Y

Multiplex Rin(n) to remove CP

Yes

Transmit pilot and
payload data

Y

( Stop )

Figure 2. AIM Flow Chart
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The CLTF module is a programmable model that
differentiates between pilot and payload symbols, as well as
wanted and unwanted signal pulses, based on an established
threshold of 0.5 within the range of 0 and 1. The data
classification is performed using 8-bit symbols mapped
according to a 256 QAM modulation scheme. The decision
block shown in Figure 2 serves as the channel estimation
region, where the received signal pulses are classified as
either wanted and unwanted. By dividing each 8-bit symbol
into two 4-bit nibbles. Any symbol containing an equal
number of Os and 1s is identified as pilot symbols. For the
remaining symbols, those containing more Os than 1s are
classified as wanted signal pulses, whereas those containing
more 1s than Os are classified as unwanted signal pulses.
When unwanted signal pulses are detected, the CTLF module
activates its adaptive feedback mechanism by utilizing
previously stored transmission information to compare and
compensate for the detected discrepancy; otherwise, the
signal is classified as wanted.

V. RESULTS AND DISCUSSION

The simulations in this research were carried out using the
PyCharm Integrated Development Environment (IDE) with
Python scripts. The research considered a Cyclic Prefix
length of (1/16)N, where N is the IFFT/FFT length. A filter
length, N¢, of 257 was considered in all cases. The window
length, Ny, was taken to be the same as the filter length, Ny.
The adjustable characteristics of the two windowed filters
(KW and DW) employed in this work made it possible to vary
their parameters to support the 15 kHz x 2™ numerology
models required for 3GPP 5G NR systems. This was intended
to achieve effective interference control, improve system
processing time, increase the data rate, enhance throughput
scalability, and optimize bandwidth utilization. The
simulations were conducted using 60kHz and
120 kHz Subcarrier Spacings (SCSs) to facilitate effective
handover between 5G FR1 and FR2.

Each HW-induced F-OFDM subcarrier symbol contained
8-bit data represented by binary digits 0 and 1. A symbol was
classified as wanted if it contained more zeros than ones and
unwanted if it contained more ones than zeros. A subcarrier
symbol containing 4 bits of zeros and 4 bits of ones was
classified as a pilot subcarrier. The research also adopted a
decision threshold of 0.5 within the range of 0 and 1. Table
1 summarizes the remaining simulation parameters used in
this work.

Table 1
Research Parameters

Parameters Specifications

Channel Access F-OFDM

Filter mode FIR

Window Hanning, Kaiser, Dolph

Roll-off factor, @ 1 for Hanning, variable from 0 to 10

for the adjustable windows.

B 1,6, 10,16
p 1, -45,-80, -100
FFT size, N 4096

Defected subcarriers, Ny 2016
Number of sub-bands, K 80

Defected Sub-bands, 42
Sub-band bandwidth, M 48
Bits per symbol 8

Bandwidth, BW 100 MHz, 200 MHz
Subcarrier spacing 60 kHz. 120 kHz
Service Numerology 2,3

Mapping order 256 QAM

40

A. Hann, Dolph, and Kaiser Window-Based FIR Filters
Frequency Responses

This section presents the individual frequency responses of
the Hann, Dolph, and Kaiser window-induced FIR filters in
dBm. As presented in the analysis, the final results were
obtained using the Hann-Kaiser Windowed (HKW)-induced
F-OFDM and Hanh-Dolph Windowed (HDW)-induced F-
OFDM waveforms, which were compared with the
conventional Hann Window (HW)-induced F-OFDM
waveform in terms of interference mitigation performance.

In a wireless communication system, an IFFT/FFT size of
4096 symbols, with each symbol consisting of 8 bits,
represented a considerably large dataset for 5G systems. Due
to computational limitations, the dataset was sub-divided into
48 sub-bands, each containing 8 — bit symbols, and
subsequently grouped into 12 subcarriers index samples.
Processing the entire dataset simultaneously would have
resulted in high computational complexity. Therefore, the
data were categorized into 80 classes as follows: (1) 0-47, (2)
48-95, ..., (80) 4067-4095. The analysis considered the first
class (0-47) as the reference because it was the most
susceptible to interference compared with the remaining data
classes.

Figure 3 presents the frequency response of the Hanning-
window-based FIR filter, Fj,, (n). Its roll-off factor was
fixed at 1 throughout this work. The results showed that the
Hanning window exhibited relatively low side lobes with an
attenuation level of approximately -45 dBm. This made the
filter effective in controlling spectral leakages, Out-of-Bound
Emission (OoBE), and Peak-to-Average Power Ratio
(PAPR). These characteristics made the Hanning-window-
based FIR filter suitable for deployment at both the
transmitter and receiver of a wireless communication system.
In this work, the filter was implemented using a 120 kHz
Subcarrier Spacing (SCS) with an embedded 257-tap
Hanning-window-based FIR filter.
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Figure 3. Frequency Response of Hanning-Window-Based FIR Filter

Figures 4 (a) and 4(b) present the individual frequency
responses of the Kaiser-window-based and Dolph-window-
based FIR filters respectively. It was observed that the
Kaiser-window-based FIR filter with f = 6 performed
comparably to the Dolph-window-based FIR filter at an
attenuation level of —45 dBm. The attenuation parameter, [3,
and the pass-band ripple factor, p, were continuously varied
to obtain the desired FIR filter characteristics for generating
the proposed alternative waveforms used for AIM and noise
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suppression. The results showed that the Kaiser-window-
based FIR filter exhibited a relatively narrow main lobe width
with higher transition steepness, making it effective in
controlling the main-lobe width friction. In contrast, the
Dolph-window-based FIR filter exhibited the widest main
lobe and provided superior stop-band attenuation, resulting in
better noise suppression, although with lower transition
steepness than the Kaiser-window-based FIR filter.
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Figure 4. Frequency Response of Kaiser-and Dolph-Window- Based FIR
Filters

B.  Interference Mitigation Results

To avoid complexity in the simulation and data
interpretation, this research presented its results using a
baseline mathematical model. The sample data were
synthesized by the superposition of the 48 sub-band
bandwidths into 4 bands, each consisting of 12-sample
indices. The average AIM power, I,;,, and the baseline value,
Igy were determined by dividing the summation of the
individual power values, Ir,:,; by the number of sample
indices, Isqmy, as expressed in (26):

M
I — Zk=1 ITotal
AIM/BV T

(26)

ISamp

The Performance Improvement (PI) of the proposed
HKW-induced F-OFDM and HDW-induced F-OFDM
waveforms was compared with that of the conventional HW-
induced F-OFDM waveform for AIM analysis. The
percentage improvement of ACI, ISI, and ICI mitigation was
determined, as given in (27):

PI =’*‘”14J x 100%
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Figure 5. Hanning-Induced F-OFDM Interference Power Mitigation with
Subcarrier Bandwidth, M = 48 at (a) 4 = 60 kHz and (b) 4y = 120 kHz.

Figure 5 presents the simulated interference power
mitigation results for ACI, ISI, and ICI using HW-induced F-
OFDM waveform with different SCSs. The interfered
waveforms were analyzed after the removal of the CP. The
same CP length was adopted for both 60 kHz and 120 kHz
SCS to facilitate a fair comparison of the scalability of the
HW-induced F-OFDM waveform. It was observed that the
ICI sensitivity level of —41.79 dBm achieved at 120 kHz
SCS provided better interference mitigation than all the other
interference components. In contrast, the ACI sensitivity
level of —20.55 dBm remained the least suppressed. At
60 kHz SCS, the ACI level further degraded to —16.95 dB.
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This behavior was attributed to the relationship between the
SCS rate and CP length.

At 120 kHz SCS, the average ACI level of —20.55 dBm
achieved a performance improvement of 21.23% over its
baseline value. This improvement was greater than those
obtained for ISI (—32.08 dBm) and ICI (—41.79 dBm),
owing to the improved asynchronous operation among the
sub-bands. Likewise, the results showed that ISI had a greater
impact on the system performance than ICI under the
operating conditions investigated.

Table 2 presents the comparison of interference mitigation
achieved by the HW-induced F-OFDM waveform at 60 kHz
and 120 kHz SCS. It was observed that the HW-induced F-
OFDM waveform operating at 120 kHz SCS achieved better
interference mitigation, recording —20.55dBm for ACI,
—32.08 dBm for ISI, and —41.79 dBm for ICI, compared
with —16.95 dBm for ACI, —29.45dBm for ISI, and
—39.25dBm for ICI, respectively, at 60 kHz SCS.
Consequently, the HW-induced F-OFDM waveform
operating at 120kHz SCS achieved performance
improvements of 21.23% for ACI, 8.93% for ISI, and 6.47%
for ICI over the 60 kHz SCS configuration.

However, it was observed from the interference power
levels expressed in dBm that the HW-induced F-OFDM
waveform did not satisfy the estimated threshold required for
effective 5G FR2 transmission and, therefore was more
suitable for 5G FR1 operation. This finding demonstrated the
limitation of the HW-induced F-OFDM waveform in terms
of scalability toward higher-frequency applications.
Furthermore, it was observed that the performance of the
HW-induced F-OFDM waveform at 120 kHz SCS degraded
as the data size increased, compared with its performance at
60 kHz SCS. These observations motivated the development
of the proposed AIM model, which was designed to extend
the interference mitigation capability beyond the
conventional 5G FR1 operating requirements.

that ACI is primarily associated with noise occurring near the
edges of the subcarriers.
=20 LA L L DL DAL DL DL DL LR DL |

@ ACl
-25F ¥ 1] -1
——__ICI

SI0F

=35 F

40 F

-45 |

Interference Power (dBm)
T
il

50 F

-B5 b

Samples Indexes
Figure 6. Interference Power Mitigation of the HKW-Induced F-OFDM
Waveform at 120 kHz SCS.

Table 3
Interference Power Mitigation of the HK W-Induced F-OFDM Waveform
versus the HW-Induced F-OFDM Waveform at 120 kHz SCS.

HW-Induced HKW-Induced Percentage
Interference F-OFDM at F-OFDM at 120 Improvement
120 kHz SCS kHz SCS
ACI Power (dBm) -20.55 -25.22 22.73%
ISI Power (dBm) -32.08 -40.05 24.84%
ICI Power (dBm) -41.79 -53.70 28.49%

Table 2
Interference Power Mitigation of HW-Induced F-OFDM at 120 kHz versus
60 kHz SCS
HW-Induced F- HW-Induced F- Percentage
Interference OFDM at 60 OFDM at 120 Improvement
kHz SCS kHz SCS
ACI Power (dBm)  -16.95 -20.55 21.23%
ISI Power (dBm) -29.45 -32.08 8.93%
ICI Power (dBm) -39.25 -41.79 6.47%

Figures 6 and 7 respectively present the simulated
interference mitigation results obtained for AIM at 120 kHz
SCS using the HKW-induced F-OFDM and HDW-induced
F-OFDM waveforms. It was observed from both figures that
the HKW-induced F-OFDM waveform achieved better ICI
and ISI  mitigation, recording —53.70 dBm  and
—40.05 dBm, respectively, compared with the HDW-
induced F-OFDM waveform, which achieved —51.17 dBm
and —38.52 dBm, respectively. This improvement was
attributed to the superior interference suppression capability
of the Kaiser-window-based FIR filter, resulting from its
effective control of spectral leakage and improved spectral
concentration compared with the Dolph-window-based FIR
filter. Conversely, the HDW-induced F-OFDM waveform
achieved superior ACI mitigation, recording -30.02 dBm
compared with —25.22 dBm achieved by the HKW-induced
F-OFDM waveform. This behavior was attributed to the fact
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When the interference mitigation capability of the
proposed HKW-induced F-OFDM waveform operating at
120 kHz SCS was compared with that of the conventional
HW-induced F-OFDM waveform, as presented in Table 3, it
was observed that of the HKW-induced F-OFDM waveform
outperformed the conventional HW-induced F-OFDM
waveform. The HKW-induced F-OFDM waveform achieved
interference power levels of —25.22dBm for ACI,
—40.05 dBm for ISI, and —53.70 dBm for ICI, compared
with —20.55dBm, —32.08dBm, and —41.79 dBm,
respectively, achieved by the conventional HW-induced F-
OFDM waveform. Furthermore, the HKW-induced F-OFDM
waveform achieved interference mitigation improvements of
22.72% for ACI, 24.84% for ISI, and 28.49% for ICI over
the conventional HW-induced F-OFDM waveform.

The superior performance of the HKW-induced F-OFDM
waveform was attributed to the adaptive characteristics of the
Kaiser-window-induced FIR filter, which provided effective
control of spectral leakage and improved spectral
concentration.  These characteristics enhanced the
suppression of ICI and ISI, resulting in better overall
interference  mitigation while preserving waveform
orthogonality.

Similarly, Figure 7 and Table 4 present the interference
mitigation performance of the HDW-induced F-OFDM
waveform compared with the conventional HW-induced F-
OFDM waveform at 120 kHz SCS. The results shows that
the HDW-induced F-OFDM waveform achieved interference
power levels of —30.02 dBm for ACI, —38.52 dBm for ISI,
and —51.17 dBm for ICI, compared with —20.55 dBm for
ACI, —32.08dBm for ISI, and —41.79 dBm for ICI
achieved by the conventional HW-induced F-OFDM
waveform. Furthermore, the HDW-induced F-OFDM
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waveform achieved performance improvements of 46.08%
for ACI, 20.07% for ISI, and 22.44% for ICI over the
conventional HW-induced F-OFDM waveform.

Considering the variation in interference mitigation, the
results showed that the HDW-induced F-OFDM waveform
mitigated ACI more effectively than both the HW-induced F-
OFDM and HKW-induced FOFDM systems. This simply
means that the HDW-F-OFDM waveforms. This behavior
indicated that the HDW-induced F-OFDM waveform is more
suitable for generating asynchronous waveforms.
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Figure 7. Interference Power Mitigation of HDW-Induced F-OFDM
Waveform at 120 kHz SCS.

Table 4
Interference Power Mitigation of HDW-Induced F-OFDM Waveform
versus HW-Induced F-OFDM Waveform at 120 kHz SCS

HW-Induced HDW-Induced Percentage
Interference F-OFDM at F-OFDM at 120 Improvement
120 kHz SCS kHz SCS
ACI Power (dBm) -20.55 -30.02 46.08%
ISI Power (dBm) -32.08 -38.52 20.07%
ICI Power (dBm) -41.79 -51.17 22.44%

Comparing the results presented in Figures 6 and 7 with
those of Figure 5 (b) showed that the HKW-induced F-
OFDM and HDW-induced F-OFDM waveforms achieved
better interference mitigation than the conventional HW-
induced F-OFDM waveform. Likewise, the results
demonstrated that both proposed waveforms improved
system scalability as the SCS and [ were increased.
Furthermore, the HKW-induced F-OFDM waveform
generated signals that better satisfied the requirements for
maintaining orthogonality, whereas the HDW-induced F-
OFDM waveform produced signals with improved
asynchronous characteristics. Finally, the waveforms
generated using the HKW-induced and HDW-induced F-
OFDM approaches were demodulated using the FFT to
obtain the proposed alternative waveforms that satisfied the
AIM requirements for 5G NR FR2 systems.

VL CONCLUSION AND RECOMMENDATION

In conclusion, this work achieved AIM transmission
efficacy using the HKW-induced F-OFDM and HDW-
induced F-OFDM waveforms in a CLTF module with an
augmented filtering approach. The results showed that the
two developed waveforms outperformed the conventional
HW-induced F-OFDM waveform in terms of interference

mitigation, thereby enabling effective 5G FR2 transmission.
The HKW-induced F-OFDM waveform achieved the best ICI
and ISI mitigation performance, thereby enabling effective
waveform orthogonality. The HDW-induced F-OFDM
waveform also achieved better ACI mitigation, making it
more suitable for asynchronous waveform applications. At
120 kHz SCS, both the HKW-induced F-OFDM and HDW-
induced F-OFDM waveforms performed better than the
conventional HW-induced F-OFDM waveform.

The proposed waveforms were implemented using
windowing with a non-recursive structure. This approach was
adopted because windowing and filtering of conventional
multicarrier waveforms are fundamental requirements for
designing highly flexible waveforms for 5G NR networks and
beyond. In addition, the developed waveforms can be easily
designed and implemented in cyclic waveforms because the
filter response depends only on the present and past input
samples (causality), thereby satisfying the causality
requirement.

At the core of this work, the newly developed waveforms
effectively addressed the fundamental problems previously
observed in conventional multicarrier OFDM designs,
including structural, numerical, and physical modeling
challenges, particularly within the FR2 frequency range. This
finding informed the development of the non-unity CLTF
module, which was designed to mitigate these fundamental
problems through improved OoBE suppression and PAPR
reduction.

Among the areas that require further work are the following
recommendations:

i. The hybridization of HKW-induced F-OFDM and
HDW-induced F-OFDM waveforms could provide
better alternative and adaptive stop-band attenuation,
higher steepness, lower side lobes, and improved
noise reduction. This is because it combines the
advantages of the Hanning, Kaiser, and Dolph
windows, although at the expense of increased power
consumption. Future research should therefore
investigate techniques to mitigate this additional
power consumption in the hybridized system to further
improve 5G NR wireless system efficiency.

ii. This research was not able to perform simulations
beyond 120 kHz SCS because of hardware constraints
that resulted in computational difficulties during data
iterations. This limitation highlights the need for
higher-performance computing systems to enable
efficient simulations at higher SCS values and further
improve system efficiency.

iii. It was analytically and computationally observed that
increasing the SCS at 120 kHz improved interference
mitigation network redundancies with further
increases in SCS. To address this limitation, more
effective technique for utilizing the unused spectrum
is required. The hybridization of Software Defined
Radio (SDR) and Machine Learning (ML) algorithms
may maximize the utilization of these redundant
spectra and improve system scalability.
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    A  s


  𝛽


    N  W


    w  s


    A  s


    𝛥 ω =     w  s   −     w  p  2 𝜋


    w  s   −     w  p


    w  s


    w  p


      w  s


    w  p


    N  f =   M  f − 1


    N  f


    N  f ≥    ω samp D  Δ ω + 1


  D =  {    0 . 9222 ,                                 A  s   ≤ 21         A  s − 7 . 95  14 . 36 𝛥 f ,                               A  s   > 21


   ω samp


  ∆ 𝜔


  W (   e  j w t ) =   e  − j w (   N  W − 1 ) T / 2   W 0   ( e  j w T )


    W 0   ( e  j w T )


      N  W = M  f − 1


    N  f


    F  K W ∗  ( n )


    R  K W ( n )


      R  K W  ( n ) =   Z  n   ( n ) ∗ F  K W ∗  ( n )


    F  K W ∗  ( n )


   h  d ( n )


    W  K W ∗  ( n ) ,


    Z 2 ( n )


    W  D W ∗  ( n )


  0 ≤ n ≤   M  f − 1


     


  𝛽 = cosh ⁡ [  1  N   c o s h  − 1 (  10  𝛼 )


  𝛼


    w 0


    w 0


    w 0


      N  W 2


    F  D W ∗  ( n ) ,


    R  D W


    R  D C W  ( n ) =   Z 2   ( n ) ∗   F  D W ∗  ( n )


    F  D W ∗  ( n )


   h  d ( n )


    W  D W ∗  ( n )


    ,   G 1


  ⦻


    G 2


  𝛽


  ⦻


    R  s  ( n )


    G 1


  ⦻


    G 2


  0 . 5


  0


  1


    Z 2 ( n )


    Z 1 ( n )


    Z 2 ( n )


  H  ( n )   for   post − filtering     or   𝛽


    F  K W ∗  ( n )


    F  D W ∗  ( n )


    Z 2 ( n )


    R  f ( n )


    G 2   ,  


  R ( s )


    R  s  ( n ) = [ h  ( n ) S  ( n ) + W  ( n ) ]


  h ( n )


  S ( n )


  W ( n )


    y  k  ( n ) =  1  K   ∑  i = 0  I    ∑  n = 0  N − 1    R  k  ( n )   e    j 2 𝜋  N


    G 1


    F  H W ∗  ( − n )


  E


      G 1 = E =   R  s  ( n ) − R  f ( n )   Z 1 ( n )


    R  f ( n )


    Z 1 ( n )


    G 2


    G 2 =   G 1 − C P


    R  f  ( n ) = H ( n )   Z 2 ( n )


      Z 1 ( n )      R  s  ( n ) =     G 2  1 +   G 2   R  f ( n )  


    Z 1 ( n )


    Z 1 ( n ) =   [   G 1   −   CP ]   R  s  ( n )  1 + [   G 1   −   CP ]   R  f ( n )    


  w h e r e     R  f  ( n )


    R  K W ( n )


    R  D W ( n )


    Z  H K W  ( n )


    Z  H K W  ( n ) =   [   F  H W ∗  ( − n )     −   CP ]   R  s  ( n )  1 + [   F  H W ∗  ( − n )     −   CP ]   R  H K W ( n )    


    Z  H D W  ( n )


    Z  H D W  ( n ) =   [   F  H W ∗  ( − n )     −   CP ]   R  s  ( n )  1 + [   F  H W ∗  ( − n )     −   CP ]   R  H D W ( n )    


    Z  H K W ( n )


    Z  H D W


    Y  K  (   e  j 𝜔 ) =   K    A  K   ∫  i = o  I    ∫  n = 0  N − 1    Z  k  (   e  j 𝜔 )   e  −   j 𝜔  N


    Z  k


    y  k  ( n )


    Y  K  (   e  j 𝜔 )


  ( 1 / 16 ) N


  N


    N  f


  257


    N  W


    N  f


  15   k H z   x    2  n


  60   k H z


  120   k H z  


  4   bits


  4   bits


  0 . 5


  0


  1


  𝛼


  𝛽


  𝜌


  𝜌


    N  d


  4096  


  8   bits


  48


  8 − bit


    F  H W ∗  ( n )


  1


  120   k H z


  𝛽 = 6


  − 45   d B m


  𝛽


  𝜌


    I  A I M


    I  B V


    I  T o t a l


    I  S a m p


    I  A I M / B V


      ∑  k   = 1    M    I  T o t a l    I  S a m p


  P I =     I  A I M −   I  B V    I  B V   x   100 %


  M = 48


    𝛥  f = 60   k H z


    𝛥  f = 120   k H z


  60   k H z


  120   k H z


  − 41 . 79   d B m


  120   k H z


  − 20 . 55   d B m


  60   k H z


  − 16 . 95   d B


  120   k H z


  − 20 . 55   d B m


  21 . 23 %


  ( − 32 . 08   d B m )


  − 41 . 79   d B m )


  60   k H z


  120   k H z


  120   k H z


  − 20 . 55   d B m


  − 32 . 08   d B m


  − 41 . 79   d B m


    − 16 . 95   d B m


    − 29 . 45   d B m


  − 39 . 25   d B m  


  60   k H z


  120   k H z


  21 . 23 %


  8 . 93 %


  6 . 47 %


  60   k H z


  120   k H z


  60   k H z


  120   k H z


    − 53 . 70   d B m


  − 40 . 05   d B m ,  


    − 51 . 17   d B m


    − 38 . 52   d B m


  − 25 . 22   d B m


  120   k H z


  120   k H z


  − 25 . 22   d B m


  − 40 . 05   d B m


  − 53 . 70   d B m


  − 20 . 55   d B m


  − 32 . 08   d B m


  − 41 . 79   d B m


  22 . 72 %


  24 . 84 %


  28 . 49 %


  120   k H z


  − 30 . 02   d B m


  − 38 . 52   d B m


  − 51 . 17   d B m


  − 20 . 55   d B m


  − 32 . 08   d B m


  − 41 . 79   d B m


  46 . 08 %


  20 . 07 %


  22 . 44 %


  120   k H z


  𝛽


  120   k H z

