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Abstract— Technology, particularly Internet of Things (IoT) and Machine Type Communication (MTC), 
have made a necessity to introduce a new distribution phenomenon. These innovations ask for very high 
data rates and non-coherent communication. When using inheritance 4th Generation (4G) frameworks, it is 
not possible to meet these requirements due to the inability to communicate without the use of 
synchronization. Numerous Orthogonal Frequency Division Multiplexing (OFDM) spectrum replacements, 
such as the Filtering-OFDM (F-OFDM), have been suggested. Due to the reduction in side-information 
required due to the synchronization application, a groundbreaking filter based on a minimum 4-term 
Blackman-Harris window defined by Nuttall is demonstrated numerically in this work. The recommended 
method outperforms previous design features in terms of spectral ability. In the F-OFDM transitional 
system, the root-raised-cosine filter is employed. This study, provided a new filter design that is simple to 
construct and can be completed in an immediate manner. Conventional Cyclic Prefix OFDM (CP-OFDM) 
showed -50.0 dBW/Hz, while the proposed scheme improved it to -253.2 dBW/Hz. 

Keywords—5G, Nuttall-windowing, filtered-OFDM, OOBE, Time/frequency localization, windowed-sinc filters. 

1. Introduction 

The recent 5G [7] project is expected to increase network 
congestion, such as tiny sensors found everywhere, which 
is one type of machine type communication (MTC), some 
types of sensors embedded in more sophisticated devices 
called internet of things (IoT) [12]. Banelli et al. revealed 
that variable harmonics are essential for future difficulties 
[20]. In 5G networks, signal synthesis reduces inconsistent 
delivery and protects big endpoints from expensive 
synchronization signaling [24, 23]. Subband orthogonality 
cannot be maintained in 4G networks using CP-OFDM 
modulation [26, 32]. 5G waveforms should be time-
domain localized and independent of asynchronous 
transmission [28]. 

Filtered waveforms can be categorized into three 
categories: subcarriers, complete bands, and subbands. 
Waveforms based on subcarrier filtering [16], outperform 
CP-OFDM [18, 4, 31], which utilize staggered-quadrature 
amplitude modulation. The results are great, but the longer 
filter time-domain response decreases processing time 
(latency), which is important in 5G [30]. Intersymbol 
interference has decreased subcarriers-filtering 
orthogonality [6]. Spectral filtering using several subbands 

per subband, its impulse response will be poorer than a per-
subcarrier filter due to its output spectrum. This band was 
produced by LTE's 12 subcarrier resource blocks 
(RBs) [13, 15]. 5G's subband filtering-based universal 
filter multicarrier (UFMC) competed [23, 28, 30, 10]. 
Increase filter bandwidths to filter the entire conveyed 
subband range in one pass. The transmitter will only have 
one filter to deal with. Filtered-OFDM (F-OFDM) is the 
name given to this output waveform. F-OFDM will be the 
only focus of this research [29, 2]. Asynchronous 
communication simplifies OOBE creation [14, 3, 1, 19, 
11]. In [5, 9] they found that F-OFDM transmissions 
outperformed UFMC communications in packet delivery 
ratio and efficacy by using the same approach as [11]. 

To reduce OOB production even further, [3] suggests 
using a technique called "windowing-filtering" or 
"filtering-windowing," in which the filter and/or window 
investigated determines whether or not the goal is 
achieved. As a result, in the next part, we'll go over the 
design process and how new window designs were 
implemented. The layout that adopted in this article is as 
follows: the next section, 2, discusses filter design using 
windowing and a finite impulse response filter. The 
innovative signal structure of the F-OFDM mechanism, on 
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the other hand, will be based on a Nuttall-defined minimal 
4-term Blackman-Harris-based filtering technique. 
Additionally, part 3 presents the results of the modeling 
exercise and discusses them, and section 4 contains the 
final comments. 

2. Research Methodology and Proposal  

The success of F-OFDM is strongly reliant on the filter 
design in order to achieve better temporal and frequency 
localization and hence boost network throughput. A basic 
and systematic methodology such as the windowed-sinc 
approach [17] may be applied online with little effort. The 
novel filter will be designed according to the following 
steps.  

Step 1: In reality, this filter modeling approach contains a 
number of precisely articulated windows [22, 27], which 
are described below. This may be given numerically by: 

𝑧௡(𝑛) = 𝑧௥(𝑛) ∙ ℎ(𝑛)                                          (1)    

The required time-domain response of the filter is denoted 
by 𝑧௥  (𝑛). An optimal low-pass filter sinc output [8] might 
also be used to get the desired outcome. Thus, frequency 
domain application of the resulting filter necessitates that 
it must be shifted from its original location to somewhere 
in the center of the desired spectrum after windowing. The 
apparent Gibbs-issue [8] causes a ripple in the band's 
border spectrums as a result of this operation, takes time, 
which is due to the sinc-window filter's feature and the 
operation itself. As a result, ripple frequencies can be 
effectively eliminated by lengthening the designated 
spectrum for only a few subcarriers at the turnaround 
boundaries. As a result, frequencies flow straightest 
possible in chosen frequency bands meanwhile starting 
their roll-off at the envisioned limits.  

As mentioned, the building procedure is vital, thus the 
filter technique's design must be careful when choosing a 
window function. Thus, OOBE can be reduced, improving 
time and frequency localization. In contrast to traditional 
CP-OFDM, the frequency range efficiency of CP-OFDM 
may be enhanced primarily by producing new bands that 
can be utilized to transmit useful information. As a result, 
data throughput rises as a result of this. According to the 
literature [22, 27], there are a variety of different types of 
windows, each having its own set of benefits and 
downsides. For instance, the rectangular-window mostly 
the fundamental of all window types. Since the rectangle 
function has poor frequency domain localisation, it has not 
been authorized for usage in 5G networks as a 
consequence of its principal drawback. 

Step 2: By converging two rectangular windows, for 
example [27, 33], a triangular/Bartlett-window may be 
produced. With this in mind, it was decided to make 
windows with narrower main lobe widths and 
exceptionally shallow sidelobe depths as the final product. 
On the basis of the idea of [27], the authors fully 

constructed other windows, to name some; convolution of 
the Hanning-window on its own [33] called Hanning-
Hanning window. Consequently, it is mathematically 
possible to describe as 

ℎ௡௘௪(𝑛) = ℎଵ(𝑛) ∙ ℎଶ(𝑛)                                    (2)    

in this case, ℎଵ  represents the first window and ℎଶ 
represents the second window.  

Step 3: A novel window design is suggested in this study, 
with a smaller-width main lobe and fewer sidelobe grades 
than other windows previously published in the literature, 
as opposed to other windows now in use. With regard to 
state-of-the-art, it can be said that a minimal 4-term 
Blackman-Harris window developed by Nuttall has 
exceptionally low passband ripple. The window is 
regarded as lowest in the meaning that its greatest 
sidelobes are reduced [21]. The mathematical description 
of the Nuttall-defined minimal 4-term Blackman-Harris 
window is possible, 

ℎே௨௧(𝑛) = 𝛾଴ − 𝛾ଵ cos ቂ
ଶగ

ఌିଵ
𝑛ቃ + 𝛾ଶ cos ቂ

ସగ

ఌିଵ
𝑛ቃ −

𝛾ଷ cos ቂ
଺గ

ఌିଵ
𝑛ቃ                                                          (3)    

In which the coefficients 𝛾଴ through 𝛾ଷ are replaced by the 
values 0.3635819, 0.4891775, 0.1365995, and 0.0106411, 
respectively [21], and the window size is denoted by the 
symbol 𝜀.  

Step 4: It follows from the abovementioned theory, and 
with the help of the expression of ℎ௡௘௪ in (2), developing 
a new window can be reached if frequency-domain 
convolution of Nuttall-windw with the exact Nuttall-
window, this corresponding to time-domain multiplication 
operation, according to Fourier Transform theory. To put 
it another way, according to (2), a new sample may be 
created simply multiplying ℎே௨௧(𝑛) by itself without any 
more processing. Hence, the subsequent is how the new 
window, ℎே௨௧ଶ(𝑛), also known as Nut2-window, may be 
characterized, after some mathematical operations: 

ℎே௨௧ଶ(𝑛) = 𝜇଴ + 𝜇ଵ cos(∅𝑛) + 𝜇ଶ cos(2∅𝑛) +
𝜇ଷ cos(3∅𝑛) + 𝜇ସ cos(4∅𝑛) + 𝜇ହ cos(5∅𝑛) +
𝜇଺ cos(6∅𝑛)                                                           (4)    

where 

∅ =
ଶగ

ఌିଵ
                                                                   (5)    

and µ଴, µଵ, µଶ, µଷ, µସ, µହ, and µ଺ are listed in Table 1. 

Table 1: Nut2-window coefficients. 

Factor Value 
µ଴ 0.26122544 
µଵ -0.42398714 
µଶ 0.22418291 
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µଷ -0.07455922 
µସ 0.0145351 
µହ -0.00145357 
µ଺ 0.00005662 

Step 5: It is necessary to employ this window in 
conjunction with the regular sinc-fuction in order to get the 
novel filter that is being discussed currently, 

𝜌(𝑛) = 𝑠𝑖𝑛 (𝜔௖  𝑛)/(𝜔௖𝑛) ∙ 𝑤ே௨ (𝑛)              (6)    

where 𝜔௖ is the frequency at which the signal is shut off.  

Step 6: As a result, the F-OFDM signal may be expressed 
as, 

𝑦(𝑛) = ൤
ଵ

√ே
∑ 𝑌௜(𝑘)𝑒௝ଶగ

ೖ೙

ಿேିଵ
௞ୀ଴ ൨ ∗ 𝜌(𝑛)             (7)    

The frequency indicator k=0...N is used in the final 
statement. The F-OFDM transmission element viewing 
process starts with the acquisition of binary data and 
progresses from there. Data is altered based on the 
sequence in which the baseband modulation is applied by 
using M-QAM mapping. Inverse Fast Fourier Transform 
(IFFT) information is available after the serial to parallel 
transformation is done. Then the signal is converted from 
a parallel to a serial form via multiplexing. Figure 1 
(upper-part) illustrates how the filter functionality will be 
performed as the last baseband process. 

 

Figure 1: F-OFDM transmitter/receiver chain 
configuration setup [27] 

Note that legacy OFDM is comparable to any individual 
chain seen in Figure 1, except it does not contain a filter. 
Figure 1 depicts the transmission process, while in the 

traditional filtered OFDM/CP-OFDM, the receiving 
procedures are reversed as shown in Figure 1 (lower-part). 
The suggested filter devised in our work will therefore be 
shown to drastically reduce OOBE leakage in a suggestive 
manner by the simulation results. In addition, the sidelobe 
will be far clearer, as will be seen in the next section. 

 

Figure 2: Suggested methodology procedure 

That is, the approach employed in this work can be 
described in Figure 2, as just that the suggested filter (6) 
replaces the traditional filter of the F-OFDM structure to 
get the final mathematical model of the F-OFDM signal in 
(7). 

3. Results and Discussions 

To show the strong points of the suggested methodology, 
conventional OFDM and the traditional filtered OFDM 
will be simulated in a comparison manner in this section. 
In contrast, Nuttall's based filter will constitute the 
foundation of the proposed F-OFDM. According to Table 
2 [27], the most important simulation parameters are 
presented here. There must be a significant number of 
Monte-Carlo repetitions to produce even somewhat correct 
results, as shown in Table 2. 

Table 2: Parameters that are critical for F-OFDM 
simulation [27] 

Parameter Setting 
N 1024 

Monte-Carol rounds 10,000 
Filter length (ε) 511 

Number of subcarriers 12 
Modulation order (M) 256-QAM 

CP-Length 256 
No. resource blocks 50 

decay up/down (Tone offset) 2 
Utilized channel AWGN 

With the intention of minimize disruption in 
synchronization-free telecommunications with changing 
numerology, the OOBE must therefore be lowered greatly, 
and this reduction must be large. Reasonably here to 
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incorporate the blocks represented in Figure 1 together into 
bigger system by utilizing the attributes provided in Table 
2. It should be noted that the size of the Fourier Transform 
blocks is set at 1024 and that the filter length is 511 places 
[23, 32, 22]; in plenty of other terms, the IFFT size set at 
1024 while the filter extends to N/2-1. Furthermore, the 
constellation map-order, denoted by the letter M, will be 
256 levels, or 256-QAM. It is planned that there will be 50 
RBs, each of which could feature exactly twelve 
subcarriers. In the decay-up/down transition stage, the 
tone-offset is two subcarriers long, corresponding to the 
decay-up/down phase. However, the receiving end of 
Figure 1 (upper-part) can be depicted in Figure 1 (lower-
part). Thus, in Figure 1 (lower-part), the complete reverse 
of the operations in Figure 1 (upper-part) were achieved. 
Further, the CP-length is 25% of the total IFFT size, N, 
then, CP-length is 256. Using the Monte-Carlo approach, 
the experiment will be run for ten thousand trials. The 
proposed window time-domain structure can be 
recognized clearly in Figure 3. 

With reference to Figure 3, Nut2 based new window shows 
improved behavior with in terms of mainlobe span as 
compared to that of Hanning or Hamming based structure. 
This enhancement is essential property that required in 5G 
transmitters and receivers. Figure 4 shows how the 
suggested window's frequency-domain compares to the 
frequency-domains of the Hamming and Hanning 
windows. In other words, as opposed to Hamming and 
Hanning windows, the spectrum intensity of the Nut2-
window has the least sidelobe. Nut2-window's first 
sidelobe begins at -150dBW/Hz, while other windows are 
started at -61.56dBW/H and -56dBW/H correspondingly 
to Hamming and Hanning, respectively. 

 

 

Figure 3: Time-domain representation of the proposed 
Nuttall-defined minimal 4-term Blackman-Harris window 

vs Hanning and Hamming windows 

 
 
 

 

Figure 4: Nut2-window, Hanning-window, and 
Hamming-window frequency-domain plots comparison 

F-OFDM-sidelobes in Figure 5, on the other hand, the 
Power Spectral Density (PSD) can be observed. Thus, 
based on Figure 5, the PSDs are -134.2 dBW/Hz and -50.0 
dBW/Hz corresponding to Hamming-F-OFDM and legacy 
OFDM, respectively. This indicated the superiority of the 
Hamming-based F-OFDM methodology. Furthermore, the 
PSD result due to Hanning-Filtered OFDM format was 
lowered to -126.0dBW/Hz, this is an improved 
implementation of the F-OFDM signal, which is enhanced 
value as with respect to the conventional OFDM signal. 
Amazingly, the value was improved noticeably when 
employing Nut2 window to construct filteration to the 
OFDM signal, as dipected in Figure 5, is the lowest of the 
three (improved dramatically), it may be as low as -
253.2dBW/Hz, which is an extremely improved signal 
relative to the legacy OFDM or any of the other windows 
used in this work. 

 

 

Figure 5: PSD of the OFDM compared to F-OFDM 
signals 

As a result, the proposed window exhibits outstanding 
quality and may be adopted to suit the various kinds of 
transceivers needed by diverse communications 
technology, including MTC and URLLC systems, among 
others. 
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4. Conclusions 

Better 5G networks with diverse numerology requirements 
need the use of synchronization-free connections. F-
OFDM has the potential to be a competitor in this field. F-
OFDM frequency/time localization has been pointedly 
amended when related to legacy OFDM pattern, thanks to 
the use of a novel filter design. This design, despite its 
increased complexity, has the advantage of being able to 
be implemented online while still maintaining the 
conventional filtering based OFDM architecture. 
Baseband modulation and symbol length are unrestricted 
in this production idea. Hence, it is recommended to use 
the suggested methodology in 5G communication 
technologies. 
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 المستندة إلى مرشح الوقت الحقيقي   F-OFDM تحسين اداء

    زهراء علي جواد

 zahraa.ali@coeng.uobaghdad.edu.iq،جامعة بغداد ،قسم الهندسة الالكترونية والاتصالات

  زهراء علي جواد  الباحث الممثل:*

    2023ايلول  30نشر في:   

) ، جعلت  MTC) ، والتقنيات الأخرى مثل اتصال نوع الآلة (IoTالتطور المستمر في التكنولوجيا ، ولا سيما إنترنت الأشياء ( –الخلاصة 
تتطلب هذه الابتكارات معدلات بيانات عالية جداً واتصالات غير متماسكة أو نقل أقل تزامنًا. عند من الضروري إدخال ظاهرة توزيع جديدة.  

) القديمة المدمجة ، والتي تم إنشاؤها حول الخاصية الرئيسية المتعامدة لتعدد الإرسال المتعامد بتقسيم التردد 4Gاستخدام أطر الجيل الرابع (
تكاليف  ، لا يمكن تلبية هذه المتطلبات نظرًا لعدم القدرة على الاتصال دون استخدام التزامن ، أو متطلبات التحكم في النفقات العامة في شكل 

(مضاعفة تقسيم التردد المتعامد) ، بما في ذلك استخدام مجموعة المرشحات من حيث    OFDMلعديد من بدائل الطيف  تشغيلية للمزامنة. ا
( تم    UFMC(التعددية العامة لقسم التردد المتعامد) ،    GFDMالمرشح متعدد الناقلات) ، أو  (بنك    FBMCالناقل متعدد الموجات ، أو  

،    (F-OFDM)اقتراح مرشح عالمي متعدد الحامل) وهو تعميم لجميع تقنيات الموجات الحاملة المتعددة القائمة على المرشحات مثل ترشيح  
يتم    وكلها تهدف إلى مطابقة متطلبات نظام الجيل التالي. نظرًا لتقليص المعلومات الجانبية المطلوبة بسبب الحمل الزائد لتطبيق المزامنة ،

عددياً في   Nuttallفصول تم تحديدها بواسطة  4مكونة من  Blackman-Harrisعرض عامل تصفية مبتكر يعتمد على حد أدنى من نافذة 
، يتم استخدام    F-OFDMهذا العمل. تتفوق الطريقة الموصى بها على ميزات التصميم السابقة من حيث القدرة الطيفية. في النظام الانتقالي  

لمرتفع لجيب التمام. من ناحية أخرى ، قدمت هذه الدراسة تصميم مرشح جديد سهل الإنشاء ويمكن إكماله بطريقة فورية. تم  مرشح الجذر ا
لسابقة  تصميم المرشحات المبتكرة على رأس المرشحات التراثية ، مما يعني أن الفلتر الجديد قد يستفيد من المزايا والعيوب المختلفة للفلاتر ا

- ديسيبل واط / هرتز ، بينما قام المخطط المقترح بتحسينه إلى    50.0- التقليدي    CP-OFDMالمرشحات السابقة. أظهر    مع إزالة عيوب
  .ديسيبل واط / هرتز 253.2

، انبعاث خارج النطاق ، توطين الوقت / التردد ، مرشحات   Nuttall windowing ،F-OFDMالجيل الخامس،  –الكلمات الرئيسية 
 . حقيقية الزمن- نافذة

  


