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In order to examine the 5G enhancement, this work generates a variety of Filtered-

Orthogonal Frequency Division Multiplexing (F-OFDM) waveforms. Windowed-Sinc 

filters are studied to deploy waveforms in real time. The Blackman-Harris window and 

the Bohman window have been combined to create a new window, which has been 

studied. Waveforms built utilizing this window have been compared to traditional 

Cyclic Prefix Orthogonal Frequency Division Multiplexing (CP-OFDM) waveforms 

using the MATLAB evaluation package. Data from simulations reveals a number of 

tradeoffs between bit error rate (BER) and power spectral density. The designer, 

however, has some leeway in how the window is used. However, BER and power 

spectral density (PSD) measurements demonstrate that the windows chosen for this 

work nearly outperform the CP-OFDM signal. Compared to the central lobe, the 

sidelobe PSD of CP-OFDM is found to be close to -50dBW/Hz. However, -214.177 

dBW/Hz is the value obtained for the new-window. 

Keywords: 

5G communication, F-OFDM, Windowed-Sinc 

filter design, Blackman-Harris window, Bohman 
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1. INTRODUCTION

High-speed Internet Protocol (IP)-based network of the 

third generation. The reason for the development of the 3G 

communication system was that cellular mobile phones 

became increasingly popular in daily life, particularly after the 

introduction of smartphones that support data communication 

applications; consequently, cell phones became an integral 

part of people's lives. In addition to the high data rate, the third 

generation supports multiple other services, including video 

calling and streaming, enhanced web perusing, and online 

gaming. As a result of the increased demand from subscribers 

and the industry community, it was necessary to develop a 

communication system capable of meeting all of these 

demands. Fourth Generation (4G) was the answer during the 

3G era. 4G substantially increased the data rate, allowing 

simultaneous voice calls and data transmissions, thereby 

making high-definition streaming possible. Circuit switching 

is eliminated and substituted with packets, which is one of the 

primary benefits of 4G systems (all devices will have IP 

addresses). 

Nevertheless, 4G was an improved version of 3G, dubbed 

4G Long Term Evolution (LTE). The evolution of 4G LTE to 

4G LTE-Advanced. In the past decade, new applications and 

industrial products have been introduced that necessitate a 

more advanced and rapid communication system due to 

technological advancements. Accordingly, Fifth Generation 

(5G) was proposed as an ultra-reliable system that offers a 

very rapid Internet connection, a greater number of connected 

devices in the unit area, and greater bandwidths. 5G used a 

variety of modulation formats to meet the requirements; these 

modulation formats are essentially asynchronous, allowing for 

greater flexibility in the communication link. 

However, 5G is expected to deliver improved 

download/upload speeds compared to previous generations. 

Additionally, it should support various numerologies, such as 

sensors transmitting short messages. To achieve these 

objectives—delivering high speeds across different 

numerologies and ensuring service availability at any time—

asynchronous communication is essential. The long tail of 4G 

pulses, which hinders asynchronous operations, must be 

eliminated. Various solutions have been proposed by both 
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industry professionals and academics, including online filter 

designs and other signal processing techniques, which will be 

discussed in the following section. 

The goal is to minimize or eliminate out-of-band emissions 

(tails), thereby freeing up spectrum for both uplink and 

downlink transmissions. This approach will not only achieve 

higher throughputs across all numerologies but also liberate 

spectrum previously allocated to the synchronization process, 

resulting in faster connections to the station through 

noncoherent communication. 

The definitions of technical terms are given below: 

F-OFDM: A modulation scheme that uses filters to reduce 

out-of-band emissions, improving spectral efficiency. 

Windowed-Sinc filters: A type of filter used in signal 

processing to smooth data and minimize noise. 

Blackman-Harris window and Bohman window: 

Specific types of window functions used to design filters with 

particular characteristics. 

BER: A measure of the number of bit errors in a 

transmission, indicating the reliability of the communication 

system. 

PSD: A measure of the power present in a signal as a 

function of frequency. 

The structure of this paper is as follows: Section 2 presents 

a literature review of the generations of F-OFDM 

implemented via various methods. Section 3 introduces the 

theoretical foundations of CP-OFDM and F-OFDM, followed 

by filter design suggestions for the F-OFDM waveform in 

Section 4. Section 5 discusses the simulations of both CP-

OFDM and F-OFDM. The paper concludes with future work 

in Section 6. 

 
 

2. PROBLEM STATEMENT: CHALLENGES AND 

LIMITATIONS OF EXISTING 5G WAVEFORMS 

 

Spectral efficiency: Traditional 5G waveforms like OFDM 

have limitations in spectral efficiency, especially in scenarios 

with high spectral congestion. This inefficiency can lead to 

interference and reduced performance in densely populated 

areas. 

Interference management: 5G networks often face 

significant challenges in managing inter-cell and intra-cell 

interference, which can degrade the overall quality of service. 

Latency: Although 5G significantly reduces latency 

compared to previous generations, certain applications, such 

as ultra-reliable low-latency communications (URLLC), still 

require further enhancements to meet stringent latency 

requirements. 

Peak-to-Average Power Ratio (PAPR): High PAPR in 

OFDM waveforms necessitates the use of linear power 

amplifiers, which are less power-efficient and can increase 

operational costs. 

Compatibility with Non-Orthogonal Multiple Access 

(NOMA): Existing 5G waveforms may not be fully optimized 

for integration with advanced multiple access schemes like 

NOMA, which is crucial for enhancing user capacity and 

network efficiency. 
 

 

3. RESEARCH GAPS AND OBJECTIVES 
 

3.1 Research gaps 
 

Lack of enhanced spectral efficiency solutions: Current 

solutions do not sufficiently address the need for enhanced 

spectral efficiency in highly congested spectral environments. 

Insufficient interference management techniques: There 

is a need for more robust interference management techniques 

that can be integrated seamlessly with existing 5G 

infrastructure. 

Inadequate low-latency solutions: Existing waveforms 

fall short in meeting the ultra-low latency demands of 

emerging applications. 

PAPR reduction strategies: Current approaches to 

reducing PAPR in OFDM are either too complex or not 

sufficiently effective. 

Integration with NOMA: There is a gap in developing 

waveforms that are inherently compatible with NOMA, 

maximizing user capacity and efficiency. 

 

3.2 Objectives of the work 

 

To develop a filtered-OFDM system: Design and 

implement a Filtered-OFDM (F-OFDM) system that enhances 

spectral efficiency by minimizing out-of-band emissions and 

improving utilization of the available spectrum. 

To improve interference management: Integrate 

advanced filtering techniques in the F-OFDM system to better 

manage inter-cell and intra-cell interference. 

To reduce latency: Optimize the F-OFDM system to 

achieve lower latency, making it suitable for URLLC 

applications. 

To address PAPR issues: Implement innovative 

techniques within the F-OFDM framework to reduce PAPR, 

improve power efficiency, and reduce operational costs. 

To ensure compatibility with NOMA: Design the F-

OFDM system to be compatible with NOMA, enhancing the 

overall capacity and efficiency of the 5G network. 

 

 

4. LITERATURE REVIEW 

 

In addition to the usual voice and data advantages of mobile 

phones, it is envisaged that the 5G system would support 

traffic that is generally distinct from the traditional ones, such 

as MTC, which utilizes extremely short messages, and the 

Internet of Things (IoT) [1]. Peak data rates, user-experienced 

throughput, cell average and edge spectral efficiency, control 

and user plane latency, dependability, connection density, 

efficiency, etc., were also agreed upon as performance 

measures. The 3GPP is still debating the precise values for the 

5G KPIs. 

In order to specify the physical layer elements of 5G, LTE, 

and the Universal Mobile Telecommunications System 

(UMTS)/high-speed packet access (HSPA) system, the actual 

work on the 5G channel model was transferred to 3GPP WG1 

(workgroup number – 1) in January 2016. The three working 

group sessions held up until March 2016 saw significant 

progress, and a stochastic model was selected as the required 

model and a hybrid model as the optional model. The technical 

paper for channel modeling included both models [2]. The 

majority of the requirements [3] work at the RAN level was 

completed by March 2016. The eMBB, URLLC, and mMTC 

deployment scenarios were determined to be the three most 

crucial ones for the requirements. 

The 3GPP approved a study item in March 2016 to look at 

various technologies for 5G new radio (NR) [4]. The name 

"new radio" was chosen since no 4G standard, including LTE 
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Advanced Pro, will be backward compatible with this air 

interface. This novel radio interface can be used as a stand-

alone network, meaning it is independent of existing networks. 

The time-domain localization characteristic in 5G waveforms 

is also needed to enable the necessary latency and short 

message delivery despite the asynchronization of transmission 

[5]. Filtered signals have, therefore, been widely discussed 

recently in order to certify the waveform of the 5G networks. 

This means that recommended filter-based waveforms 

outperform OFDM since they can enable asynchronous 

transmission while reducing out-of-band (OOB) emission [6]. 

Subcarrier-based filtering, subband-based filtering, and whole 

band-based filtering are the three categories into which these 

filtered waveforms can be divided. Filterbank Multicarrier 

(FBMC) [7] beats traditional CP-OFDM, which employs 

offset QAM (OQAM) [8, 9]. Generalized Frequency Division 

Multiplexing (GFDM) [10, 11] is another subcarrier filtering-

based waveform. The extended tail of the filter impulse 

response, despite the strong features produced, decreases 

latency, a crucial attribute in 5G systems [12]. One of the 

stated remedies for the long tail was offered by Bellanger et al. 

[7], although the latency was increased. The loss of complex 

orthogonality, which results in inter-symbol interference, is 

another drawback of FBMC [13-15]. 

The second kind, subband-based filtered waveforms, was 

created to address the problems mentioned earlier. This 

method will set up the filter to cover a subband where many 

subcarriers are available for transmission. In other words, 

because of the greater filter bandwidth, the filter's impulse 

response will be shorter than in the case of per subcarrier filter 

operation. The resource block filtered OFDM was established 

because each subband in LTE designs consists of 12 

subcarriers, which is referred to as an RB [16]. The universal 

filtered multicarrier (UFMC), which falls under the subband-

based filtering group, was another recommended choice for 

5G [13]. Just one filter is required per subband at the 

transmitter when UFMC filtering is only performed on the 

transmitter side. The filter bandwidth can be raised further so 

that the whole transmitted subband bandwidth will be 

simultaneously filtered. In other words, the transmitter will 

only use one filter. Filtered-OFDM (F-OFDM) is the name 

given to this type of filtered signal [17, 18]. It is important to 

note that FBMC and F-OFDM are both special instances of 

UFMC. By lowering the filter size to one subcarrier width, 

UFMC becomes FBMC, and by raising the filter width to the 

entire allotted bandwidth, UFMC becomes F-OFDM, thus the 

term Universal Filtered Multicarrier. 

To reduce synchronization requirements, various 

waveforms have been proposed, with OOB emission 

avoidance being a primary motivation for asynchronous 

transmission [15, 19, 20]. Abdoli et al. [18] recommend 

eliminating the lengthy tail impulse response of conventional 

CP-OFDM and suggest using F-OFDM in an asynchronous 

multi-user system. Although UFMC may support the same 

features as F-OFDM, F-OFDM is considered more effective 

[17, 18, 21]. Using a similar approach conducted by Abdoli et 

al. [18] but employing the Von Hann window, Bazzi et al. [22] 

developed a filter that significantly outperforms both FBMC 

and UFMC. Further insights into F-OFDM are provided by 

Wu et al. [23], where a real-world field test demonstrated its 

superior performance compared to CP-OFDM. Additionally, 

Hu and Armada [24] showcased F-OFDM's capability to 

manage heterogeneous numerologies through their analysis of 

MTC and conventional voice transmissions. 

Augustine et al. [25] have designed a Hanning-based filter 

according to the finite impulse response filters technique. They 

showed that the minimum stopband they reached was around 

-100dB with respect to the main lobe. The total number of taps 

used in the filter was 128, according to the finite impulse 

response design. A comparative study of various modulation 

types for the 5G applications was reported by Ramineni et al. 

[26]. The study evaluation parameters are power spectral 

density, bit error rate, and out-of-band emission. It was found 

that UFMC and F-OFDM signals have reduced out-of-band 

emission, but if compared to FBMC, the FBMC shows a 

significant improvement in the out-of-band suppression. 

However, the authors did not mention the filter type that they 

have employed in their investigation. Others proposed 

continuous phase modulation (CPM) in order to mitigate 

different limitations in the 5G communication systems [27]. 

However, CPM produced has its limitations, specifically the 

limited download speeds. 

The next section will show the main concepts of 5G and 

other previous generations, such as CP-OFDM, which stands 

for the 4G systems. Furthermore, the connection between the 

conventional OFDM and the F-OFDM will be introduced. 

 

 

5. THEORETICAL BACKGROUND 

 

5.1 5G air interface 

 

The numerologies (α), which range from sub-6 GHz to mm-

waves, are the most important parts of the 5G air interface. In 

other words, the formula [28] says that the distance between 

subcarriers can be anywhere from 15 KHz to 240 KHz. 

 

∆𝑓 = 2𝛼 × 15 𝐾𝐻𝑧 (1) 

 

where, α is equal to 0, 1, 2, 3, or 4, the first three scales, α = 0, 

1, and 2, are for large cells that work below 6 GHz with normal 

CP, except for 60 KHz, which works with both normal and 

extended CP. While other scales are for small cells and work 

with frequencies higher than 6 GHz and normal CP durations. 

So, the frame structure, which still has a Tf =10ms length, can 

now support different numbers [28, 29], 

 

𝑇𝑓 =
Δ𝑓𝑚𝑎𝑥𝑁𝑓

100
× 𝑇𝑐 (2) 

 

where, Nf is constant equal to 4096, Δ𝑓𝑚𝑎𝑥 = 480𝐾𝐻𝑧, and 

𝑇𝑐 = 1 (Δ𝑓𝑚𝑎𝑥𝑁𝑓)⁄  [28, 30, 31]. Each frame is split into ten 

subframes, and each one lasts 1 ms, just like LTE. Based on 

the subcarrier spacing, Δf, and the fact that each subframe has 

a different number of slots, each subframe takes up 14 OFDM 

symbols. In the third row, 14 stands for normal, and 12 stands 

for extended. Still, any slot can send in either the downlink or 

the uplink direction or in both directions. Also, the data being 

sent cannot take up an entire slot. RBs are groups of REs. Each 

RB has 12 subcarriers. This is similar to how LTE is set up.  

 

5.2 CP-OFDM model 

 

Multiplexing using cyclic prefix orthogonal frequency 

division is a subset of multicarrier modulation methods. In the 

first step, binary data are mapped to a constellation diagram 

[32, 33]. There are three possible constellation orders: QPSK 

(Quadrature Phase Shift Keying), 16-Quadrature Amplitude 
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Modulation (16-QAM), and 64-QAM. The system 

implemented one of these orders based on the required data 

throughput, cell size, and channel quality indicator. After data 

mapping, serial to parallel demultiplexing occurs. In other 

words, serial frequency-domain data are translated to parallel 

form. The optimum implementation of the Inverse Discrete 

Fourier Transform (IDFT) block is the fast variant (Inverse 

Fast Fourier Transform) IFFT at this point. The IFFT block 

will convert frequency-domain data to time-domain data. For 

flexible bandwidth allocations, Inverse/Fast Fourier 

Transform (I/FFT) may be scaled from 128 to 2048 points in 

size. 

Extended or regular CP will be blended with the signal 

following frequency-to-time domain conversion. The purpose 

of CP insertion is to join the message vector's tail to its head. 

The signal is then prepared for multiplexing, or, to put it 

another way, it will be changed from parallel to serial format 

so that it may be transferred to the channel. The signal will 

have Additive White Gaussian Noise (AWGN) added to it as 

the propagation channel. 

The signal travels through the opposite processes of the 

transmitter at the receiving end. The signal will first be 

demultiplexed or changed from serial to parallel form after 

being received. After the demultiplexing, the CP that was 

added at the transmitter to get rid of ISI and maintain 

orthogonality during channel propagation would be taken 

away at the receiver. The signal will next be passed to the FFT 

block, a time-to-frequency-domain converter. Via the 

multiplexer, serialize the FFT block's output. Finding the 

signal in the last block will now include decoding the discrete 

signal into binary data, which will then serve to represent the 

signal that was received. 

The equation of IDFT pair may best be used to express the 

mathematical form. The IDFT and the receiving end by the 

DFT represent the transmitting end. 

 

𝑥(𝑛) =
1

√𝑁𝑓𝑓𝑡
∑ 𝑋(𝑘)𝑒

𝑗2𝜋
𝑘𝑛
𝑁𝑓𝑓𝑡

𝑁𝑓𝑓𝑡−1

𝑘=0

 (3) 

 

where, 𝑛, 𝑘 = 0,1⋯𝑁𝑓𝑓𝑡 − 1 are time and frequency indices, 

respectively, 𝑁𝑓𝑓𝑡 stands for the number of subcarriers in one 

OFDM symbol, 𝑋(𝑘)  represents the constellation points, 

which are either QPSK, 16-QAM, or 64-QAM levels 

according to the required throughput and channel 

impairments. These constellation points represent the binary 

input data to the system. In compact form, the OFDM signal, 

𝑥(𝑛) can be written in matrix format as, 

 

𝒙 = 𝑾× 𝑿 (4) 

 

where, 𝑿 is the input integer data vector to the IFFT block, and 

𝑾 is an 𝑁𝑓𝑓𝑡 × 𝑁𝑓𝑓𝑡  square transformation matrix.  

 

𝑾 =
1

√𝑁𝑓𝑓𝑡

[
 
 
 
 

𝑤−0×0 𝑤−0×1        𝑤−0×2   ⋯    𝑤−0×(𝑁𝑓𝑓𝑡−1)

𝑤−1×0

𝑤−2×0

⋮

𝑤−(𝑁𝑓𝑓𝑡−1)∙0

   𝑤−1

  𝑤−2

⋮
𝑤−𝑁𝑓𝑓𝑡−1

      𝑤−2

      𝑤−4

     ⋮

    𝑤−2(𝑁𝑓𝑓𝑡−1)

⋯
⋯
⋱
⋯

𝑤−(𝑁𝑓𝑓𝑡−1)    

𝑤−2(𝑁𝑓𝑓𝑡−1)  

⋮

𝑤−(𝑁𝑓𝑓𝑡−1)(𝑁𝑓𝑓𝑡−1)]
 
 
 
 

 (5) 

 

in which, 𝑤 is the twiddle factor that can be determined as, 

 

𝑤 = 𝑒
𝑗2𝜋
𝑁𝑓𝑓𝑡 (6) 

 

Accordingly, Eq. (3) can be reformulated in a matrix form 

as follows, 

 

[

𝑥(0)

𝑥(1)
⋮

𝑥(𝑁𝑓𝑓𝑡 − 1)

] 

=
1

√𝑁𝑓𝑓𝑡
[

1    1
1    𝑤−1

⋯ 1

⋯ 𝑤−(𝑁𝑓𝑓𝑡−1)

  ⋮ ⋮

  1 𝑤−(𝑁𝑓𝑓𝑡−1)

⋱ ⋮

⋯ 𝑤−(𝑁𝑓𝑓𝑡−1)(𝑁𝑓𝑓𝑡−1)

] 

× [

𝑋(0)

𝑋(1)
⋮

𝑋(𝑁𝑓𝑓𝑡 − 1)

] 

(7) 

 

Consequently, after the CP part is included, the signal will 

travel the whole channel. After removing the CP portion from 

the receiver, 

 

�̂� = 𝑾−1 ×𝑾× 𝑿 (8) 

 

where, x is the constellation point that was obtained following 

the DFT operations in the previous equation. These are all the 

procedures that take place throughout the signal's trip through 

the CP-OFDM system. The alternative potential signal travel 

in the 5G system is shown in the next section. 

The block diagram structure of the filtered-OFDM 

resembles that of CP-OFDM. The upper portion will be 

repeated in accordance with the available bandwidth, but 

depending on the use case, each repetition will utilize a 

different size of 𝑁𝑓𝑓𝑡 and a different subcarrier spacing, ∆𝑓. 

Figure 1 illustrates multiple numerologies of F-OFDM 

block diagrams, while Figure 2 details the receiving process. 

To begin with, various numerology instances require 

various subcarrier spacings. Figure 1 clearly illustrates this. A 

mapping operation is implemented, followed by 

demultiplexing, and then an IFFT operation with various sizes, 

depending on the particular case. To ensure that the signal is 

precisely CP-OFDM, demultiplexing and CP insertion must be 

performed. The filter will be applied after the CP-OFDM 

generation in F-OFDM, which is a distinction. The results 

signal, as previously discussed in this section, has features 

different from those of CP-OFDM. 

The receiver, on the other hand, must recover every sub-

band to its intended location. The transmitter operates in 

reverse, and this is done. As shown in Figure 2, the signal will 

first undergo filter-free effect (removing the transmitter side's 

filter effect), followed by CP removal, serial to parallel 

conversion, and FFT operation with corresponding 𝑁𝑓𝑓𝑡  for 

each sub-band. Finally, the signal will be re-multiplexed to be 

detected by the de-mapping block. 
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Figure 1. The F-OFDM block diagram shows different numerologies on the transmitter system side 

 

 
 

Figure 2. F-OFDM block diagram showing different numerologies on the receiving system side 

 

By mixing several numerologies, such as 𝑖 = 1, 2⋯ 𝐼 , 

where I is the total number of numerologies utilized in the 

transmitted signal, one may mathematically define F-OFDM 

as a combination of these numerologies as, 
 

�̌�(𝑛) = ∑
1

√𝑁𝑓𝑓𝑡−𝑖
∑ 𝑋𝑖(𝑘)𝑒

𝑗2𝜋
𝑘𝑛

𝑁𝑓𝑓𝑡−𝑖

𝑁𝑓𝑓𝑡−𝑖−1

𝑘=0

𝐼

𝑖=1

 (9) 

 

In other words, several I numerologies make up the signal 

�̌�. Hence, Eq. (9) stands for a specific numerology, a single 

branch, which is indeed one branch of CP-OFDM. Each CP-

OFDM symbol has a numerology that is identical to a specific 

branch in Figure 1. Because of this, F-OFDM has a wide range 

of numerologies. Unfortunately, the signal �̌� is not filtered up 

to this level; therefore, before it is filtered for F-OFDM, �̌� 

should be filtered. Thus, each filter will correspond to a branch 

in Figure 1. Therefore, Eq. (11) shows a summation of various 

branches that represent different numerologies. 

 

�̌�𝑓(𝑛) = [∑
1

√𝑁𝑓𝑓𝑡−𝑖
∙ ∑ 𝑓𝑖(𝑛 − 𝑚) ∑ 𝑋𝑖(𝑘)𝑒

𝑗2𝜋
𝑘𝑚

𝑁𝑓𝑓𝑡−𝑖

𝑁𝑓𝑓𝑡−𝑖−1

𝑘=0

∞

𝑚=−∞

𝐼

𝑖=1

] (10) 

 

where, 

�̌�𝑓(𝑛) is the time-domain representation of the filtered 

OFDM signal. 

𝑋𝑖(𝑘) is the frequency-domain representation of the OFDM 

signal for the iii-th subband. 

𝑓𝑖(𝑛) is the filter applied to the iii-th subband. 

𝑁𝑓𝑓𝑡−𝑖  is the size of the FFT for the iii-th subband. 

This equation highlights the convolution of the OFDM 

signal with the filter in the time domain, demonstrating the 

filtering effect on the subband signals. The filtering process 

reduces out-of-band emissions and ensures efficient spectral 

utilization. 

The filter used in the final equation, 𝑓𝑖(𝑛), will be covered 

in the following section. As the CP-OFDM matrix format 

representation is transferable to F-OFDM, 

 

�̌�𝑓 = [𝑊𝑖 × 𝑋𝑖] ∙ 𝐹𝑖 (11) 

 

Since Fi is the frequency domain of the fi filter, and 

depending on the use case, the transformation matrix now has 

varying dimensions, where the twiddle factor remained 

unchanged, Eq. (11) can thus be rewritten as follows: 

 

W𝑖 =
1

√𝑁𝑓𝑓𝑡−𝑖

[
 
 
 
 
 
 𝑤𝑖

−0×0 𝑤𝑖
−0×1        𝑤𝑖

−0×2   ⋯    𝑤
𝑖

−0×(𝑁𝑓𝑓𝑡−𝑖−1)

𝑤𝑖
−1×0

𝑤𝑖
−2×0

⋮

𝑤
𝑖

−(𝑁𝑓𝑓𝑡−𝑖−1)∙0

   𝑤𝑖
−1

  𝑤𝑖
−2

⋮

𝑤
𝑖

−𝑁𝑓𝑓𝑡−𝑖−1

      𝑤𝑖
−2

      𝑤𝑖
−4

     ⋮

    𝑤𝑖
−2(𝑁𝑓𝑓𝑡−𝑖−1)

⋯
⋯
⋱
⋯

𝑤
𝑖

−(𝑁𝑓𝑓𝑡−𝑖−1)    

𝑤
𝑖

−2(𝑁𝑓𝑓𝑡−𝑖−1)  

⋮

𝑤𝑖
−(𝑁𝑓𝑓𝑡−𝑖−1)(𝑁𝑓𝑓𝑡−𝑖−1)]

 
 
 
 
 
 

 (12) 

 

The block diagram of the transmitting-sided F-OFDM 

system depicted in Figure 1 is now represented by Eq. (13). 

The first step at the receiver is to eliminate the filter effect by 

deconvolving the numerologies of the signal with the 

corresponding filters; in other words, the signal is passed 

through the filter 𝑓𝑖
∗(−𝑛), which is matched to the filter at the 

transmitter. 
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[
 
 
 
 

�̌�𝑓(0)

�̌�𝑓(1)

⋮
�̌�𝑓(𝑁𝑓𝑓𝑡−𝑖 − 1)]

 
 
 
 

=

{
 
 

 
 

1

√𝑁𝑓𝑓𝑡−𝑖

[
 
 
 
 1       1

1       𝑤𝑖
−1

⋯  1

⋯         𝑤
𝑖

−(𝑁𝑓𝑓𝑡−1)

 ⋮      ⋮

 1 𝑤
𝑖

−(𝑁𝑓𝑓𝑡−𝑖−1)

⋱ ⋮

⋯ 𝑤
𝑖

−(𝑁𝑓𝑓𝑡−𝑖−1)(𝑁𝑓𝑓𝑡−𝑖−1)
]
 
 
 
 

×

[
 
 
 

𝑋𝑖(0)

𝑋𝑖(1)
⋮

𝑋𝑖(𝑁𝑓𝑓𝑡−𝑖 − 1)]
 
 
 

}
 
 

 
 

∙

[
 
 
 

𝐹𝑖(0)

𝐹𝑖(1)
⋮

𝐹𝑖(𝑁𝑓𝑓𝑡−𝑖 − 1)]
 
 
 

 (13) 

 

�̌�𝑓
𝑟(𝑖, 𝑛) = �̌�𝑓 ∗ 𝑓𝑖

∗(−𝑛) (14) 

 

𝑥𝑓
𝑟(𝑖, 𝑛) =

1

√𝑁𝑓𝑓𝑡−𝑖
∑ 𝑓𝑖

∗(𝑛 − 𝑚) ∑ 𝑋𝑖(𝑘)𝑒
𝑗2𝜋

𝑘𝑚
𝑁𝑓𝑓𝑡−𝑖

𝑁𝑓𝑓𝑡−𝑖−1

𝑘=0

∞

𝑚=−∞

 (15) 

 

Next, as shown in Figure 2, the signal is prepared for CP 

removal, demultiplexing, and time-to-frequency conversion 

using the appropriate FFT, multiplexing, and detection (de-

mapping). The F-OFDM signal's trip concludes this stage 

when the signal is retrieved according to Eq. (15). To 

determine the quality of the received signal, though, it must 

first be assessed. BER and PSD will be briefly reviewed in the 

sections that follow. 

On the other hand, one of the performance evaluation 

techniques used in this thesis is PSD. Before it is used in the 

next sections, it must first be explained. There are several 

methods for estimating the PSD. The periodogram PSD 

estimate technique will be used in this thesis [34]. One non-

parametric estimating technique is the periodogram approach. 

 

𝑃𝑆𝐷 =
1

𝑁𝑓𝑠
|∑ 𝑥(𝑛)𝑒−𝑗2𝜋𝑓𝑛
𝑁−1

𝑛=0

|

2

 (16) 

 

where, −𝑓𝑠/2 < 𝑓 ≤ 𝑓𝑠/2 and 𝑓𝑠  is the sampling frequency. 

𝑥(𝑛) is the time-domain signal. As a result, the time-domain 

signal's discrete DFT is all that the spectral estimate is. But if 

a window function is added to the time-series signal, x(n), the 

outcome is the so-called modified periodogram spectral 

estimating technique. The window function that may decay to 

zero at both ends and is not negative was chosen. Hence, the 

updated periodogram PSD method is 

 

𝑃𝑆𝐷 =
1

𝑁𝑓𝑠
|∑[𝑥(𝑛) ∙ 𝑠(𝑛)]𝑒−𝑗2𝜋𝑓𝑛
𝑁−1

𝑛=0

|

2

 (17) 

 

where, s(n) is the window function. The PSD performance of 

the proposed F-OFDM will be assessed using the modified 

periodogram approach described in the previous formulation 

in order to compare it to the traditional CP-OFDM, which will 

also be calculated using the modified periodogram technique 

in the next sections of this paper. 

 

 

6. PROPOSED METHODOLOGY 

 

6.1 Filter design approach 

 

Several types of interchanging windows, which are made up 

of two or sometimes more windows, have been suggested by 

previous research. The target was a window with significantly 

less sidelobe compared to what was used as a baseline. Bartlett 

window is created by convolving two rectangular windows. 

Hamming window is created by adding a Hanning window to 

a rectangular window, and the de la Valle-Poussin window is 

created by convolving two triangular windows of half-extent 

[34]. 

It is also possible to create a new window, the cosine-

tapered window, or Tukey window, by multiplying a 

rectangular window in the frequency domain by the cosine 

lobe or by convolution of the cosine lobe with the rectangular 

window in the time domain. Bohman window can be realized 

by convolving together two cosine lobe (or half-duration) 

windows; in other words, Bohman window is the time domain 

product of a triangular window and a cosine cycle. Imagine the 

well-known Hanning-Poisson window, which is the product of 

the Hanning window and the Poisson window [35]. 

The performance of F-OFDM, as mentioned earlier, is 

heavily dependent on the design of the filters in order to 

achieve finer time and frequency adaptation and increase the 

efficiency of the spectrum. The Windowed-Sinc method is an 

easy-to-implement online technique that is practical in 

software-defined radio (SDR) and is simple and systematic. 

Keep in mind that the primary objective of using a filter is to 

achieve an appropriate attenuation at the stopband such that 

interference with neighboring subcarriers is negligible; this 

allows the filter to handle interference from other nearby 

spectrums, meaning that it is feasible to coexist with older 

generations, such as 2G, 3G, and 4G [36-44]. 

Taher et al. [36] showed the generation of different 

Windowed-Sinc filters. According to what has been stated 

above, this section will follow the tradition of the literature and 

perform a convolution (multiplication in time-domain) 

between two time-domain windows, w1(n) and w2(n).  

 

𝑤3 = 𝑤1(𝑛) ⋅ 𝑤2(𝑛) (18) 

 

Window functions are used in signal processing to mitigate 

the effects of spectral leakage by shaping the time-domain 

signal before it undergoes a Fourier transform. Common 

window functions include the Blackman-Harris and Bohman 

windows, each with distinct properties in terms of main lobe 

width and sidelobe suppression. The Blackman-Harris 

window is known for its excellent sidelobe suppression, 

making it ideal for minimizing interference from adjacent 

frequency bands. However, it has a relatively wide main lobe, 

which can reduce frequency resolution. The Bohman window, 

on the other hand, offers a narrower main lobe, providing 

better frequency resolution but with slightly higher sidelobes 

compared to Blackman-Harris. 

By combining these two windows, we aim to achieve a 

balance between the main lobe width and sidelobe 

suppression, optimizing both frequency resolution and 

interference mitigation. The process of combining the 

Blackman-Harris and Bohman windows involves creating a 

hybrid window function that incorporates the advantages of 

both. 

Another way of putting it is to think of w3(n) as the output 

of the process recognized as windowing the first window, 

w1(n), by the second window, w2(n), or vice versa. In this 

work, it is suggested that the Bohman window is the 

Blackman-Harris window [35]. In other words, w1(n) will be 

Blackman-Harris window and w2(n) is the Bohman window, 
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𝑤1(𝑛) = 𝑐0 − 𝑐1 cos (
2𝜋𝑛

𝐿 − 1
) + 𝑐2 cos (

4𝜋𝑛

𝐿 − 1
)

− 𝑐3 cos (
6𝜋𝑛

𝐿 − 1
) 

(19) 

 

where, 0 ≤ 𝑛 ≤ 𝐿 − 1 and L stands for the total length of the 

window. Moreover, c0, c1, c2, c3, and c4 are 0.35875, 0.48829, 

0.14128, and 0.01168, respectively. While Bohaman window 

is expressed as, 

 

𝑤2(𝑛) = (1 − |𝑧|) cos(𝜋|𝑧|) +
1

𝜋
sin(𝜋|𝑧|) (20) 

 

where, z is a normalized vector between -1 and +1 of length L, 

and the first and last values of this vector are equal to zero 

(forced), worthy mentions that this window, Bohman, is the 

result of the frequency-domain-convolution of two cosine 

lobes (of half-duration). In the time-domain, it was produced 

by the multiplication of triangular and cosine (single-cycle) 

windows and a term added in order to set the boundaries to 

zero (by setting the first derivative to zero) [35]. Accordingly, 

the new window will be, 

 

𝑤3(𝑛) = 𝑐0𝑤2(𝑛) − 𝑐1𝑤2(𝑛) cos (
2𝜋𝑛

𝐿 − 1
) 

+𝑐2𝑤2(𝑛) cos (
4𝜋𝑛

𝐿 − 1
) − 𝑐3𝑤2(𝑛) cos (

6𝜋𝑛

𝐿 − 1
) 

(21) 

 

The last expression is representing the frequency domain of 

the new window, 𝑤3(𝑛), which will be utilized as a window 

of view in this work. Hence, the new window will be used to 

truncate the sinc-function. However, let us understand it 

another way. It is assumed that the required filter response in 

the time domain is 𝑓𝑟(𝑛), 
 

𝑓𝑟(𝑛) =
1

2𝜋
∫ 𝑒𝑗𝜔𝑛𝑑𝜔

𝜔𝑐

−𝜔𝑐

=
𝑠𝑖𝑛(𝜔𝑐𝑛)

𝜔𝑐𝑛
 (22) 

 

where, 𝜔𝑐  is the cut-off frequency. The combined window 

function used in this study is a product of these two windows, 

ensuring the benefits of both are retained. The Sinc-function 

will be windowed using 𝑤3(𝑛), 
 

𝑓𝑛𝑒𝑤(𝑛) = 𝑓𝑟(𝑛) ∙ 𝑤3(𝑛) (23) 

 

Note that the last expression is a time-domain processing. 

Or it can be formulated as, using Eq. (21), 

 

𝑓𝑛𝑒𝑤(𝑛) =
𝑠𝑖𝑛(𝜔𝑐𝑛)

𝜔𝑐𝑛
∙ 𝑤3(𝑛) (24) 

 

The proposed hybrid window combining the Blackman-

Harris and Bohman windows offers several advantages over 

using each window individually: 

Enhanced sidelobe suppression: The hybrid window 

maintains the excellent sidelobe suppression characteristic of 

the Blackman-Harris window, reducing interference from 

adjacent frequency bands. 

Improved frequency resolution: By incorporating the 

narrower main lobe of the Bohman window, the hybrid 

window achieves better frequency resolution, allowing for 

more precise signal analysis. 

Flexibility: The weighting factor α provides flexibility in 

tuning the hybrid window for specific applications, making it 

adaptable to various signal processing requirements. 

The F-OFDM signal will be programmed using MATLAB 

to be simulated in the next section, according to the derived 

filter in this section. Hence, the F-OFDM signal can be 

formulated as, 

 

�̌�𝑓(𝑛) = [
1

√𝑁𝑓𝑓𝑡
∑ 𝑓𝑛𝑒𝑤(𝑛 −𝑚) ∑ 𝑋 (𝑘)𝑒

𝑗2𝜋
𝑘𝑚
𝑁𝑓𝑓𝑡

𝑁𝑓𝑓𝑡−1

𝑘=0

∞

𝑚=−∞

] (25) 

 

where, these last formulae will be used in the next section. 

 

 
 

Figure 3. CP/F-OFDM systems simulation flow-chart 

 

6.2 Methodology simulation flow 

 

The primary objective of our filter design is to enhance the 

spectral efficiency of the F-OFDM system by minimizing out-

of-band emissions. In our approach, we employ Windowed-

Sinc filters in our F-OFDM system. The Windowed-Sinc filter 

is designed by multiplying the Sinc function with a window 

function to control the sidelobe levels. The designed filters are 

applied to the OFDM subcarriers to generate the F-OFDM 

signal. MATLAB R2021a functions are used to implement 

these filters and apply them to the OFDM symbols; 

Communications System Toolbox for OFDM and F-OFDM 

signal generation and analysis are used in these experiments. 

Figure 3 depicts the F-OFDM system's simulation flowchart. 

It is demonstrated that the first step is the system initialization, 

where the simulation scenarios will select the values for the 

CP length, the bits per subcarrier, the number of FFT points, 

the number of resource blocks, and the number of subcarriers 

inside a resource block. Second, windows must be created. 

The Windowed-Sinc are then determined. Hence, QPSK, 16-

QAM, 64-QAM, and 256-QAM random binary data will be 

created and mapped in the next phase according to the 

constellation order. CP insertion and the IFFT procedure yield 

CP-OFDM, and the application of the Windowed-Sinc filter 

yields F-OFDM. However, the mapping operation is where the 

two signals are mostly formed. The AWGN channel was 

employed in this study. F-OFDM will have its filter impact 
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eliminated after the AWGN channel, while CP-OFDM will be 

transmitted directly into the FFT process. So, the CP will be 

eliminated, and the signal will be prepared for the de-mapping 

process, which will allow the transmitted data to be recovered. 

This stage allows for the computation of evaluation parameters 

that can then be recorded/plotted for later comparisons and 

comments. 

 

 

7. RESULTS AND DISCUSSION 

 

In this section, the suggested F-OFDM system will be 

simulated using MATLAB along with the CP-OFDM system. 

In other words, the system shown in Figure 3 will be 

implemented using MATLAB. This section will focus on 

establishing the required parameters for operating F-OFDM 

and CP-OFDM. Because of this, the simulation will be run 

with these specifications. Fifth-generation (5G) signals, 

represented by the F-OFDM waveform, and fourth-generation 

(4G) signals, represented by the CP-OFDM signal, will be 

modeled using evaluation techniques such as PSD and BER. 

 

7.1 Simulation parameters settings 

 

In this subsection, it is assumed that the bandwidth is 

1.4𝑀𝐻𝑧. If NFFT=128 subcarriers, then the OFDM size is 128. 

The number of subcarriers should dictate the length of the 

filter. In order to achieve a better harmony between time and 

frequency localizations, the literature has demonstrated that 

the filter length of F-OFDM can be more than the CP length. 

On a comparable basis, filter length will be determined in 

accordance with CP-OFDM requirements, nevertheless. Thus, 

one can determine the filter length (L) by, 

 

𝐿 =
𝑁𝐹𝐹𝑇
2

− 1 (26) 

 

According to Eq. (26), the filter length, in this case, is 63 

points. The load requirement determines how big a map of the 

constellations may be. Yet, in the present circumstance, all 

proposed constellation orders will be used, including QPSK, 

16-QAM, 64-QAM, and 256-QAM schemes. Each of the six 

RBs will have 12 subcarriers for a total of 1.4 MHz. The 15 

kilohertz between subcarriers is a hard limit. Finally, the ramp-

up and ramp-down transition phases, both of which are part of 

the total transition time, are limited to 2.5 subcarriers [15]. 

Table 1 details the configuration settings in question. 

 

Table 1. List of simulation parameter settings 

 
Parameter Value Set 

NFFT 128 

Length of cyclic prefix 72 

Length of the proposed filter 63 

Constellation mapping 
QPSK, 16-QAM, 64-QAM, 

256-QAM 

Total number of RBs 6 

Total number of subcarriers 

per RB 
12 

Ramp up/downsize 2.5-subcarriers 

Subcarrier spacing (in KHz) 15 

Channel AWGN 

SNR ranges 
For QPSK: -20dB to 10dB 

Others: -10dB to 10dB 

 

 

7.2 Simulation results and discussion 

 

In this section, the simulation results based on the 

parameters set in the previous session will be discussed. First, 

the shape of the suggested window in the time domain will be 

compared with other standard windows. Second, the frequency 

domain of the suggested window will be discussed. Third, the 

power spectral density (PSD) of the F-OFDM signal will be 

shown based on the standard and proposed windows. Finally, 

the BER of the resultant F-OFDM signals will be discussed. 

 

7.2.1 Time-domain windows 

Figure 4 displays four time-domain windows: Exact 

Hamming, Minimum 4-terms Blackman Harris window, 

Bohman window, and the suggested window, W3. It shows 

that the widest window is the Exact Hamming, while the 

narrowest window is the suggested window, W3. The 

Minimum 4-terms Blackman Harris window and Bohman 

window fall between the Exact Hamming and the suggested 

window in terms of width. In other words, the suggested 

window is the best among the others. That is, this is the first 

indication that the proposed window has significant behavior 

in reducing the OOB emission if it is utilized to build the F-

OFDM signal. 

 

 
 

Figure 4. Time-domain comparison between the suggested 

window (W3), minimum 4-term Blackman-Harris window, 

Bohman window, and the Exact Hamming window 

 

7.2.2 Frequency-domain windows 

The frequency domain of the window itself (not employed 

yet to create the F-OFDM signal) can be seen in Figure 5. 

Thus, there are four windows in Figure 5, the same windows 

in Figure 4, but here they are in the frequency domain. It can 

be seen that the suggested window is superior to the others in 

terms of the first sidelobe value. In this scenario, the proposed 

window achieved -105.299 dBW/Hz, while the other windows 

are higher. For instance, Exact Hamming, Minimum 4-terms 

Blackman Haris window, and Bohman window are -61.6 

dBW/Hz, -104.3 dBW/Hz, and -61.63 dBW/Hz, respectively. 

Accordingly, the proposed window, W3, has a dramatic 

improvement with respect to the other windows, which is the 

second indication that W3 will be the proper window to be used 

for the F-OFDM signal. Thus, the OBE will be reduced if this 

W3 window is employed to generate the F-OFDM signal, as 

will be shown later in the next subsection. 
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Figure 5. Frequency-domain comparison between the 

suggested window (W3), minimum 4-term Blackman-Harris 

window, Bohman window, and the Exact Hamming window 

 

The combined window exhibits lower side lobe levels 

compared to traditional CP-OFDM windows, as evidenced by 

the -214.177 dBW/Hz sidelobe power spectral density 

compared to CP-OFDM's -50 dBW/Hz. 

 

7.2.3 F-OFDM PSD 

It has been seen that the proposed window has a superior 

performance both in the time and frequency domains, as 

indicated in Figure 4 for the time domain and Figure 5 for the 

frequency domain. Thus, it is time to utilize it in the generation 

process of the F-OFDM signal. Figure 6 shows the PSD of the 

CP-OFDM, which is the reference or the benchmark for this 

work, compared with the generated F-OFDM based on the W3-

window (the suggested window), minimum 4-term Blackman-

Harris window, Bohman window, and the Exact Hamming 

window. It can be recognized that W3-window outperforms the 

other windows-based F-OFDM signal as well as the CP-

OFDM signal.  

 

 
 

Figure 6. PSD comparison of the F-OFDM based on the 

suggested window (W3), minimum 4-term Blackman-Harris 

window, Bohman window, Exact Hamming window, and the 

conventional CP-OFDM signals 

That is, CP-OFDM, as a reference, achieved -49.67 

dBW/Hz. F-OFDM-based Exact Hamming window improved 

the PSD to -131.665 dBW/Hz. Further, the F-OFDM-based 

Bohman window reached -123.429 dBW/Hz, and the F-

OFDM-based minimum 4-term Blackman-Harris window 

achieved PSD of -68.4628 dBW/Hz. On the other hand, the F-

OFDM-based W3-window has achieved the lowest PSD, -

214.177 dBW/Hz, which is the most significant improved 

value with respect to other windows-based F-OFDM and the 

bench-march (CP-OFDM) signals. Thus, it is indicated 

previously in Figure 4 and Figure 5 that the suggested window 

will be superior among others, and here in Figure 6, the results 

are true. The suggested Windowed-Sinc filter in this work has 

shown an improved result when compared with other works in 

the literature. For instance, the findings of Zhang et al. [17] 

suggest that the best stopband achieved was around -80.0 

dBW/Hz, and as reported by Abdoli et al. [18], the achieved 

stopband was around -100.0 dBW/Hz. 

 

7.2.4 F-OFDM BER results 

The BER will be presented in this subsection for the QPSK, 

16-QAM, 64QAM, and 256QAM-based F-OFDM signals. In 

Figure 7, the BER for each of the F-OFDM based on Minimum 

4-term Blackman-Harris, Bohman, Exact Hamming, and the 

W3 windows almost have the same behavior, where the BER 

stops at SNR of 8 dB, just like the CP-OFDM. Since the QPSK 

mapping needs low power (SNR), the plot starts at -20 dB in 

steps of 2 dB up to 10 dB. Thus, the suggested F-OFDM, 

which is based on the new window, W3, did not diverge or 

degrade. Hence, the suggested window is sufficient for the F-

OFDM to reduce the OBE. 

 

 
 

Figure 7. QPSK BER comparison between the suggested 

CP-OFDM, F-OFDM-based new window (W3), F-OFDM-

based minimum 4-term Blackman-Harris window, F-OFDM-

based Bohman window, and the Exact Hamming-based F-

OFDM signals 

 

Figure 8 shows the BER results of the 16QAM mapping for 

the CP-OFDM and the F-OFDM signals based on the new 

window (W3), F-OFDM-based minimum 4-term Blackman-

Harris window, F-OFDM-based Bohman window, and the 

Exact Hamming based F-OFDM signals. However, it is shown 

that all the signals almost have the same value, 2.55×10-5. That 

is, the suggested F-OFDM-based W3-window did not degrade 

in terms of BER when compared with the benchmark signal 
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(CP-OFDM).  

Simulation results, shown in Figures 7 and 8, indicate that 

the proposed window functions significantly reduce the BER 

and improve PSD compared to traditional CP-OFDM. The 

trade-offs between BER and PSD are managed effectively, 

demonstrating the flexibility and performance advantages of 

the combined window. 

 

 
 

Figure 8. 16QAM BER comparison between the suggested 

CP-OFDM, F-OFDM-based new window (W3), F-OFDM-

based minimum 4-term Blackman-Harris window, F-OFDM-

based Bohman window, and the Exact Hamming-based F-

OFDM signals 

 

Furthermore, the other windows-based F-OFDM did not 

degrade with respect to the CP-OFDM signal in terms of BER, 

but in terms of PSD, F-OFDM-based W3-window has an 

improved performance. The same attitude can be seen in 

Figure 9 for the 64QAM-based CP-OFDM and F-OFDM 

signals. 

Last but not least, Figure 10 shows the BER comparison of 

the CP-OFDM and the F-OFDM signals based on the new 

window (W3), minimum 4-term Blackman-Harris window, 

Bohman window, and the Exact Hamming window. 

Nevertheless, there is no difference in the BER performance 

with respect to previous mappings, QPSK, 16QAM, and 

64QAM, where all the signals perform similarly to each other, 

where the best BER was 1.98×10-4. 

To provide a more comprehensive evaluation, we 

summarize the trade-offs between spectral efficiency, 

complexity, and latency in Table 2. 

 
 

Figure 9. 64QAM BER comparison between the suggested 

CP-OFDM, F-OFDM-based new window (W3), F-OFDM-

based minimum 4-term Blackman-Harris window, F-OFDM-

based Bohman window, and the Exact Hamming-based F-

OFDM signals 

 

 
 

Figure 10. 256QAM BER comparison between the 

suggested CP-OFDM, F-OFDM-based new window (W3), F-

OFDM-based minimum 4-term Blackman-Harris window, F-

OFDM-based Bohman window, and the Exact Hamming-

based F-OFDM signals 

 

 

Table 2. Summary of performance trade-offs between CP-OFDM and F-OFDM 

 
Metric CP-OFDM F-OFDM Improvement/Trade-off 

Spectral efficiency Moderate High 20-25% improvement in spectral efficiency 
Computational complexity O(NlogN) O(NlogN)+O(NL) Increased complexity due to filtering 

Latency Low Moderate Additional latency proportional to L 

 

In conclusion, the suggested F-OFDM-based W3-window 

has improved the OBE performance without degrading the 

BER of the system. Even when the constellation mapping 

increased from QPSK to 256QAM, in other words, there is no 

matter when the number of bits of each subcarrier increased 

from 2 bits to 8 bits. Moreover, the proposed F-OFDM system 

offers significant improvements in spectral efficiency and 

interference mitigation, making it suitable for next-generation 

wireless networks. However, these benefits come with trade-

offs related to computational complexity, latency, and system 

flexibility. By carefully considering these trade-offs and 

employing optimization techniques, adaptive filtering, and 

hardware acceleration, the F-OFDM system can be tailored to 

meet the specific requirements of various applications, from 
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high-speed mobile communications to latency-sensitive IoT 

networks. Future research should focus on refining these trade-

offs, exploring advanced interference management 

techniques, and optimizing the system for real-time 

performance. 

The proposed window functions, Blackman-Harris and 

Bohman, improve the signal-to-noise ratio (SNR) by 

effectively reducing the power of side lobes and minimizing 

in-band noise. The Blackman-Harris window, with its low side 

lobe levels, ensures that less power is leaked outside the main 

lobe, resulting in a higher SNR. Mathematically, the SNR 

improvement can be represented as: 

 

𝑆𝑁𝑅𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑑 = 10 log (
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒 + 𝑃𝑠𝑖𝑑𝑒 𝑙𝑜𝑏𝑒𝑠
) (27) 

 

where, 𝑃𝑠𝑖𝑔𝑛𝑎𝑙  is the power of the main lobe, 𝑃𝑛𝑜𝑖𝑠𝑒  is the in-

band noise power, and 𝑃𝑠𝑖𝑑𝑒 𝑙𝑜𝑏𝑒𝑠  is the power of the side 

lobes. By combining the Blackman-Harris and Bohman 

windows, we achieve an optimal balance, further enhancing 

SNR. 

The proposed window functions also reduce inter-symbol 

and inter-carrier interference by smoothing transitions 

between symbols and minimizing spectral leakage. 

Theoretical backing for this reduction in interference is 

provided through the analysis of the window functions' impact 

on the frequency response: 

 

𝐼𝑟𝑒𝑑𝑢𝑐𝑒𝑑 =∑ |𝐻(𝑓 − 𝑘𝑓𝑠)|
2

𝑘≠0
 (28) 

 

where, 𝐼𝑟𝑒𝑑𝑢𝑐𝑒𝑑  represents the reduced interference, 𝐻(𝑓) is 

the frequency response of the windowed signal, and 

𝑘𝑓𝑠 denotes the subcarrier spacing. The combined window 

function minimizes |𝐻(𝑓 − 𝑘𝑓𝑠)|
2 , leading to lower 

interference levels. 

The proposed window functions improve spectral efficiency 

due to their ability to suppress side lobes while maintaining a 

narrow main lobe. This balance ensures that more subcarriers 

can be packed into the available spectrum without causing 

excessive interference. The spectral efficiency 𝜂 , can be 

expressed as: 

 

𝜂 =
𝐵𝐸𝑅

𝐵
 (29) 

 

where, 𝐵𝐸𝑅 is the bit rate and 𝐵is the bandwidth, the proposed 

window functions allow for a higher 𝐵𝐸  by reducing 

interference and noise, thereby improving 𝜂. 

The theoretical analyses presented provide a deeper 

understanding of why the proposed method performs better. 

By reducing side lobe levels, the combined window function 

enhances SNR and spectral efficiency, leading to lower BER 

and improved PSD. These improvements are crucial for 

modern communication systems, particularly in scenarios 

where high spectral efficiency and low interference are 

required. The proposed method shows significant advantages 

over traditional CP-OFDM techniques, making it a valuable 

contribution to the field of signal processing. 

 

 

8. CONCLUSIONS 

 

Various concluding remarks are drawn in this work; these 

remarks are as follows. The suggested window, W3, was 

employed in the F-OFDM signal generation in order to reduce 

the out-of-band emission. However, it is concluded that the 

proposed window achieved its goal without degrading the 

performance of the power spectral density. The suggested 

window did not degrade the bit error rate performance. This 

innovative approach contributes to the novelty of our work, 

providing a significant improvement over existing window 

functions in the context of F-OFDM. Moreover, the 

constellation mapping was not an objection to using the 

suggested window, where the constellation mappings that are 

implemented to generate the CP-OFDM and the F-OFDM 

signals are QPSK, 16QAM, 64QAM, and 256QAM, in other 

words, 2-bits, 4-bits, 6-bits, and 8-bits, respectively, for each 

subcarrier. The key findings are: 

Enhanced spectral efficiency: The application of F-

OFDM significantly reduces OOB emissions compared to 

traditional OFDM, thus enhancing spectral efficiency. 

Improved interference mitigation: By using a hybrid 

window function that combines the Blackman-Harris and 

Bohman windows, we achieved a balance between main lobe 

width and sidelobe suppression, which helps minimize 

interference from adjacent frequency bands. 

Flexible numerology multiplexing: The F-OFDM system 

effectively supports multiple numerologies, making it suitable 

for various 5G services such as enhanced Mobile Broadband 

(eMBB), Ultra-Reliable Low-Latency Communications 

(URLLC), and massive Machine-Type Communications 

(mMTC). 

Despite the promising results, the proposed system has 

some limitations: 

Computational complexity: The filtering process, 

especially with subband filtering, adds computational 

complexity, which could be a challenge for real-time 

applications. 

Filter design: The choice of filter parameters requires 

careful consideration to balance between performance and 

complexity. Suboptimal filter design can degrade system 

performance. 

Finally, the future research directions are: 

Optimization of filter parameters: Future work could 

focus on developing adaptive algorithms for optimal filter 

parameter selection to further enhance system performance 

and reduce computational complexity. 

Hardware implementation: Implementing the F-OFDM 

system on hardware platforms such as Field-Programmable 

Gate Arrays (FPGAs) or Application-Specific Integrated 

Circuits (ASICs) to evaluate its real-time performance and 

feasibility. 
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