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Abstract

In this paper, we investigate the universal filtered multi-carrier system
(UFMC) for 5G and subsequent connections with the aid of the MATLAB
package. It can be considered that the UFMC technology provides an
advantage against inter-symbol interference (ISI1) as well as inter-carrier
interference (ICI) and low latency. The proposed system is simulated and
analyzed in terms of error rates, the complementary cumulative distribution
function (CCDF), peak-to-average power ratio (PAPR), error vector
magnitude (EVM). In more specific, this paper shows a comparison of two
UFMC systems, one with Dolph-Chebyshev filter and the other with Kaiser
filter. Obtained results indicate that the performance of the UFMC with
Kaiser is quite better than UFMC with Dolph-Chebyshev. Kaiser filter is
employed in place of UFMC-based Dolph -Chebyshev to achieve better
spectral energy and also to prevent leakage of the spectra. The obtained
results also show the enhancement in the EVM and the power spectral
density (PSD) criteria, e.g., Kaiser filter enhances the EVM by almost 0.2%.
Furthermore, in contrast to applying the Dolph-Chebyshev window in
UFMC, the Kaiser window can help in the decrease of PAPR for UFMC.

Keywords: 5G; Kaiser filter, Dolph—Chebyshev filter, universal filter multicarrier (UFMC), peak to average

power ratio (PAPR), CCDF.
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1. INTRODUCTION

5G technologies represent a paradigm shift, as it is the first standard that was envisioned with the Internet of

Things in mind, as capacity requirements differ in different 10T applications. At the same time, the industry
sectors, along with improved mobile broadband applications, are likely to lead the development of 5G in its early
stages. Hence, given the diversity of categories of use cases, the 5G infrastructure should be flexible; This is in
order to meet various requirements. One way to give this flexibility is to use network segmentation technology,
which is a form of network virtualization that allows many of the logic service networks, referred to as "chips", to
be supplied through the same basic physical infrastructure. "Slices" are allowed to present various network
properties. Although this technology is available in current technologies, it is likely to be a major feature of the
fifth generation of wireless networks, as 5G core networks make network segmentation more efficient.
With 5G technology, orthogonality becomes difficult to maintain due to the effects that OFDM waveform is not
good in at least for some applications. The researchers work on other 5G waveforms like cyclic prefix OFDM (CP
OFDM), Filter bank Multi-carrier (FBMC) and universal filter multi carrier (UFMC). But some applications may
not be compatible with OFDM [1]. In 5G technology, the UFMC filter is used as one of the successful alternatives
for the OFDM and FBMC, that it combines the specifications of the OFDM and FBMC. So it presents good
performance through its higher spectral efficiency, lower out-of-band (OOB) and highly robustness [2].. In the
case of UFMC technology [3], the filter is not taken for each subcarrier separately, but a set of frequency
subcarriers (sub-band circuits) consisting of a certain number of adjacent subcarrier frequencies. This strategy
allows to minimize out-of-band emissions (OOB) in comparison to the old or legacy OFDM technology while
symbol length almost the same. This is satisfied due to digital filtering technology, i.e., a window weight level
with a shorter length than other technologies. Therefore, the advantage of UFMC technology is introducing fewer
delays in data transmission than other technologies [4]. The high spectral efficiency of OFDM technology is
ensured by a fairly close arrangement of frequencies of adjacent oscillation subcarriers, which are generated
together so that the signals of all subcarriers are orthogonal. This is achieved by using the inverse fast Fourier
transform (IFFT) at the transmitter side and the direct fast Fourier transform (FFT) at the receiver side, and both
can be quite easily executed using appropriate signal processing methods [5]. Networks of 5G should use
simplified synchronization approaches to provide data transmission in the presence of frequency-time distortion
with the use of additional digital cyclic prefixes as additional protection against channel delays. Filters in UFMC
technologies can eliminate the use of a cyclic prefix technique guard interval and thereby increase their spectral
efficiency compared to the legacy OFDM technology. Also, if the additional filtering becomes insufficient to
eliminate or decrease the level of subcarriers side lobes in case of a complicated channel environment, then
UFMC technologies are more immune to the time shifts and frequency estimation issues compared to OFDM
technology. Therefore, UFMC systems do not impose a complex synchronization scheme and passing on extra
training signals which is especially important for low-cost devices. The conventional UFMC applies the Dolph-
Chebyshev filter for each sub-band. The key benefits are to reduce the attenuation in the main band.
Simultaneously, there is abrupt attenuation in the stopband region to avoid OOB emission (limited transition
band). However, a great performance can be performed with higher filter orders, i.e., at the price of computational
cost. Consequently, a trade-off between the complexity and the performance required to be optimized [6,7].
Several studies have been suggested to cope with the issue of OOB radiations in the presence of the UFMC
system. In Ref. [8], authors introduce a transmit-a windowing-based scheme that overcomes OoB radiations by
leaving a controlled amount of ICI in the Orthogonal frequency-division multiplexing system. where the transmit-
window the approach is utilized to the overall symbols with an extended symbol duration to limit the ISI. In Ref.
[9], authors suggest a simplistic spectrum shaping system for Orthogonal frequency-division multiplexing based
cognitive radio schemes to improve bandwidth efficiency and spectral compactness. Authors in Ref. [10] employ
the Bohman filter just at the lower- and upper-edge subcarriers to decrease the inter-symbol-interference for
UFMC Systems in 5G. They observe that employ subcarrier weighting or filtering to the edge subcarriers of the
sub bands can improve the scheme at a lower computational cost.

Unlike previous work in Ref. [10], we suggest employing Kaiser window at the transmitter to mitigate the
effect of OOB emission and improve the performance of the system. In the current work, we address the PAPR
performance in UFMC systems. After that, we compare the performances of two different windows in terms of
error vector magnitude (EVM), PAPR, BER, and power spectral density (PSD) in the presence of additive white
Gaussian noise (AWGN) channels. Moreover, investigate different order of QAM techniques. The remainder of
this manuscript is organized as follows: Section 2 outlines the UFMC system model, while Section 3 introduces
the numerical results and discussion, and the conclusions are presented in Section 3. We utilize lower/upper-case
boldface letters to indicate column /matrices vector, whereas lower-case letters indicate scalars.
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2. UFMC SCHEME PRICIPLE

The UFMC native curriculum is based on aggregating sub-carriers into several sub-bands, filtered
independently in each sub-band. In general, UFMC is a waveform prepared for 5G technology. The major benefit
of choosing UFMC as the primary proposed for wave in fifth-generation technology is that the UFMC scheme
doesn't use a periodic prefix to prevent interference between symbols, this will improve the system spectral
efficiency and, consequently, reduce spectral resources [11], [12].

2.1.System model

The Universal filtered multi-carrier (UFMC) is a new paradigm of multi-carrier modulation technique that it
specifies the sub-band waveforms, so that the transmitted signal is obtained without an extra cyclic prefix and
consequently enhances the spectrum usage. UFMC employs a zero prefix, which is necessary to construct the
receiver. Figure 1 shows the UFMC general architecture of the system. [7].
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Figure 1: The UFMC system block diagram.

The UFMC system filters the subcarriers instead of the entire band filter as in the OFDM system. Further, the
transmit signal in the user's time-domain k represents the overlap of filtered sub-band waveforms. Multiple carrier
adjustments rely on splitting data into multiple parts and sending it across a set of sub-channels so that you can
achieve a higher data throughput. The UFMC system is also dependent on (FDM), where input data is divided into
sub flows at low rates. [13]. Referring to the fiure, the input data is divided into sub-bands. When these sub-bands
are utilized, a specific length filter is used for each sub-band, which leads to a significant reduction in out-of-band
transmission [1]. In this way, it will reduce bad interference between adjacent sub-channels. UFMC can be
achieved using Dolph-Chebyshev Filter and Kaiser Filter. The Kaiser window, also known as the (Kaiser - Bessel
window), was developed by James Kaiser at Bell Labs. It is a family of single parameter window functions used
in the design of the finite impulse response filter and spectroscopy and increases the energy concentration in the
main lobe but is difficult to calculate. Also , Dolph-Chebyshev windows control the breadth of the side lobes with
respect to the main lobe, and the correct selection gives good results [1,14]. For the UFMC scheme in figure 1, the
transmit signal in the user's time-domain k represents the overlay of the filtered sub-band waveforms. Assuming
that the FFT and filter lengths are, respectively, N and L, then the signal delivered by the UFMC can be
represented in the matrix and vector shape as given in the following equation [12],

Xe =X5 1 Fie Vie Sk 1)
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Where F;y is the Toeplitz matrix for the sub-beam i, which contains the pulse responses of the filter leading to
the linear fold process and V;y is the IDFT matrix that specifies the nodal codes, and S; is the data beam from
the sub-beam request i after the IFFT is applied with a length of N.

2.2. The Dolph- Chebyshev window

The transformation of the Dolph-Chebyshev window can be expressed in the following equations, [7].

_ cos{M cos_l[ﬁ’ cos(n—k)]} _
Wwy) = Cosh[Mwsh_l(ﬁ’;‘] , K=01,..,M—-1 @)

Where M is the length of the window,  and o are the window parameters, [14].

B = cosh (icosh_l(lO“)), a= 234, (3)

Alpha is a parameter that controls the side-lobe level. Side-lobe level is -20 a. dB. This window can be considered
as the ideal Chebyshev lowpass filter impulse response where the main lobe consists of two transition bands (a
zero-width pass-band).

2.3.Kaiser filter window

The Kaiser window, also known as the (Kaiser - Bessel window), was developed by James Kaiser at Bell Labs.
The parameters of the Kaiser window are calculated using the following equation, [14].

ol
\
Io(B)

where, B is the coefficient of shape parameter, N is the length of the filter, and I,(.) is the first kind modified
Bessel function (zeroth order).

/,OSnSN 4

w(n) =

2.4. System parameters

The UFMC System will be qualified in two scenarios, the first when using the system with Dolph-Chebyshev
filter, while the second is when using Kaiser window. The idea behind these scenarios is to assess the influence of
each type of filters on the performance of the system. The general parameters of the system are presenting in table
1. UMFC System parameters: The size and the number of Sub bands are chosen based on the number of FFT
points where these values will be chosen for each of the two scenarios that will be compared between them within
the UMFC system. The results of the performance comparison of the Kaiser filter and the Dolph-Chebyshev filter
will be displayed in next section, in terms of peak-to-average power ratio (PAPR), EVM, and CCDF. Modulation
of 64 QAM and 256 QAM will be used for both scenarios.

numFFT numSubbands

a. Subband Offset = For band center

— subbandSize *

b. subbandSize: mustbe > 1
c¢. numSubbands * subbandSize < numFFT

Table 1: UFMC design parameters

Parameter Value
number of FFT points 1024
Sub band Size 50,42
Number of Sub bands 15
Sub band Offset 137
SNR dB 50
Modulation 64QAM , 256 QAM
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2.4.1 Kaiser window design parameters.

Adjusting the time-bandwidth parameter of the Kaiser window introduces a trade-off balancing between main
lobe width and sidelobe amplitude. However, in this type of window, the design process is eliminated to a single
parameter optimization problem.

2.4.2 Dolph-Chebyshev window design parameters.

The Dolph-Chebyshev window, in contrast to the other type of windows, has two parameters: the shape
parameter, and the length of the sequence N. The shape parameter, can be changed with the length of the window
is fixed to some points (see table 2). Figure 2 shows Kaiser- filter and Dolph-Chebyshev characteristics in time
domain and frequency domain.

Table 2: Dolph-Chebyshev and Kaiser windows design parameters.

Parameter Value
Dolph-Chebyshev Kaiser
The length of the Filter 30 30
sidelobe attenuation 40
Beta 541

Window Viewer

Time domain Frequency domain

0 [ [ |
1 Dolph-Chebyshev window
.20 KAISER window
08 -
2
5 = 40
206 3
= 3
2 E
<4 g %
=
0.2 -80
0 . : ; : - -100
5 10 15 20 25 30 0 02 04 06 08
Samples Normalized Frequency (x rad/sample)

Figure 2: Kaiser- filter and Dolph-Chebyshev characteristics in time domain and frequency domain.

2.5. Peak-to-Average Power Ratio (PAPR)
The peak-to-average power ratio (PAPR), is the measure between the highest power and the average power level,
and it can be described in the following equation [7,15].

2
pAPR = Xpead (5)

Xrms?

Where; Xeax is the highest instantaneous power level and X,y is the average power level

2.6. Error vector magnitude (EVM)

The measured EVM rms measurements using either the average constellation power or the peak constellation
power method as Calculated using the following equations [16, 17].

For EVM Normalization method:

The average constellation power: EVM, =100 PZ’;g (6)

EVM,s in precent for average constellation power normalization:

1¢N
SN 1(er)
EVM, s (%) = 100 [A=K=2— F’fa:g k (7
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The peak constellation power:

EVM, = 100 /% 8)

EVM,s, in precent for Peak constellation power normalization:
1N
~2ZKk=1(€k)
0, — N
EVM,s(%) = 100 / — 9)

ex = — L)? + (Q— Qr)? (10)
Where I, and Q, represent ideal reference values. [, and Q, represent measured (received) symbols.

EVMrms)
100

EVM(dB) = 20log,( (11)

2.7. Complementary Cumulative Distribution Function (CCDF)
CCDF measurement estimates the CCDF of the random variable Xas defined by the following equation [18, 19] .

P

GG (12
Where
P is the instantaneous power of the signal in watts
E(p) is the mean power of the signal in watts
The following equation defines the CCDF of X.
CCDFE,(X) = pr{X > x E(P)} (13)

where Pr {e} denotes the probability of the event e.

3. RESULTS AND DISCUSSION

This section explains and displays the results of simulation of the UFMC system in 5G technology with the two
pre-defined scenarios, each with candidates filters, and will present the system design results for the filters.

3.1. UFMC System Performance for Modulation of 64-QAM

First, we present the spectrum, peak to average power ratio (PAPR), complementary accumulative distribution
function (CCDF) for the UFMC system with Kaiser and Dolph-Chebyshev windows.

3.1.1 Effects of Window Length

We investigate a different length for the candidates Dolph-Chebyshev and Kaiser window, where the performance
results are scheduled in table 3. According to the obtained results, the length of the candidate window of 30
samples was chosen because it achieved a relatively better result than the rest.

Table 3: 64-QAM modulation results for different window length.

Parameter PAPR EVM Average EVM
Kaiser Dolph- Kaiser Dolph- Kaiser Dolph-
Chebyshev Chebyshev Chebyshev
64-QAM modulation 8.6306 8.6449 dB 0.8 % 0.7% -51.4dB -51.3dB
Filter length= 20 ds
64-QAM modulation 9.6074 9.6165 dB 0.7 % 0.9% -51.2 dB -51dB
Filter length= 30 dB
64-QAM modulation 10.6377 10.6442 dB 1.2% 1.0% -50.5 dB -50.0 dB
Filter length= 40 dB
64-QAM modulation 10.6968 10.6465 dB 1.2% 2.1% -49.0 dB -47.8 dB
Filter length=50 dB
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3.1.2 End of Transmission Spectral Density

The full sub-band domain is classified into a group of sub-domains. Each sub-band will have a fixed number of
sub-carriers where N-pt IFFT will be calculated for each allocated subdomain. Each subdomain is filtered with an
L filter, after which these responses are grouped from all different subdomains from each other. The filtering
process is used to reduce spectral transmission outside the band path. The same filter will be used for each added
subdomain.

The Dolph-Chebyshev window and the Kaiser window with attenuation of side-lobe are used in filtering the IFFT
output for each sub-band so that windows are compared and selected the best and most effective. The processing
of the end of transmission is shown in Figure 3.

UFMC 15 sub band, 50 subcarriers

Sub-bands
1tols

b ——xmbbeuaf
e winieaalz

S —— vl
bbb ——sebbeaaf

E —— sl pid gk 1add
5 - sebieiE  ——xribivaals
= —— sl ——Seenry
9 e S DDA ol

et gid g T

S0 ——SPne a0
S ——smbieal 1
—— smiblvun s e
SPIDDNITS m— e
il . ——smnisuF
s S el

e L L3 £

Mormalized frequenaor

Figure 3: Filtered-UFMC Spectral Density.

3.1.3 PAPR Performance

Comparing the UFMC with (Dolph-Chebyshev) and UFMC with (Kaiser) in terms of peak to average power ratio
(PAPR) prove that the Kaiser is better according to the following,

1. UFMC with Dolph-Chebyshev: The Peak-to-Average-Power-Ratio is almost 9.6165 dB

2. UFMC with Kaiser: The Peak-to-Average-Power-Ratio is almost 9.6074dB.

3.1.4 Rx signal after AWGN 7102 B for UFMC with Kaiser and Dolph-
Chebyshev filters

After transmitting the signal to AWGN (SNR is 50 dB), the obtained signal on the reception side is shown in

Figure 4. This figure indicates that the UFMC signal with Kaiser filter gives the best signal compared to the

Dolph-Chebyshev filter. The maximum magnitude (in dB) received Signal after AWGN-UFMC with Dolph-
Chebyshev filter is 31,31 while received Signal after AWGN-UFMC with KAISER filter is 30,27.

2l

20l

Magnitude (dB)

20

—— Rx signal after AWGN for UFMC with Kaiser
Rx signal after AWGN for UFMC with Dolph-Chebyshev

30
i
R

HIF | [ |
I H‘Nli | | . . . . . t]\l Wil

06 04 €2 ¢ 0z 04 06

Normalised Frequency (x it rad / sample)

Figure 4: UFMC System R, signal after AWGN.
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3.1.5 Constellation Metric

The error vector magnitude / Modulation error ratio (EVM / MER) [16,17] for the signals of the two systems are
compared, and the results show that EVM of the UFMC symbols with Kaiser filter is 0.7 %, and the UFMC
symbols equated with Dolph- Chebyshev filter is 0.9 %. Therefore, employing the Kaiser window with the UFMC
is better than Dolph-Chebyshev in this aspect.

Case 1: UFMC equalized symbols with Dolph-Chebyshev in this scenario, the RMS is 0.3%, Peak EVM is 0.9%,
Avg EVM is -51.0 dB, and Peak EVM is -41.3 dB.as shown in the Figure 5.

Case 2: UFMC equalized symbols with KAISER filter in this scenario, RMS is 0.3%, Peak EVM is
0.7%, Avg EVM is -51.2 dB, and Peak EVM is -43.1 dB as shown in Figure 6.

FYEVM ! MER ? UFMC Equalized Symbols WITH Dolph-Chabyshev

¥ Settings
ment interval: (ST
/M normalization: FEUETETEEY
on: [EReETTE
B Averag... v
1

Figure 5: UFMC Equalized Symbols WITH Dolph-Chebyshev.
ax

UFMC Equalized1 Symbols WITH KAISER

Current dit

RMS EVM (°

Peak EVM (
Avg EVM (dB)
Pe

plitude:

Figure6: UFMC Equalized Symbols WITH Kaiser.

3.1.6 Complementary cumulative distribution function (CCDF)

CCDF curves [18] feature high-level power stats for a digitally modified signal. Digitally modified signals are the
same amount of time noise as well as frequency. This indicates that statistical signal measurements can be a good
description. Also, curves can be good at defining parameters for designing digital communication systems.

Case 1: CCDF Measurement for UFMC with Dolph-Chebyshev filter in Ry signal is shown in Figure 7.

Wasit Journal of Engineering Sciences. pg.18



safa N. Idi, Mahmood A. Mahmood, Hasan F. Khazaal

T
60 1
|

1 | | I |
65 CCDF Measurement CCDF UMFC WITH Dolph-Chebyshev IN RXsig
cedfsubband1

cedfsubband2

ccdfsubband3

cedfsubband4

cedfsubband5

cedfsubband6

cedfsubband?

ccdfsubband8

cedfsubband9

—ccdfsubband10

ccdfsubband11

cedfsubbandi12

cedfsubband13

cedfsubband14

cedfsubband15

P

P
&

7
7

o
=)
L

Probability (%)

)
&

20

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11
dB above average power

Figure 7: CCDF Measurement CCDF UFMC with Dolph-Chebyshev filter in R, signal.
Case 2: CCDF Measurement for UFMC with KAISER filter in R4 is shown in Figure 8.
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Figure 8: CCDF Measurement CCDF UFMC with Kaiser filter in R, signal.
3.2. UFMC System Performance for Modulation of 256-QAM

Next, we investigate the spectrum, peak to average power ratio (PAPR), complementary accumulative
distribution function (CCDF) for the UFMC system with Kaiser and Dolph-Chebyshev windows for
Modulation of 256-QAM. For this case, the Peak-to-Average-Power-Ratio (PAPR) for UFMC with
Dolph-Chebyshev is about 8.1635 dB, while the Peak-to-Average-Power-Ratio (PAPR) for UFMC
with Kaiser is about 8.1107 dB. Also, table 4 summarized the performance of the two filters for two
cases of modulation order (64 & 256-QAM) for number of FFT points is 1024 and SNR is 50 dB.

Table 4: UFMC System Performance Summary

Parameter 64-QAM modulation 256-QAM modulation
Kaiser Dolph-Chebyshev Kaiser Dolph-Chebyshev
PAPR 9.6074 dB 9.6165 dB 8.1107 dB 8.1635 dB
EVM 0.7% 0.9% 0.6 % 0.7 %
Average EVM -51.2 dB -51 dB -52.1 dB -52.9dB

Table 5: Research value compared to previous research on Dolph-Chebyshev in system UFMC

Parameter The value of previous research [20] . | Research value
number of FFT points 512 1024
Sub band Size 20 50
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Number of Sub bands 10 15
window Dolph-Chebyshev Dolph-Chebyshev
SNR dB 15 50
Modulation 16QAM 64QAM
The length of the Filter 43 30
sidelobe attenuation 40 40
PAPR 8.2379 dB 9.6165 dB
EVM 41.7 % 0.9%

3.3.Discussion

We have investigated the performance of the UFMC system of the two scenarios (in the presence of Kaiser filter
and Dolph-Chebyshev filter); the results show an improvement in one of the systems which of with Kaiser
windows than that with the Dolph-Chebyshev window. The former scheme employs bandwidth much better than
the later scheme. The number of sub-bands is 50, and the length of the windows is 30, which is the best in this
test. Choosing the best length for the windows will consume the largest possible bandwidth and reduce the error
created during the transmission of the signal without affecting the network. Therefore, Kaiser is preferred for the
UFMC system in the technology of 5G for better its ability to save data during transmission and reduce data loss
when sending it to the receiving side where it shows the EVM percentage of 0.7 while the other is 0.9, i.e., the
difference is almost 0.2%.

4, CONCLUSIONS

In this study, the performance of the UFMC filtering system is investigated for two scenarios. The system
performance with Kaiser type filter is compared with that that employs Dolph-Chebyshev in terms of BER,
PAPR, and EVM and PSD and transport effects. Results prove that UFMC with the Kaiser filter gives a key
advantage over using Dolph-Chebyshev, and this is why Kaiser filters are applied in the UFMC system rather than
other types. This manuscript may introduce an important baseline to get insights about the best signaling design
for people investigating 5G wireless schemes and more specific UFMC schemes.

Nomenclatures

Fix The Toeplitz matrix for the sub-beam i.
lo(.) The first kind modified Bessel function
M The length of the window
N The length of the filter
Re Reynolds number
Vik The IDFT matrix
Sik The data beam
Greek Symbols
a a parameter that controls the side-lobe level.
B the coefficient of shape parameter.

Abbreviations
CCDF Complementary cumulative distribution function
EVM error vector magnitude

FBMC Filter bank multicarrier

OFDM Orthogonal frequency division modulation

0ooB out-of-band emissions

PAPR peak-to-average power ratio

PSD Power spectral density

IFFT the inverse fast Fourier transform

JESTEC Journal of Engineering Science and Technology

MER Modulation error ratio

UFMC universal filtered multi-carrier system
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