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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 per subband, its impulse response will be poorer than a per-

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

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 I: 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:

zn(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

hpew(®) = hy(n) - hy(n) 2)

in this case, h; represents the first window and h,
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,

Ayt () = Yo — ¥4 cOS [i—nln] + y, cos [:lln] -
ys cos | Zn] (3)

In which the coefficients y, through y; 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 €.

Step 4: It follows from the abovementioned theory, and
with the help of the expression of h,,,,, 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 hy,.(n) by itself without any
more processing. Hence, the subsequent is how the new
window, Ay, (1), also known as Nut2-window, may be
characterized, after some mathematical operations:

hyue2(m) = pg + pq cos(dn) + p, cos(20n) +
Us cos(30n) + py cos(40n) + us cos(50n) +

U cos(6@n) 4)
where
6= (5)

and Yo, Wi, Ko, K3, Ha, Mg, and pg are listed in Table 1.

Table 1: Nut2-window coefficients.

Factor Value
Ko 0.26122544
Uy -0.42398714
Uy 0.22418291
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Ws | -0.07455922
Wy 0.0145351

We | -0.00145357
Le | 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,

p(n) = sin (wc n)/(wcn) Wy, (1) (6)
where w, is the frequency at which the signal is shut off.

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

.. kn
Yy = [ FEN VN [+ o) )

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.
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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.

Step 1: Windowed-Sine formulation
Equation 1
Step 2: Convolving two windows
Equation 2
Step 3: Sclecting minimal 4-term Blackman-Harris window
Equation 3
Step 4: Multiply minimal 4-term Blackman-Harris window by
itsell’
Equation 4

Step 5: Substituting Equation 4 in Equation 2 of Step 2
Equation 6

i

Step 6: Using the filter in Equation 6 to get F-OFDM
FEquation 7

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

).

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 (&) 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.
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Figure 3: Time-domain representation of the proposed
Nuttall-defined minimal 4-term Blackman-Harris window
vs Hanning and Hamming windows
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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.
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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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