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Abstract—Universal-filtered multi-carrier (UFMC) waveform
is considered as a potential candidate for next generation wireless
systems due to its robustness against inter-carrier interference
(ICI) and the low latency required in 5G systems. In this paper, a
pulse shaping approaches in UFMC technique is studied to reduce
the spectral leakage into nearby sub-bands. The performance of
various types of window functions such as Chebychev, Hamming,
Hanning and Blackman with UFMC are compared. This leads
to different coefficients and attenuation shapes, that enabled
to choose the proper window function. Finally, a new selective
mapping (SLM) peak to average power ratio (PAPR) reduction
technique is proposed to enhance the UFMC system performance.
Results show that the BER performance of UFMC with all
windows functions are the same. However, Blackman window
function has a higher attenuation for sidebands compared with
others.

Index Terms—Universal-filtered multi-carrier (UFMC), Or-
thogonal frequency division multiplexing (OFDM)

I. INTRODUCTION

Fifth-generation (5G) is the latest iteration of cellular tech-
nology and become the most important topic for researchers
to greatly increase the speed of wireless networks. With 5G,
data transmitted over broadband connections together with
advanced antenna technology could travel at rates as high as
20 Gb/s, which support the expansions of wireless applications
[1]. The 5G supports many applications such as Internet
of things (IoT) and machine type communications (MTC).
Moreover, it is supposed to offer latency of 1 ms or lower
for uses that require real-time feedback.

Over the last decade, an orthogonal frequency division
multiplexing (OFDM) waveform is used for 4G standard [2],
[3], which solves multi-path channel problem [4]. The OFDM
uses guard band and cyclic prefix (CP) in order to avoid inter-
carrier interference (ICI) and inter-symbol interference (ISI)
respectively [5]. However, OFDM suffers from many problems
such as low spectrum efficiency, high power consumption and
out-of-band (OoB) emission [6]. The 5G solves these problems
by using new waveforms such as filter bank multi-carrier
(FBMC) and universal filtered multi-carrier (UFMC) [7].

The FBMC system reduces the OoB emission through filter-
ing each sub-carrier individually without using CP. However,
this is inappropriate for some applications as it requires higher
filter length. On the other hand, UFMC allows to combine

both advantage of OFDM, which filters the frequency band
completely and that of FBMC, which filters each sub-carrier
individually. It divides the complete frequency band into small
number of sub-bands, each one consists of a fixed number of
sub-carriers. Therefore, UFMC will reduce the filter length
encountered in FBMC technique [8], [9].

The standard UFMC uses Dolph-Chebyshev filter for each
sub-band. The main advantages are; 1) In the main filter
band, there is no attenuation in order to path the valuable
signals without any loss. 2) In the stop band, the attenuation
is decaying fast and the filter has very limited transition
band in order to avoid OoB emission. 3) With higher filter
orders, a good performance can be achieved on the expense
of computational cost. Therefore, the trade-off between the
performance and complexity need to be optimized [10], [11].

Another problem at UFMC system is the high value of peak
to average power ratio (PAPR). This affects the performance
of the high power amplifiers (HPAs) in UFMC transmitter.
Several techniques have been used to reduce the value of
PAPR, such as clipping, precoding, companding, and selective
mapping (SLM) techniques. Companding technique can be
used in the UFMC system because it is an easy and less com-
plex PAPR reduction [12]. Mu-Law companding technique is
based on compressing the large signals and expanding the
small signals to protect the small signals from noise. On the
other hand, SLM technique is based on generating a set of
candidate data blocks by the transmitter. Each data block has
the same information of the original data block. The technique
selects the block which has the least PAPR for transmission
[12]–[14].

This article, initially compares the performance of both
UFMC and OFDM systems concerning the bit error rate (BER)
in the presence of additive white Gaussian noise (AWGN) and
Rayleigh fading channel. The comparison has been applied
for different types of modulation formats such as QPSK,
16QAM and 64QAM. Next, the study of the performance
of various window functions with UFMC such as Hanning,
Hamming, Chebyshev and Blackman are investigated. This
helps in choosing the proper window function to design the
filter of the proposed UFMC system. Finally, PAPR reduction
techniques such as Mu-law companding and partial-orthogonal
SLM (POSLM) techniques are proposed in order to enhance
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the performance of UFMC system. Meanwhile, both UFMC
and OFDM systems are compared in terms of PAPR and BER
performance.

The organization of the paper is as follows. In Section
II, UFMC system model is described. The design functions
for various types of filters are explained in Section III. In
Section IV, PAPR reduction techniques have been presented.
Section V, show the simulation results and the performance of
UFMC systems compared with OFDM systems. Finally, the
concluding remarks are presented in Section VI.

II. THE UFMC SYSTEM MODEL

The UFMC communication system is based on dividing the
whole K frequency band into B sub-bands. Each sub-band
has a fixed number of sub-carriers ml, such as K = Bml∆f ,
where ∆f is the sub-carrier band. The UFMC transceiver
block diagram is shown in Fig. 1.

The user data bits associated with ith sub-band are firstly
mapped into a column vector si ∈ Cml×1 of ml complex data
symbols using any digital modulation scheme (e.g., QPSK,
16QAM or 64QAM). The si complex data symbols are then
passed through NFFT -points Inverse Fast Fourier Transform
(IFFT) to be converted into time domain. The IFFT output of
each sub-band is filtered using digital filter of length Nf . The
output signal can be expressed as:

x =

B∑
i=1

xi =

B∑
i=1

FiVisi (1)

where i = 1, 2, ..., B is the index of different sub-bands, Fi ∈
C(NFFT+Nf−1)×NFFT is a Toeplitz matrix composed of the
filter impulse response, Vi ∈ CNFFT×ml is the IFFT matrix,
and xi ∈ C(NFFT+Nf−1) is the output of each branch. The
transmuted signal x ∈ C(NFFT+Nf−1) is the summing of all
sub-bands outputs.

The received signal at the receiver can be expressed as,

y = Hx + n (2)

Where H ∈ C(NFFT+Nf−1)×(NFFT+Nf−1) is the channel
convolution matrix that follows the Rayleigh fading distri-
bution and n ∈ C(NFFT+Nf−1)×1 is a zero mean complex
additive white Gaussian noise (AWGN) with variance σ2.

In UFMC receiver, 2NFFT -point Fast Fourier Transform
is used to convert the received signal from time domain to
frequency domain. Also, zero padding is utilized to avoid inter
symbol interference (ISI). The output of FFT passes through
frequency domain equalization to detect the transmitted data,
yeq . The symbol de-mapping demodulates the output signal
from the equalized signal to restore the estimated original data.
The estimated original data can be expressed as,

ŝ = Uyeq (3)

where, U ∈ CK×(NFFT+Nf−1) is the UFMC demodulation
matrix, and yeq represents the equalized signal.

III. FILTER DESIGN

In this section, different kinds of digital FIR filters will be
used. They include Hamming, Hanning, Chebyshev and Black-
man filters. Digital FIR filers are used to solve OoB emission
problem and to improve PSD efficiency. The characteristics of
various filters [15], [16], are summarized as follows.

A. Hamming Window

whamm(n) =

[
0.54− 0.46 cos

( 2πn

N − 1

)]
RN (n) (4)

where N is the Hamming window length.
The Hamming filter is given as:

fhamm(n) = fd(n).whamm(n)

where fd(n) is the ideal linear phase filter.

B. Hanning Window

whann(n) =

[
0.5− 0.5 cos

( 2πn

N − 1

)]
RN (n) (5)

where RN (n) is the rectangular sequence and N is the
Hanning window length.

The Hanning filter will be given as:

fhann(n) = fd(n).whann(n)

C. Chebyshev Window

wcheby(n) = (−1)n
cos[N cos−1[β cos(πn/N)]]

cosh[N cosh−1(β)]
, 0 ≤ n ≤ N−1

(6)
where N is the Chebyshev window length and β is the side
lobe attenuation.

Therefore, the Dolph-Chebyshev filter will be given as:

fcheby(n) = fd(n).wcheby(n) (7)

D. Blackman Window

wblack(n) =

[
0.42−0.5 cos(

2πn

N − 1
)+0.08 cos(

4πn

N − 1
)

]
RN (n)

(8)
where N is the Blackman window length and Blackman filter
will be written as:

fblack(n) = fd(n).wblack(n)
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Fig. 1. The UFMC system model

IV. PAPR OF UFMC SYSTEM

The peak-to-average power ratio (PAPR) will be calculated
as the ratio between the maximum power of the samples in a
given transmit symbol and the average power of that symbol.
High PAPR occurs in a multi-carrier (MC) systems because
there are a large number of independently modulated sub-
carriers. When the different sub-carriers added up coherently,
they give a large peak value as compared to average value of
the symbol. Consequently, The PAPR will be given as:

PAPR =

max
(
| x(n) |2

)
E

[
| x(n) |2

] (9)

where x(n) is the multi-carrier symbols, max( ) denotes the
maximum signal power, and E denotes the average signal
power.

The high value of PAPR degrades the performance of
UFMC system because it causes saturation of the high power
amplifier which produces inter modulation product. In the fol-
lowing sections, Mu-Law companding and partial-orthogonal
SLM PAPR reduction techniques have been used to reduce
PAPR and to increase the efficiency of UFMC system. The
complementary cumulative distribution function (CCDF) is
used to analyze the efficiency of a PAPR reduction technique.

A. Mu-Law Companding Technique

The Mu-Law companding offers very good PAPR reduction.
It compresses the original UFMC signal at the transmitter end
by using the monotonically increasing functions. The signal
can be easily recovered at the receiver end by using the inverse
transform function before the signal passes through any other
operation. Mu-Law companding can be expressed as in [12].

C
(
x[n]

)
= sgn

(
x[n]

) ln
(
1 + µx[n]

)
ln(1 + µ)

(10)

where sgn( ) represents the sign function and it is used to
maintain the phase of UFMC signal. The µ parameter repre-
sents the compression ratio. If µ increases, the compression
of the amplitude of the transmitted signal increases and offers
high PAPR reduction. The inverse companding operation can
be expressed as [12]

C−1
(
y[n]

)
= sgn

(
y[n]

) 1

µ

((
1 + µ

)|y[n]| − 1

)
(11)

B. Partial Orthogonal SLM (POSLM) technique

The selective mapping (SLM) technique is based on gen-
erating U candidate vectors of length N identical to the
UFMC symbol length. The U vectors is represented by a
concatenation of two sub-vectors. The first sub-vector is an
orthogonal vector of length N − β formed by Hadamard
matrix. The second of length β = N/ε is formed by random
elements taken from the normal distribution, where ε is an
integer number greater than one. If β increases the random
part will increase and the orthogonal part will decease. At
the transmitter side, the complex data symbols si will be
multiplied by U phase vectors and the vector with the lowest
PAPR is selected for transmission. The transmitted signal can
be represented by:

xv =

B∑
i=1

FiViS
v
i = [xv1, x

v
2, ..., x

v
NFFT+Nf−1] (12)

where v denotes the signal with the lowest PAPR from the set
U and pv ∈ {pu, 1 ≤ u ≤ U} is the best phase sequence from
the set of U vectors. The phase vector pv can be expressed
by:

pvk = [pv1, p
v
2, ..., p

v
NFFT+Nf−1] (13)

The reduction of PAPR depends on the number of U phase
vectors and the design of the phase rotation factors puk = ejφ

u
k

where φuk is a random discrete value in the range of 0 to 2π.
At the UFMC receiver side, the transmitted phase vector pv
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TABLE I
THE UFMC AND OFDM SYSTEM PARAMETERS.

Parameter UFMC OFDM

Number of subcarriers 300 300

IFFT/FFT size 512 512

Modulation order QPSK, 16QAM,64QAM

CP length - 36

Filter length 37 -

Number of sub-bands, B 30 -

Sub-band size 10 -
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Fig. 2. BER of UFMC using Dolph-Chebyshev filter compared to OFDM.

must be estimated to redirect the data block to its original
phases by solving the following optimization problem:

pv = arg max
u∈{1,2,...U}

NFFT+Nf−1∑
n=1

(| yn |2, pun) (14)

V. SIMULATION AND ANALYSIS

The simulation parameters of both UFMC and OFDM are
listed as in Table I.

The performance of UFMC and OFDM systems are com-
pared in terms of BER versus signal to noise ratio (SNR).
Additionally, the performance of different kind of digital FIR
filters in the case of UFMC system is explained, in terms of
power spectral density (PSD) efficiency and PAPR.

Figure 2 shows the performance of both UFMC and OFDM
systems in the presence of additive white Gaussian noise
(AWGN) and Rayleigh fading channels while using different
modulation techniques such as QPSK, 16QAM, and 64QAM.
The BER performance of both systems are almost the same.

For example, at BER of 10−2, the SNR of UFMC sytem
is the same as SNR for OFDM which is 5dB for QPSK
modulation technique. The BER performance of UFMC and
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UFMC-Hamming
UFMC-Hanning
UFMC-Blackman

Fig. 3. BER of UFMC for all window functions in QPSK.

-0.5 0 0.5

-120

-100

-80

-60

-40

-20

0

OFDM
UFMC-Hamming
UFMC-Hanning
UFMC-Chebyshev
UFMC-Blackman

Fig. 4. PSDs of UFMC using different window functions compared to OFDM
using QPSK modulation format.

OFDM are degraded in the presence of Rayleigh fading
channel. For example, at BER 10−2 the SNR of UFMC and
OFDM are 16 dB for QPSK. In addition for higher order
modulation techniques such as 16QAM and 64QAM, the BER
will be degraded again to higher values. For example, at BER
of 10−1, the SNR of UFMC and OFDM are 10 dB for QPSK
and 15 dB for 16QAM.

On using different types of digital FIR filters instead of
Dolph-Chebyshev filter, the BER performance of UFMC is
indicated in Fig.3. Although, it can be seen from this figure
that the BER performance of UFMC with various filters are
similar, they all have a very low OoB emission compared
to OFDM as indicated in Fig. 4. It illustrates the different
power spectral density (PSD) of UFMC with various window
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TABLE II
THE PAPR FOR BOTH UFMC AND OFDM SYSTEMS.

Filter PAPR(OFDM) PAPR(UFMC)

- 8.2437
Hamming - 8.5798

Hanning - 8.5906
Chebyshev - 8.5744
Blackman - 8.5714

0 1 2 3 4 5 6 7 8 9
PAPR[dB]

10-1

100

C
C

D
F

ufmc+(mu=50)
ufmc+(u=4)
ufmc+(u=16)
ufmc
ofdm

Fig. 5. Comparison of the PAPR of the Mu-Law companding and SLM
techniques with the UFMC system using the 16-QAM modulation technique.

functions compared to OFDM. Both Hamming and Hanning
windows achieve 50 and 60dB respectively lower than OFDM.
The Chebyshev window is slightly better than Hanning win-
dow. Furthermore, the Blackman window achieves 80dB lower
than OFDM. So, the Hamming window is the worst type
whereas the Blackman is the best type of these window
functions. The calculated peak-to-average power ratio (PAPR)
for UFMC system with various filters is tabulated in Table II.
Unfortunately, it shows that the PAPR for OFDM is lower
than UFMC disregarding the filter type used. Henceforth,
different types of PAPR reduction techniques such as Mu-
Law companding and partial orthogonal selective mapping
(POSLM) techniques are ustilized with UFMC system for
both QPSK and 16-QAM modulation. Figure 5 shows the
complementary cumulative distribution function (CCDF) of
UFMC system with two lengths of the candidate vectors U
(i.e., u = 4 and u = 16, respectively).

On the other hand, with Mu-Law companding technique (µ)
is set to 50 with 16-QAM modulation technique. Fig. 5 shows
that, the value of the PAPR is decreased by using POSLM
technique with different values of (u = 4, u = 16) but, the
CCDF curve at u = 16 is better than the CCDF curve of u = 4.
It should be noted that, the CCDF curve is improved when
the value of the candidate vector U is increased. In addition,
the CCDF curve for the Mu-Law companding technique with
(µ = 50) is more better than the CCDF curves for the POSLM
technique (u = 4, u = 16).

As shown in Fig. 6, however, Mu-Law companding is better
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Fig. 6. Comparison of the BER of the Mu-Law companding and SLM
techniques with the UFMC system using the QPSK and 16-QAM modulation
technique.

than POSLM in terms of CCDF, its BER performance is very
poor.

Figure 6 shows the BER performance of the UFMC system
by using POSLM technique with different values of the
candidate vectors U such as (u = 4, u = 16). in addition to,
using Mu-Law companding technique with (µ = 50) for QAM
and 16-QAM modulation techniques. It can be seen that, the
POSLM technique has small effect on the BER performance
of the UFMC system compared to the standard UFMC system
for QAM and 16-QAM modulation techniques. on the other
hand, using different values of candidate vectors U have no
effect on the BER performance of the POSLM technique for
QAM and 16-QAM modulation techniques. Also, the BER
of the Mu-Law companding technique is increased for QAM
and 16-QAM modulation techniques, because the Mu-Law
companding enlarges the small signals in the transmitter which
needs expansion in the receiver part of the UFMC system that
makes the noise increases.

VI. CONCLUSION

The performance of both UFMC and OFDM systems have
been investigated in the presence of AWGN and Rayleigh
fading channels. A comparison has been applied for different
modulation techniques, such as QPSK, 16QAM and 64QAM.
Various window functions, such as Chebyshev, Hamming,
Hanning and Blackman with UFMC have been studied and
lead to choose the Blackman as the proper window in de-
signing the filter, from the PSD point of view. Furthermore,
the proposed partial orthogonal SLM PAPR reduction tech-
nique have enhanced UFMC sytem performance. It has been
prevented the saturation in the high power amplifier that
produces inter modulation product and degrades the system
performance.
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