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Abstract  Strong demand for mobile broadband cellular sys-
tems has boosted the popularity of emerging high-speed modula-
tion technologies such as multiple input multiple output (MIMO)
and cyclic prefix orthogonal frequency division multiplexing
(CP-OFDM). However, CP-OFDM suffers from some signifi-
cant drawbacks in 5G networks, including severe out-of-band
emissions (OOBE) and poor spectral efficiency. Filtered orthog-
onal frequency division multiplexing (F-OFDM) has therefore
been found to be a good alternative, as it allows to address these
shortcomings by relying on digital filtering to eliminate OOBE
and improve spectral efficiency. This study focuses on evaluating
the performance of MIMO F-OFDM systems and comparing it
with the results achieved by MIMO CP-OFDM, with a particu-
lar emphasis placed on reducing spectral leakage and improving
overall system performance by using various window functions.
Six window types, including Hanning, Hamming, Blackman,
root raised cosine (RRC), Nuttall, and Blackman-Harris, are in-
vestigated. The research aimed to assess the performance of the
system in terms of power spectral density (PSD), peak-to-average
power ratio (PAPR), and bit error rate (BER), while using dif-
ferent modulation schemes, i.e. QPSK, 16QAM, 64QAM, and
256QAM, over Rayleigh fading and AWGN channels. Simulation
results show that the proposed window filter (Nuttall-Blackman-
Hanning) significantly reduces OOBE while maintaining efficient
spectral performance. The findings demonstrate that MIMO
F-OFDM with the proposed filters achieves better spectral effi-
ciency and reliability, making it a promising candidate for 5G
applications requiring high data rates, low latency, and robust
signal integrity.
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1. Introduction

Rapid development of 5G wireless communication systems
has resulted in a pressing need for higher data rates, enhanced
spectral efficiency, and low latency to support a wide range
of applications. These applications include enhanced mobile
broadband (eMBB), massive machine-type communications
(mMTC), and ultra-reliable low-latency communications
(URLLC) [1], [2]. As demand for reliable and high-speed
communication continues to increase, existing technologies
used in previous generation solutions, such as cyclic prefix
orthogonal frequency division multiplexing (CP-OFDM), face

significant challenges in meeting the stringent requirements
of 5G networks.
CP-OFDM, which has been successfully utilized in 4G LTE
systems, is well known for its simplicity and effectiveness
in managing channel properties [3], [4]. However, its limita-
tions, such as high OOBE and inefficient spectral utilization,
hinder its suitability for the demanding environment of 5G.
These drawbacks result in interference with adjacent frequen-
cy bands, reducing overall system performance and spectral
efficiency [5]–[8]. To address these challenges, various al-
ternative waveform techniques have been proposed for 5G,
including filter bank multi-carrier (FBMC) and generalized
frequency division multiplexing (GFDM), each aiming to
optimize spectral efficiency and reduce OOBE [9]– [12].
However, these techniques often suffer from increased system
complexity and additional computational overhead.
One promising alternative to CP-OFDM is filtered orthogonal
frequency division multiplexing (F-OFDM), which improves
spectral efficiency by applying digital filters to reduce OOBE
while maintaining the core advantages of CP-OFDM, such as
its robustness against multipath fading and ability to manage
high data rates. F-OFDM has emerged as a practical solution,
particularly for asynchronous transmission scenarios, making
it highly compatible with 5G requirements [13]–[15].
Despite their advantages, performance of F-OFDM systems
depends heavily on the design of the filter applied. Specifi-
cally, the selection of window functions plays a critical role
in reducing OOBE and optimizing system efficiency. Pre-
vious studies have typically focused on individual window
functions such as Hanning, Hamming, and root raised co-
sine (RRC). However, there is a need for a more systematic
evaluation of different window designs to identify the most
effective filter for F-OFDM in 5G applications.

1.1. Research Problem and Objective

This study addresses the gap that exists in current research
by systematically evaluating the performance of F-OFDM
systems in multiple input multiple output (MIMO) setups,
using six different window functions: Hanning, Hamming,
Blackman, RRC, Nuttall, and Blackman-Harris. The primary
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aim of the research is to identify the optimal window function
or combination of window functions that minimizes OOBE
and enhances overall spectral efficiency, while also analyzing
the impact on key performance metrics such as power spectral
density (PSD), peak-to-average power ratio (PAPR) and bit
error rate (BER). The study further explores how these filters
perform under different modulation schemes and channel
conditions, specifically in additive white Gaussian noise
(AWGN) and Rayleigh fading environments.
By addressing these issues, the research seeks to provide
a comprehensive solution to improve spectral efficiency and
reliability of F-OFDM systems – properties which are critical
for the successful deployment of 5G networks in real-world
scenarios such as urban environments, Internet of Things
(IoT) applications and high-speed vehicular communications.
Additionally, this study aims to contribute to the ongoing
development of filtering techniques that could be essential
not only for 5G, but also for future 6G networks.
Compared to traditional MIMO CP-OFDM systems, the pro-
posed MIMO F-OFDM architecture with optimized window
filters demonstrates superior performance in terms of OOBE
reduction and BER, under various channel conditions. This
validates its potential as a robust solution for advanced wire-
less communication scenarios.
The subsequent sections of this work are organized as follows.
Section 2 examines the relevant literature that specifically ad-
dresses F-OFDM solutions used in wireless communication
systems. Section 3 introduces the F-OFDM-MIMO system
model and delineates the process of shaping the symbol spec-
trum. Within the F-OFDM system, the window function is
used to truncate the sinc function for the purpose of construct-
ing the filter. The analysis and discussion of the simulation
findings are presented in Section 4. Finally, the document is
concluded in Section 5 which summarizes key results and
provides insights into future research directions.

2. Related Work

Taking into account previous discussions, the design of the
filter needs to be approached in a way that avoids adding
unnecessary complexity or delays to the system. Furthermore,
the filter-based waveform must meet the requirements of 5G
solutions. CP-OFDM utilizes a sinc function-based filter in
the frequency domain, which tends to exhibit high side lobes,
and thus negatively affects system performance. A feasible
filter that can be directly implemented within the system is the
truncated-sinc filter, which is created by windowing the sinc
function with a suitably selected window [16]. Consequently,
F-OFDM based on the windowed-sinc filter has been shown
to surpass CP-OFDM in terms of performance.
The authors of [17] performed a benchmark study to compare
the performance of windowed orthogonal frequency division
multiplexing (W-OFDM) and F-OFDM. Their findings con-
cluded that F-OFDM offers a better reduction of OOBE and is
suitable for asynchronous communication, particularly when
using higher-order modulation methods. Furthermore, [18]

provide a concise overview of the performance of F-OFDM
while employing MIMO setups, such as SIMO and MISO,
together with several digital modulation methods. Across
various settings, the results showed that MIMO F-OFDM
improves system performance.
In [15], the effect of neighboring signal interference on MIMO
systems was evaluated by employing F-OFDM and CP-OFDM
modulation techniques. Using different detection strategies
and BER calculations, the simulations conducted in the course
of the study revealed that F-OFDM outperforms CP-OFDM
as far as the management of interference is concerned.
Paper [19] extended this work by comparing the performance
of CP-OFDM, W-OFDM, and F-OFDM under Rayleigh
fading conditions. Its results confirmed that F-OFDM offers
better spectral efficiency and overall performance than its
counterparts.
The authors of [20] proposed a generic function model to de-
sign window functions with high energy concentration and
rapid attenuation of the side lobes. Their analysis suggest-
ed that optimized window functions reduce OOBE while
maintaining nearly the same BER as achieved by traditional
window filters. The effectiveness of MIMO systems com-
bined with CP-OFDM and F-OFDM was further explored
in [21], where performance was analyzed while using various
digital modulation techniques and windowed filters (Hanning,
Hamming, Blackman, RRC). The simulations showed that
the Hanning filter was robust and efficient in signal recovery.
Paper [22] provides an experimental study on F-OFDM using
different windowed-sinc filters, both equal and unequal in
sub-band sizes. Its results indicated that F-OFDM, compared
to traditional CP-OFDM, not only achieves a lower OOBE
but also improves spectrum efficiency by 5–6%.
The authors of [23] investigated the performance of MIMO-
OFDM systems within 5G networks, incorporating advanced
modulation schemes. They evaluated critical performance
metrics including throughput, BER, and spectral efficien-
cy. The findings revealed that while higher-order modulation
schemes substantially enhance throughput and spectral effi-
ciency, they also lead to increased BER, especially at lower
SNR levels.
In essence, while previous studies have focused on optimizing
individual window functions or exploring specific modulation
techniques, the present study contributes by systematically
evaluating six different window designs and analyzing their
effects across key performance metrics, offering a compre-
hensive solution for 5G communication systems.
A closely related study [24] titled “Optimal filter choice for
filtered OFDM” compared six window functions for F-OFDM
systems and identified the Kaiser window as the most effective
in its evaluation settings. While the authors focused primarily
on SISO configurations and evaluated filters such as Ham-
ming, Hanning, Blackman, and Kaiser, this study extends
the investigation to MIMO scenarios using a broader set of
six window functions, including their combinations, such as
Nuttall-Blackman-Hanning. These combinations demonstrat-
ed an improved performance in minimizing OOBE and reduc-
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ing BER. This distinction highlights that the term optimal is
context-dependent and subject to the system’s configuration,
channel model, and performance objectives.
In order to enhance filter performance by narrowing the main
lobe, lowering side lobe power, and minimizing latency, the
main goal of this work is to develop an ideal window function
for an F-OFDM system. For filter development, the one that
meets the least OOBE requirement among the six suggested
window function types has been chosen.
Additionally, we investigate the concept of integrating two
or three window functions to further decrease OOBE and
improve speed. The MIMO technology is integrated with
F-OFDM to improve channel reliability and capacity. Conse-
quently, this combination enhances spectrum utilization and
reduces BER.

3. F-OFDM System Model
Despite the advantages offered by CP-OFDM, such as opti-
mizing spectrum usage through the orthogonality of subcar-
riers and its resilience to inter-symbol interference (ISI) in
dispersive channels, it is not ideally suited for 5G networks
due to the presence of side lobes that result in increased
OOBE. These emissions lead to inefficiencies in spectrum
utilization and cause interference with adjacent users in neigh-
boring frequency bands, posing a significant challenge for
high-capacity communication systems.
One of the primary objectives of 5G is to improve spectral
efficiency by reducing the guard band to less than 10% of
the allocation used in 4G systems. F-OFDM addresses the
limitations of CP-OFDM by combining its advantages with
additional features designed specifically to meet the require-
ments of 5G. In particular, F-OFDM integrates digital filtering
techniques, enabling asynchronous transmission and guar-
anteeing increased throughput. These enhancements make
F-OFDM more efficient in spectrum utilization and more
effective in mitigating interference [22].
A key strength of F-OFDM lies in its superior performance
in time and frequency localization, ensuring accurate signal
processing in both critical domains for applications requir-
ing low latency and high spectral efficiency, such as real-time
communications and high-capacity mobile networks. More-
over, F-OFDM requires only a simplified equalizer to manage
channel effects, making it flexible and efficient in various
communication environments. Its structural design allows
it to coexist with other waveforms in different sub-bands,
thus offering significant flexibility in filter design across sub-
bands and thereby minimizing interference between different
frequency ranges [25].
F-OFDM, also known as full-band filtered OFDM, provides
a robust solution to the challenges faced by traditional CP-
OFDM systems in 5G.
In this study, the focus is on analyzing the branch structure of
an F-OFDM system, with its architecture illustrated in Fig. 1.
Following the sampling process of the F-OFDM signal illus-
trated in Fig. 1 [26], the total length of an F-OFDM symbol,
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Fig. 1. F-OFDM transceiver scheme: a) upper section of the trans-
mitter and b) lower section of the receiver.

including the cyclic prefix (CP), is denoted as:

NF−OFDM = N +Ncp ,

where N represents the length of the useful data symbol and
Ncp denotes the CP length.
The discrete baseband signal s(i) of F-OFDM is defined in
the following way:

s(i) =
1
N

N−1∑
k=0

xk(m) e
j2πk(i−Ncp)

N , (1)

where 0 ¬ i ¬ NF−OFDM − 1, xk(m) is the k-th data
symbol of the F-OFDM signal of them-th frame.
Filtering s(i), actually represents a convolution of s(i) and
filter f(i), which can be formulated as:

y(i) =
1
N

l=∞∑
l=−∞

f(i− l)
N−1∑
k=0

xk(m) e
j2πk(i−Ncp)

N . (2)

Filter design is the primary challenge in F-OFDM systems.
Generally, the Hanning window is used to truncate the sinc
function and obtain the commonly used filter f(i) [20]. In this
work, six types of window functions most commonly used in
recent years have been proposed for filter design: Hanning,
Hamming, Blackman, RRC, Nuttall, and Blackman-Harris.
The window functions are listed bellow [27]:
Hanning window:

Whn(i) = 0.5

[
1+cos

2π i
N − 1

]
, −N − 1

2
¬ i ¬ N − 1

2
. (3)

Hamming window:

Whm(i) = 0.54 + 0.46 cos
2π i
N − 1 ,

−N − 1
2
¬i ¬ N − 1

2
.

(4)

Blackman window:

Wbl(i) = 0.42 + 0.5 cos
2π i
N − 1 + 0.08 cos

4π i
N − 1 ,

−N − 1
2
¬i ¬ N − 1

2
.

(5)

RRC window:

Wrrc(i) =

[
0.5
(
1 + cos

2π i
N − 1

)]0.6
,

−N − 1
2
¬i ¬ N − 1

2
.

(6)
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Tab. 1. Comparative analysis of this study and previous works.

Ref. Main focus of previous works Limitation of previous works Proposed objectives

[17]

Multirate 5G downlink
performance comparison between
F-OFDM and W-OFDM schemes

using various methods

– Study the performance of F-OFDM only,
– Study using RRC and Blackman windows only

for F-OFDM,
– Uses AWGN only,
– Includes effect of QPSK and 256QAM only,
– Analyzes PSD and BER vs. SNR

– Investigation of MIMO technology integrated
with F-OFDM,

– Analysis of different windowing techniques for
F-OFDM,

– Evaluation using both AWGN and Rayleigh
channels,

– Examination of the impact of modulation order,
– Study includes PSD, PAPR and BER vs. SNR

[18]

Implementing enhanced MIMO
with F-OFDM to boost system
efficiency in future 5G cellular

networks

– Analyzes the performance of MIMO F-OFDM
system-based RRC window filter,

– Study includes PSD and BER vs. SNR

– Study the performance of MIMO combined with
F-OFDM,

– Six different window functions have been sug-
gested for the filter design,

– Includes PSD, PAPR and BER vs. SNR

[15]
Performance comparison of

F-OFDM and OFDM for MIMO
systems in a 5G scenario

– Analyzes the performance of a MIMO F-OFDM
system using an RRC window filter,

– Study uses QPSK modulation only

– Performance analysis of MIMO combined with
F-OFDM,

– Six different window functions have been sug-
gested for the filter design.

– Work includes effect of modulation order

[19]

Performance evaluation of
OFDM, W-OFDM, and F-OFDM
over Rayleigh fading channels for

5G systems

– Study the performance of the MIMO F-OFDM
system-based RRC window filter,

– Work includes PSD and BER vs. SNR

– Performance evaluation of MIMO combined
with F-OFDM system-based six types of window
filters for filter design,

– Work includes PSD, PAPR and BER vs. SNR

[20]
Filter design based on a generic

function model for reducing
OOBE in F-OFDM

– Evaluation of the performance of F-OFDM only
with different window filters using the effect of
single, combination, and squared window filters,

– Study uses AWGN and 64QAM only

– Analysis of the performance of MIMO combined
with F-OFDM,

– Six different window functions have been pro-
posed for the filter design,

– Using the effect of single, combination, and
squared window filters,

– Study using the AWGN and Rayleigh channel
and includes the effect of modulation order

[21]
Design and performance

evaluation of MIMO F-OFDM
systems for 5G and beyond

– Four different types of window functions have
been proposed for the filter design,

– Study includes PSD and BER vs. SNR

– Six different window functions have been intro-
duced for the filter design,

– Work includes PSD, PAPR and BER vs. SNR

[22]
An experimental investigation of
F-OFDM spectrum efficiency for

5G applications

– Analysis of F-OFDM only,
– Study using AWGN only,
– Five types of window functions have been pro-

posed for the filter design.
– Work includes PSD and BER vs. SNR

– Study the performance of MIMO combined with
F-OFDM,

– Two cases: AWGN and Rayleigh channel,
– Six types of window function have been pro-

posed for the filter design,
– Includes PSD, PAPR and BER vs. SNR compar-

ison

[23] Performance analysis of
MIMO-OFDM systems

– Performance analysis of MIMO-OFDM,
– Study includes PSD and BER vs. SNR

– Study the performance of MIMO F-OFDM,
– Research includes PSD, PAPR and BER vs. SNR

Nuttall window:

Wnutt(i) = a0+ a1 cos
2π i
N − 1

+ a2 cos
4π i
N − 1 + a3 cos

6π i
N − 1 ,

−N − 1
2
¬ i ¬ N − 1

2
.

(7)

with: a0 = 0.355768, a1 = 0.487396, a2 = 0.144232,
a3 = 0.012604.

Blackman–Harris window:

Wblharris(i) = a0+ a1 cos
2π i
N − 1

+ a2 cos
4π i
N − 1 + a3 cos

6π i
N − 1 ,

−N − 1
2
¬ i ¬ N − 1

2
.

(8)

with: a0 = 0.35875, a1 = 0.48829, a2 = 0.14128, a3 =
0.01168.
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In Eq. (8), N is the signal length after sampling and N is an
odd number.
The definition of the discredited sinc function is as follows:

sinc(i) =
sin(wc i)
wc i

, −N − 1
2
¬ i ¬ N − 1

2
. (9)

wc is the cutoff frequency of an ideal low pass filter (LPF).
Therefore, a windowed-sinc filter can be formulated as fol-
lows:

f(i) = sinc(i).W (i) , (10)

where sinc(i) represents the time domain sinc response of
LPF and i is the time domain window function.
Based on Fig. 1 and the matched filtering method from
signal detection theory [28], the transmitter applies a filter
f(i) to filter signal symbols in the time domain, while the
receiver uses a matched filter g(i). In accordance with the
signal detection theory, at the receiver side, the matched filter
satisfies g(i) = f(−i); if f(i) is set as a real-valued even
function, then f(i) = f(−i), implying g(i) = f(i).
Consequently, after passing through the matched filter, signal
p(i) is obtained as p(i) = y(i) ∗ g(i), where ∗ denotes the
convolution operation. After eliminating the cyclic prefix
(CP), performing serial-to-parallel conversions, fast Fourier
transform (FFT), and parallel-to-serial conversion, x̂(i) can
be derived as follows:

x̂(i) =
1
N

l=∞∑
l=−∞

p(i− l)
N−1∑
k=0

yk(i) e
j2πk(i−Ncp)

N , (11)

While the types of window functions and simulation parame-
ters have been outlined, this section aims to provide a more
comprehensive explanation of the specific procedures fol-
lowed throughout the simulations by applying them to the
time-domain signal by truncating the sinc function, in line
with the filter design methodology. For each window type, the
corresponding filter coefficients were derived and integrated
into the F-OFDM.
Regarding modulation schemes, we employed quadrature
phase shift keying (QPSK) as well as m-ary quadrature am-
plitude modulation (M-QAM) withM= 16, 64 and 256. The
system’s performance was evaluated in terms of key metrics,
including PSD, PAPR, and BER, using varying modulation
schemes. The simulations were conducted under both AWGN
and Rayleigh fading channel conditions to ensure a thorough
and representative assessment of filter performance across
different channel environments.
This approach ensures the accuracy and reliability of the
results, establishing a foundation for comparing the perfor-
mance of MIMO F-OFDM and MIMO CP-OFDM systems.

4. Results and Discussion

As noted in [29], the filter length in an F-OFDM system
typically follows the inequality:

N ¬ NF−OFDM
2

,

where N represents the filter length and NF−OFDM refers
to the length of the F-OFDM symbol. In this case, the symbol
length is set to 1024, which makes the FFT/IFFT length
1024 as well. Since the filter length N is usually chosen
as an odd number, this study uses a filter length of 513.
The modulation techniques used are QPSK and M-QAM,
with M =16, 64, 256 representing 16QAM, 64QAM and
256QAM, respectively. A total of 600 subcarriers have been
utilized.
In this study, the MIMO technology, known for improving
capacity and enhancing channel reliability, is combined with
F-OFDM. Specifically, the paper explores the integration
of MIMO 4 × 4 with F-OFDM using an optimal window
function to maximize system performance.
The filters exhibited varying performance, and a compara-
tive analysis is necessary for clarity. For example, the Nuttall
window provided the best overall performance in reducing
OOBE. Although the two proposed window filters 1 and 2
performed well in terms of spectral efficiency and signal
recovery, the proposed window filter 2 was effective in min-
imizing BER but less successful in reducing OOBE. This
comparison highlights the need to select the appropriate win-
dow filter according to the specific performance criteria, such
as spectral efficiency, BER, or PAPR.
To gain further insight into the OOBE characteristics, PSD
of the F-OFDM system is calculated. This analysis offers
a deeper understanding of how OOBE is affected by different
filter designs.
Let us rewrite Eq. (1) in a continuous form:

s(t) =
1
N

N−1∑
k=0

xk(m) e
j2πk∆ft, −Ts

2
¬ t ¬ Ts

2
, (12)

where: Ts = 1
∆f + Tcp and Tcp is the time length of the CP.

Upon completion of the filter f(t):

y(t) = s(t) ∗ f(t) . (13)

The signal at the transmitter end of the F-OFDM system is
known as y(t), f(t) = w(t).sinc(t).
The Fourier transformation is used to transform the transmit-
ted signal:

Y (f) = S(f).F (f) . (14)

where Y (f) is the Fourier transform of the transmitted signal
y(t),S(f) is the Fourier transform of s(t),F (f) is the Fourier
transform of the filter f(t).

S(f) =
1
N

N−1∑
k=0

xk(m)Ts sinc
[
π(f − k∆f)Ts

]
, (15)

F (f) = F
[
w(t).sinc(t)

]
=F
[
w(t)
]
∗ F
[
sinc(t)

]
=W (f) ∗ F

[
sinc(t)

]
,

(16)

where F [.] is the Fourier transform symbol andW (f ) rep-
resents the Fourier transform of the window function. The
degree of OOBE of S(f) is determined by the degree of
OOBE of the system andW (f) is responsible for the PSD of
S(f).
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Tab. 2. Overview of the parameters of the simulated model.

Parameters Considerations for
simulation

Message type Binary bits
Channel AWGN and Rayleigh

SNR 0 to 22 dB

Filters used for F-OFDM
Hanning, Hamming,

Blackman, RRC, Nuttall, and
Blackman-Harris

Number of subcarriers 600

CP length 74 for CP-OFDM and 72
for F-OFDM

Filter order 512
Tone offset 5 subcarriers

IFFT / FFT size 1024

Digital modulation QPSK, 16QAM, 64QAM,
and 256QAM

Antenna configuration T4 × R4

PSD for the F-OFDM system is:

10 log10
∣∣Y (f)∣∣2 = 10 log10 ∣∣S(f).{W (f) ∗ F [ sinc(t) ]}∣∣2 .

(17)

PAPR of the F-OFDM system is as follows:

PAPRF _OFDM =
max(|y(t)|2)
E(|y(t)|2) , (18)

in which max(.) is the F-OFDM signal’s maximum value and
E(.) is its average value.
Table 2 provides a summary of the performance characteristics
of the simulated model, namely PSD, PAPR, and BER.

4.1. Power Spectral Density

This subsection compares the performance of several window-
based filters, including RRC, Hanning, Blackman, Hamming,
Blackman-Harris, and Nuttall, in terms of their impact on the
power spectrum.
As illustrated in Fig. 2, the filters significantly reduce OOBE
when compared to traditional OFDM. Specifically, greater
attenuation is achieved in the stopband region with the appli-
cation of these filters, leading to a marked improvement in
spectral containment.
Table 3 highlights the difference in OOBE between the CP-
OFDM and F-OFDM systems using various window filters.
In CP-OFDM, an attenuation of 66 dB is achieved, with the
highest spectral leakage (out-of-band emission). Windows
such as RRC, Hanning, Blackman, Hamming, Blackman-
Harris, and Nuttall show a clear improvement in reducing
spectral leakage compared to CP-OFDM. Among the window
functions tested, the proposed windows 1 and 2 offer a sharp
and rapid reduction in out-of-beam PSD, which means that
they are more effective in reducing spectral interference.

P
S

D
 [

dB
W

/H
z]

–50

–100
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–300

–350
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Nuttal-Blackman-Hannig F-OFDM▲▲

Fig. 2. PSDs of different windows-based F-OFDM systems (50 re-
source blocks, 12 subcarriers each) compared to CP-OFDM.

Tab. 3. Comparison of F-OFDM OOBE with CP-OFDM.

Window filter OOBE difference
[dB]

Hamming –152
RRC –175

Blackman-Harris –207
Hanning –233

Blackman –250
Nuttall –256

Proposed window 1
(Nuttall-Blackman) –253

Proposed window 2
(Nuttall-Blackman-Hanning) –252

The comparison reveals that windows-based filtering, particu-
larly with the Nuttall window and the two proposed windows,
offers superior OOBE suppression. We also notice that the
PSD values are very close, which makes it a highly effective
solution for enhancing spectral efficiency of F-OFDM sys-
tems in 5G networks. Although the performance curves (e.g.,
PAPR and BER) exhibit very close numerical values, even
slight improvements can lead to noticeable enhancements
in real-time 5G applications, particularly in ultra-reliable
low-latency communications (URLLC), where every decibel
counts.

4.2. Peak to Average Power Ratio

Next, we assess PAPR for a CP-OFDM system, both with
and without the application of a windowed sinc filter, across
various modulation schemes. The evaluation is based on the
complementary cumulative distribution function (CCDF),
which illustrates the probability that the instantaneous power
of a signal exceeds a specified threshold relative to its aver-
age power level. Figures 3–6 show CCDF comparisons for
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Fig. 3. Comparison of CCDF for CP-OFDM and F-OFDM systems
with QPSK modulation.
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Fig. 4. Comparison of CCDF for CP-OFDM and F-OFDM systems
with 16QAM modulation.

different modulation schemes: QPSK, 16QAM, 64QAM and
256QAM.
The results indicate that CP-OFDM systems across all modu-
lation orders exhibit lower PAPR values compared to their
F-OFDM counterpart. This suggests that CP-OFDM systems
are less prone to high instantaneous power peaks. However, it
is important to note that F-OFDM systems, particularly when
using single and combination window filters, follow simi-
lar PAPR trends. These trends reflect that while F-OFDM
achieves superior spectral efficiency, it may lead to slightly
higher PAPR values, which could affect energy efficiency in
selected applications.
Table 4 provides a detailed comparison of PAPR values
between CP-OFDM and F-OFDM systems using the Nuttall
window filter and the proposed window filters 1 and 2, for
different modulation orders. The two proposed window filters
1 and 2 demonstrate a match in PAPR values with the Nuttall
filter, indicating that filter design does not have a significant
impact on power efficiency in F-OFDM systems.
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Fig. 5. Comparison of CCDF for CP-OFDM and F-OFDM systems
with 64QAM modulation.
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Fig. 6. Comparison of CCDF for CP-OFDM and F-OFDM systems
with 256QAM modulation.

The data show that as the modulation order increases, PA-
PR values tend to rise, which is a common characteristic of
higher-order modulation schemes. When QPSK modulation
is employed, we see an improvement in PAPR performance
compared to all modulation orders, but F-OFDM systems gen-
erally present higher PAPR values compared to CP-OFDM,
suggesting a trade-off between spectral efficiency and power
efficiency.

4.3. Bit Error Rate

The primary performance indicators of a communication
system are its efficiency and reliability. While efficiency is
improved by maximizing frequency band, reliability remains
a critical factor, particularly in systems, where maintaining
a low error rate is essential. This study evaluates the reliability
of MIMO systems combined with F-OFDM, specifically
focusing on the Nuttall window filter and the two proposed
window filters 1 and 2. For comparison, BER performance of
MIMO systems using CP-OFDM filters is also assessed.
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Tab. 4. PAPR with different modulation order of CP-OFDM and F-OFDM.

Modulation
order

PAPR for
CP-OFDM [dB]

PAPR for F-OFDM-based
Nuttall window filter [dB]

PAPR for F-OFDM-based
prop. window filter 1 [dB]

PAPR for F-OFDM-based
prop. window filter 2 [dB]

4 7.8011 9.4640 9.4662 9.4663
16 7.9388 9.6076 9.6070 9.6070
64 8.6504 10.3150 10.3156 10.3159
256 9.6376 11.3052 11.3052 11.3049
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Fig. 7. BER for MIMO CP-OFDM- and F-OFDM-based single
window filter and a combination thereof, using QPSK modulation.
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Fig. 8. BER for MIMO CP-OFDM- and F-OFDM-based single
window filter and a combination thereof, using 16QAM modulation.

The evaluation is conducted by measuring BER across several
modulation schemes, including QPSK, 16QAM, 64QAM and
256QAM, under different conditions. Figures 7–10 display
the performance of MIMO CP-OFDM and MIMO F-OFDM
systems with single and combined window filters, offering
a comprehensive view of BER for each modulation scheme.
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Fig. 9. BER for MIMO CP-OFDM- and F-OFDM-based single
window filter and a combination thereof, using 64QAM modulation.
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Fig. 10. BER for MIMO CP-OFDM- and F-OFDM-based single
window filter and a combination thereof, using 256QAM modula-
tion.

The results indicate that MIMO combined with F-OFDM
achieves better BER performance compared to MIMO CP-
OFDM with all varieties of digital modulation schemes em-
ployed. Specifically, when QPSK modulation is used, nearly
identical BER values were obtained by MIMO F-OFDM-
based Nuttall window filter, proposed window filter 1 (Nuttall-
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Blackman) and proposed window filter 2 (Nuttall-Blackman-
Hanning). But when SNR values are greater than 1 dB, we
notice that proposal no. 2 offers better performance. After that,
when employing higher-order modulation schemes, MIMO
F-OFDM offers lower BER performance than CP-OFDM.
When transmitted over the same Rayleigh channel, nearly
identical BER values were obtained by the OFDM filtered
with a single and with a combination of window filters when
SNR was lower than 5 dB, 13 dB, and 20 dB, respectively.

Although at SNR values greater than those mentioned previ-
ously, the BER values achieved for the proposed window filter
2 are the best compared to those observed with the Nuttall
window filter and the proposed window filter 1.

Despite the convergent spectral properties of all 3 filters,
superior BER performance achieved by the proposed window
filter 2 remains a key advantage, particularly in scenarios
where spectral efficiency and interference minimization are
critical. Therefore, it is recommended that the proposed
window filter 2 (Nuttall-Blackman-Hanning) be utilized when
designing F-OFDM systems, as it offers an optimal balance
between OOBE reduction and system performance in 5G
communication environments.

It should be noted that the term optimal, as used in this
work, refers to the best-performing filter configuration under
the defined simulation parameters, including modulation
schemes, channel models, and window combinations. It does
not imply a universally best solution, but rather one that
achieves the most favorable trade-offs in terms of OOBE,
BER, and PAPR for the studied MIMO F-OFDM system.

5. Conclusions and Future Outlook

In this paper, we analyze the performance of MIMO combined
with F-OFDM for 5G mobile communications and compare
it to MIMO using CP-OFDM. The results demonstrated that
the proposed window filter 2 (Nuttall-Blackman-Hanning)
outperforms other window functions, particularly in reducing
OOBE and enhancing overall system performance. Conse-
quently, it is recommended for use in F-OFDM systems to
ensure optimal spectral efficiency and system reliability.

Although this study has provided a comprehensive analysis
of window functions and their impact on MIMO F-OFDM
performance, several opportunities for future research remain
open. First, future studies could focus on developing adaptive
windowing techniques that adjust dynamically in response
to varying network conditions. Such techniques could sig-
nificantly enhance system performance in rapidly changing
environments, including dynamic 5G scenarios.

Additionally, testing the proposed system in more complex
propagation environments, such as urban or high-density
networks, would provide valuable insight into its robustness
and scalability. These tests could help further optimize the
system for real-world deployments where signal interference
and attenuation are more pronounced.

Future research should also focus on optimizing filter design
for energy efficiency, a critical factor for energy-sensitive
applications such as IoT networks and mobile devices.
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