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ABSTRACT The universal filtered multi-carrier (UFMC) technique has been proposed as a prominent
waveform candidate for fifth generation (5G) communication techniques. However, UFMC systems exhibit
a high peak-to-average power ratio (PAPR), which causes serious degradation in the performance of the
system. Therefore, this paper puts forward an effective hybrid PAPR reduction method to reduce the high
PAPR of the UFMC system. The proposed hybrid scheme consists of a combination of precoding and non-
linear companding techniques (NLCTs). A comparative analysis of the performance of different precoding
methods, NLCTs, and hybrid methods are investigated in terms of the cumulative distribution function of
the PAPR and the bit error rate (BER). The simulation results show that the proposed hybrid UFMC system
has better PAPR reduction performance compared to conventional NLC and precoded UFMC systems.
Moreover, the BER analysis of the UFMC system verifies that the proposed hybrid technique shows better
BER performance compared to conventional companding techniques.

INDEX TERMS Peak-to-average power ratio (PAPR), precoding techniques, non-linear companding

techniques, hybrid PAPR reduction techniques, universal filtered multi-carrier (UFMC), 5G.

I. INTRODUCTION

Fifth Generation wireless networks have become an impor-
tant research topic due to their potential applications in the
wireless industry and in the evolution of new applications,
such as the Internet of things (IoT), vehicular communi-
cations, and ultra-reliable and low-latency Communications
(URLLC) [1], [2]. Compared to current 4G communication
systems, 5G wireless technology must be able to handle
not only an enormous number of applications but also a
distinct category of users with various demands. The 4G
systems are based on the cyclic prefix-orthogonal frequency
division multiplexing (CP-OFDM) technique. CP-OFDM
uses a cyclic prefix to eliminate inter-symbol-interference
(ISI) and has high tolerance against multipath propagation
and fading. However, due to the use of the cyclic prefix,
CP-OFDM experiences high-spectrum efficiency loss. More-
over, the CP-OFDM spectrum has high out-of-band (OoB)
side lobes, causing problems with reduced spectrum effi-
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ciency when many pieces of user equipments are operat-
ing at one location. Due to these considerable drawbacks,
OFDM is not considered an efficient technique for 5G
communications.

Various types of waveforms have been proposed to deal
with the new challenges that 5G networks are expected to
handle. These waveforms, including filter-bank multicar-
rier (FBMC), generalized frequency division multiplexing
(GFDM), filtered-OFDM (F-OFDM) and universal filtered
multicarrier (UFMC), are more powerful than conventional
OFDM because of their reduced spectral side-lobe levels
[3]-[7]. In these new waveforms, UFMC is a novel
multi-carrier modulation technique, that is currently
being proposed as an attractive waveform candidate for
next-generation wireless communication [8], [9]. In recent
years, a great deal of research has been done to investigate
the ability of UFMC to support advance applications
for 5G communications systems [8]-[13]. A coordi-
nated multi-point (CoMP) reception technique with UFMC
(CoMP-UFMC) have been proposed in the presence of
multiple CFOs [8]. Moreover, the new cyclic prefix (CP)
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based UFMC (CP-UFMC) system have been proposed to
support interference-free one-tap equalization in the absence
of transceiver imperfections. In [12], it has been shown
that the CP UFMC is capable of suppressing the effects of
interference as well as reducing the OoB power spectrum,
and a new channel equalization algorithm is proposed to
improve the system performance during non ideal condi-
tions. In standard UFMC, the entire bandwidth is divided
into a number of sub-bands, and each sub-band consists of
a number of sub-carriers. UFMC then adopts a sub-band
filtering approach in which each sub-band is filtered through
pulse-shaping filters before transmission; therefore, the filter
length can be reduced considerably compared to other 5G
approaches [8], [10], [11]. Thus, UFMC is considered as the
best choice for short-burst communication [8]. The sub-band
filtering approach provides design flexibility and reduces
ISI. It can also achieve better spectrum efficiency because
it does not require the cycle prefix, leading to the reduction
of OoB emission. Furthermore, due to the design flexibility
of the UFMC system, it can accommodate the demands of
individual users and service types by modifying the filter
characteristics and system parameters. However, the high
value of the PAPR is the major drawback of UFMC systems
that affects the performance of power amplifiers used for the
up-link transmissions.

Several techniques have been proposed to reduce PAPR,
such as coding techniques, discrete fourier transform (DFT)-
spreading techniques, precoding techniques, clipping tech-
niques, selective mapping techniques, the partial transmit
sequence techniques, and companding techniques [14]-[19].
Clipping is the simplest and most straightforward PAPR
reduction approach that clips the amplitude of the sig-
nal to a fixed level. However, the clipping based PAPR
reduction technique causes clipping noise and in-band and
OoB interference, which results in performance degradation
[20], [21]. Companding is another technique used to
reduce PAPR. A simple, non-complex companding tech-
nique was proposed in [22] to reduce PAPR. The use
of the above mentioned PAPR reduction techniques was
originally proposed for OFDM and cannot be directly
implemented in UFMC systems due to different frame
structures.

However, there is some recent work on PAPR reduction
in 5G systems [23]-[28]. In [23], a precoding-based method
was proposed to reduce PAPR for UF-OFDM and F-OFDM
modulation schemes. The proposed method transformed the
F-OFDM signal to a single carrier signal and the UF-OFDM
signal to a multicarrier signal with a smaller number of
carriers and was therefore able to keep the spectral effi-
ciency of the original system [23]. Later, a comparison of
different types of clipping methods used to reduce PAPR
was discussed in [24]. The authors proved that the deep
clipping method reduced PAPR efficiently but showed very
poor BER performance. A hybrid PAPR reduction scheme for
UFMC using selective mapping and clipping was proposed
in [25].
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A. CONTRIBUTIONS

The focus of this work is on providing a detailed analysis
of a hybrid PAPR reduction technique that is suitable for
UFMC systems. The proposed PAPR reduction technique
consists of a combination of the precoding and NLCTs. This
combination reduces PAPR significantly and is proved to be
one of the optimum methods to reduce PAPR in OFDM and
FBMC systems [28]-[30]. This motivates us to investigate
this method for a UFMC system to reduce PAPR. PAPR
reduction using the precoding technique (also known as the
pulse shaping technique) is a dynamic and flexible PAPR
reduction technique. This method works with any kind of
base-band modulation technique and can even reduce the
PAPR up to the PAPR of a single carrier transmission tech-
nique [23]. Companding is an easy and less complex PAPR
reduction technique. In this technique, the small signals are
enlarged while compressing the large signals to increase the
immunity of small signals from noise. We analyzed two
different NLC methods, the Mu-Law companding technique,
and the advanced rooting companding technique (ARCT),
and compared their performance in terms of PAPR and
BER.

B. PAPER ORGANIZATION

The reminder of this paper is organized as follows.
Section Il introduces the basic UFMC system model. Detailed
explanations of the transmitter and receiver blocks are also
provided. In Section III, a brief explanation of PAPR is
provided. The proposed hybrid model to reduce the PAPR
is explained in Section IV. A brief explanation of the var-
ious methods used for the analysis is also provided in this
section. The simulation analysis and comparison of results
are provided in Section V, and Section VI concludes the
paper.

Notations: In this work, vectors are represented by bold
capital and small letters, depending on whether they are time
or frequency domains; matrices are represented by bold italic
capital letters; and scalars are represented by normal small
letters. The operators C[.], C~'[.], [.]7, [.]¥ and E[.] denote
companding, decompanding, transpose, Hermitian transpose
and expectation, respectively. sgn {.} represents the sign func-
tion, and "+’ represents the convolution operation. Iy, repre-
sents the identity matrix of size M x M, and j = +/—1I.
Variables n and k are the time index and the sub-carrier index,
respectively.

Il. UFMC SYSTEM ARCHITECTURE

The transceiver block diagram of a typical UFMC system
is shown in Fig. 1. In contrast to the OFDM system,
the UFMC system divides the entire band of sub-carriers (M)
into a number of sub-bands (B), and then the data in each
sub-band is processed by the IDFT and the sub-band filter
in series. Finally, the filtered signals in all sub-bands are
added together to generate the UFMC signal for transmission
purposes.
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FIGURE 1. Block diagram of UFMC network.

A. TRANSMITTER

As illustrated in Fig. 1, the base-band modulation used will
be g — PSK, where g represents the modulation size and the
data symbols are applied to the modulation block. The output
of the modulator can be represented as D, where D = [d d;
e dy— ]T, where d; represents the modulated data with the
sub-carrier index, j = [0, 1, - - -, M-1]. The modulated data
vector D can then be multiplied with a precoding matrix A
and can be represented as in (1):

X=AD, ey

where A represents the precoding matrix of size M x M,
as shown in (2). Equation (1) can be expanded in matrix form
and is given in (3).

aoo aot ao(m—1)
aio a aym—1)
A= ) . (2)
am-1no  aM—1)1 am —1(M—1)
X(0)
X(1)
XM — 1)
aoo e aoM-1) d(0)
ap aym-1) d(1)
= . : 3
aM—1)0 am—1ym—1) | |dM —1)

Using (3), the k™ sub-carrier of X can then be written as (4),

wherek =0,1,---,--+-,--- M —1.
M—1
X(ky ="y alk, m)d(m) “)
m=0
The M x 1 precoded data vector X = [X(0), X(1) - - -,
X(K), - - -, X(M — D] is divided into B sub-bands,

and each sub-band consists of Mp sub-carriers such that
M = BMp. The signal of each sub-band is applied to indi-
vidual N-point inverse discrete fourier transforms (IDFTs) to
get the time-domain signal, as shown in (5). However, before
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FIGURE 2. UFMC architecture.

doing the IDFT operation, each unoccupied frequency block
will be zero padded to make a block of N symbols. Each zero
padded symbol stream then passes through the N-point IDFT
block to generate a time-domain vector xp;(n).
xpi(n) = IDFT [Xgi] = 1 Ni Xpie N (5)
1 1 W P 1
The time-domain signals in (5) then pass through a
Dolph—Chebyshev filter f; of length L. The selection of filter
length is an important factor because it will change the char-
acteristics of the UFMC system, such as the OoB emissions,
and thus its overall performance. The long filter length may
lead to capacity reduction due to the overhead, and at the same
time too short a filter length may also cause performance
loss due to the multipath fading channel [31]. The resulting
filtered signal is denoted by yp;, as represented in (6). Due to
the linear convolution operation, the filter output will have a
length equal to N+L —1. After that, these time-domain output
signals from different sub-bands will combine to generate
UFMC waveform y, given by (7).

YBi = Xgi * fj (6)
B—1

y = Z YBi (7N
=0

Finally, a companding transform acts on the generated pre-
coded UFMC signal vector y to reduce the PAPR, as shown
in (8).

z(n) = Cly(n)] ()
B. RECEIVER
Assume that perfect channel state information is available at
the receiver. Therefore, the received signal can be represented

as (9), where, h(n), n(n) represent the channel response and
the additive white Gaussian noise (AWGN)), respectively.

r(n) = h(n) x z(n) + n(n), ©))
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FIGURE 3. UFMC symbol property. (a) Transmitter. (b) Receiver.

v(n) = C'[r(m)] (10)

After passing through the channel, the received signal at
the receiver will be decompanded, as shown in (10). The
decompanded signal has (N + L — 1) samples and requires a
2N point FFT to demodulate it. This is done by padding the
companded signal with (N — L 4 1) zeros to make the overall
length of the signal 2N. Then, the 2N -point DFT is performed
on the signal as shown in (11).

1 N+L-2 ]
S = —— > vy e PN (11)
v=0

It is worth to mention that the 2N-point DFT operation
slightly enhances the statistical properties of the noise vector.
After the 2N-point DFT operation, the signal is down sampled
by a factor of 2. The down-sampling procedure preserve
all the signals with data symbols and discard symbols with
interferences. Later, the down-sampled signal is processed
with frequency-domain symbol processing procedure to elim-
inate the effect of filter distortion. Zero-forcing method is
utilized for equalization. Finally, the equalized symbols are
de-mapped using g— PSK modulation to generate the original
information. The property of UFMC symbol at the transmitter
and receiver can be represented as shown in Fig. 3.

lll. PEAK TO AVERAGE POWER RATIO OF UFMC SYSTEM
A UFMC multicarrier system has B sub-bands, and each
sub-band consists of a large number of modulated signals in
each sub-carrier. This will introduce a large PAPR value after
the addition procedure at the transmitter end [23]. The PAPR
is the ratio of the maximum power of a transmitted signal
divided by the average power of the same signal. PAPR in
UFMC can be represented as in (12).

PAPR — max(|z(n)|?)
E[|z(n)|?]

CCDF is used to analyze the efficiency of a PAPR reduction
technique. The high PAPR level in the transmitter leads to the
performance degradation of power amplifiers and increases
the OoB radiation. Therefore, to increase the efficiency of the
UFMC system and to reduce the PAPR, we propose a hybrid
PAPR reduction technique.

(12)

IV. PAPR REDUCTION TECHNIQUES
In this section, various techniques used to improve the per-
formance of UFMC signals are discussed. A combination
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strategy consisting of precoding and NLC techniques is pro-
posed to reduce the PAPR of a transmitted UFMC signal.
In the proposed approach, the precoding algorithm is applied
to a q-PSK modulated signal. The compression operation
is then performed after the sub-band filtering operation,
as shown in Fig. 1.

A. PRECODING TECHNIQUES

The precoding based PAPR reduction technique is an efficient
and flexible approach to reduce the PAPR in a multicarrier
system. In the precoding technique, each of the modulated
data symbols is first multiplied by a precoding matrix (A) of
size M x M before the IDFT operation to reduce the PAPR.
In this work, three types of precoding matrices are used to
analyze the performance of precoding in a UFMC system.

1) DISCRETE HARTLEY TRANSFORM

A discrete Hartley transform (DHT) is a linear real-valued
orthogonal transform. In DHT, N real numbers (xg, x1,
..., xy—1) are transformed into N-real numbers (Xy, X, ...,
Xn—1). The N point DHT/IDHT can be implemented as
in (13) and (14): [16]

N-—1
Xi = ) xycas(unk/N), (13)
n=0
N-—1
xXo = 1/N Y Xpcas2nk/N), (14)
n=0

where k = 0,1,2,---,N — 1, and casf@ = cosf + sinf
represent the precoding matrix kernel. It is clear from (13)
and (14) that both forward and inverse Hartley transforms are
identical and are invertible transforms.

2) DISCRETE SINE TRANSFORM
The discrete sine transform (DST) of a sequence of length N
can be written as in (15): [28]

N—-1
anm
Xk = i , 15
K gmmw+p (15)

where, a,,, = sin(mmn/N +1) represents the precoded matrix
element, k, m, and n are integers from O to N — 1.

3) DISCRETE FOURIER TRANSFORM
A discrete fourier transfrom (DFT) of a sequence of length N
can be written as in (16):

N-1
Xx = ane—ﬂnnk/N, (16)
n=0
and the IDFT can be written as in (17):
=
_ 2 nk /N
= > Xge (17)
n=0
apn = e 7M/N represents the precoded matrix element,

and m, and n are integers from O to N — 1.
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B. DFT BASED PRECODED UFMC SYSTEM
As shown in Fig. 1, a precoding based PAPR reduction
technique is proposed to reduce the high PAPR of UFMC
systems. At the transmitter, the vector of M-PSK symbols
D is first multiplied by a precoding matrix A to generate
the precoded vector, as shown in (4). As a result of the
precoding procedure, optimum detection of the symbols at
the receiver may be difficult. Thus, to reduce the complexity
of the precoding procedure, a proper selection of the elements
of the precoding matrix A is required. The precoding matrix
A must satisfy the following conditions:
o The precoding matrix must be an orthogonal matrix.
That is, AA® = I),.
« If DFT precoding technique is used, then all the entries
of the precoding matrix can be represented as shown
below [32].

—2mim

Qim = ajoe” M (18)

The UFMC output signal can be represented as shown in (7),
which given by (19) in expanded form.
B N-1
Yy =YY xpiln)fiu — m) (19)
i=1 n=0
By using (4), (5) and (18), xp;(n) can be represented as,
iMp—1 M1 —2jmml  2jmnl
xpi(n) = Y Y awdwe M €N (20)
I=(i—1)Mg m=0
= IDFT [DFT [dp]] e2y)

DFT and IDFT operations will effectively cancel each
other and hence (19) can be written as,
B N-1
Yy =) D dimfiu —m) (22)
i=1 n=0
From (22), it is clear that the DFT-precoded UFMC signal
can be represented as the summation of B single carrier sig-
nals at the output of pulse shaping filter and hence, the UFMC
system becomes equivalent to a single carrier system [23].
Thus, the PAPR of UFMC system is reduced without increas-
ing the system complexity. Meanwhile if DHT precoding
technique is considered, then (20) can be represented as
shown in (23),

iMp—1 M-—1 Yl 2/7znl

xgi(n) = Z Zanodmcas( i )e (23)
I=(—1)Mpm=0
iMp—1 M-—1

ml . 2w ml

= 3 oo (57 n (7))

[=(i—1)Mpgm=0
2jmnl
Xe N (24)

Thus, the output of pulse shaping filter may be given by,
2nml
M

x e%m)fi(u —m) (25

B iMp—1 M—

y(u) = ;( Z Z dun <cos< ml) +sin

[=(i—1)Mp m=0
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C. NON-LINEAR COMPANDING TECHNIQUE

The non-linear companding technique (NLCT) is an efficient
method to reduce the PAPR in multicarrier systems. NLCT
is a type of clipping approach that provides better PAPR
reduction with less implementation complexity. It compress
the original UFMC signal at the transmitter end by using a
monotonic function, and an inverse procedure is performed
at the receiver end before the signal is fed to any other oper-
ation. The companding technique expands the low amplitude
signals while constricting the amplitude of high amplitude
signals. Different types of NLCTs are described in the litera-
ture, such as the Mu-Law and A-Law companding method,
exponential companding, error-function companding, tanh
companding, and ARCT [22], [33], [34].

1) MU-LAW COMPANDING TECHNIQUE

The Mu-Law companding is an NLCT that is similar to
the clipping approach. However, it offers very good PAPR
reduction and better BER performance compared to normal
clipping methods. The Mu-Law companding technique com-
presses the original signal using monotonically increasing
functions, and this operation is performed on the transmitted
signal after the sub-band filtering operation. Thus, the signal
can be easily recovered at the receiver using the inverse
transform function. The companding function applied to the
end of the transmitter side can be expressed as in (26):

In (1
C Gln) = sgn Oln)) W 26)

where u represents the compression ratio, and as u increases
there will be more compression for higher amplitude of the
transmitted signal. The inverse companding operation can be
represented as in (27):

1
™l (rtn) = sgn (i — (1 + " =1) - @D)
"

2) ADVANCED ROOTING COMPANDING TECHNIQUE

The ARCT is an NLCT used to reduce the PAPR. It is a mod-
ified version of the square rooting companding method. The
modified rooting companding technique can be represented
as in (28):

2n) = C (y(m) = |y(m)[Rsgn(y(n)), (28)

where R is a mean companding parameter, the value of which
lies between 0.1 and 0.9 and the sgn function is used to main-
tain the phase of the UFMC signal. The ARCT affects the
amplitude of the signal, but leaves the phase value unchanged.
The value of R determines the rate of change of the signal
amplitude. Later, at the receiver end, the rooting decompand-
ing technique is applied to recover the compressed signal and
can be represented as in (29).

L) = Irm)Rsgn(r(n)) (29)
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TABLE 1. Simulation parameters of UFMC system.

Size of FFT (N) 1024
Total number of sub-carriers (M) 384

Modulation method (q) QPSK & 16-PSK

Number of sub-bands (B) 32

The number of sub-carriers in each 12

sub-band (M p)

Sidelobe attenuation 40dB

Window Dolph—-Chebyshev
Filter length or CP length 43

Channel AWGN

D. PROPOSED HYBRID PAPR REDUCTION TECHNIQUE
In this section, the proposed hybrid PAPR reduction tech-
nique that combines NLCTs with the precoding technique to
reduce the PAPR of UFMC system is analyzed. Precoding
methods and NLCTs are used independently to reduce the
PAPR of any multicarrier systems. In this study, these two
methods are combined to attain a further reduction in the
PAPR of a UFMC system. The advantages of both precoding
and companding techniques have been exploited in the hybrid
technique. The companding transform introduces some dis-
tortion and increases receiver noise, while precoding has no
effect on the receiver data rate.

In the next section, we compare the effect of these
PAPR-reduction methods on UFMC signals and compare the
results of each method using computer simulations.

V. RESULTS AND DISCUSSIONS

To evaluate and compare the performance of the proposed
hybrid scheme, a MATLAB simulation is performed, assum-
ing an AWGN channel and using randomly generated data
bits with QPSK and 16-PSK modulation techniques. To verify
the performance of the proposed hybrid technique, simu-
lation results of PAPR and BER plots are presented. The
performance of UFMC has been evaluated in accordance
with 3GPP LTE-10 MHz radio frame structure with total
number of sub-carriers equals to 1024 and a subcarrier spac-
ing of 15KHz. Total number of occupied sub-carriers is
600 which is divided into number of sub-bands and each
sub-band is composed by 12 sub-carriers. The UFMC param-
eters derived from LTE System parameters are summarized
in Table. 1.

A. PAPR ANALYSIS FOR PRECODING, MU-LAW,

AND ARCT TECHNIQUES

In this section, we investigate different PAPR reduction
methods independently. Fig. 4 shows the CCDF compar-
ison of different precoding schemes used to reduce the
PAPR in a UFMC system for different modulation orders.
For the PAPR analysis using the precoding technique,
three different precoding approaches—DFT precoded based
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FIGURE 4. CCDF of the standard and different precoded UFMC signals
without companding.

UFMC (DFT-UFMC), DHT precoded UFMC (DHT-UFMC)
and DST precoded UFMC (DST-UFMC)-are used. Initially,
a set of random data is generated and modulated using
QPSK and 16-PSK methods. Later, the modulated data is pre-
coded using three different precoding matrices. From Fig. 4,
it is clear that the DFT-UFMC system achieves a PAPR
gain of 2.4dB compared to a standard-UFMC system at
CCDF = 1073,

Therefore, it can be seen that the PAPR performance
of the DFT-UFMC system outperform the standard or
other precoding-based UFMC systems as mentioned in
Section IV-B. Thus, it is proved that the analytical analysis
matches the simulation results in the case of precoded UFMC
system. Hence, adding a DFT precoding block to the conven-
tional UFMC modulation scheme improves the PAPR of the
UFMC system without increasing the system complexity.

B. PAPR ANALYSIS FOR PRECODING, MU-LAW, AND ARCT
TECHNIQUES

Later, the PAPR of the UFMC system is analyzed as a
function of the PAPR for different values of compression
factors. Fig. 5 shows the CCDF of the UFMC system using
the Mu-Law companding technique for 16-PSK modulation.
It can be observed from Fig. 5 that when the value of the
compression coefficients () of Mu-Law increases, the PAPR
decreases.

Fig. 6 shows the CCDF characteristics of the proposed
ARCT for 16-PSK modulation. It is clear from Fig. 6 that,
when the value of R decreases the PAPR also decreases. This
means, the parameter R has a positive influence on the PAPR
characteristics.

Based on the above analysis, it can be observed that both
the precoding and NLCTs improve the PAPR performance
of our UFMC system compared to a normal UFMC sys-
tem. However, a hybrid PAPR reduction procedure is pro-
posed to further reduce the PAPR. As explained previously,
DFT-UFMC provides better PAPR performance compared to
other precoded UFMC systems. Therefore, we use only the
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FIGURE 5. CCDF of the standard and Mu-Law companded UFMC signals
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DFT precoding method for the proposed hybrid precoding
based PAPR reduction technique.

C. PROPOSED DFT-NLC TECHNIQUE

In this section, the effect of the hybrid PAPR reduction
technique on the UFMC system using DFT-UFMC with the
NLCT is investigated. Fig. 7 shows the results of the com-
parison of the CCDF of the PAPR of the standard-UFMC
system and the proposed hybrid DFT-mu-u (n = 225, 50)
system. The figure also shows the plots of the DFT precoding
and the Mu-Law companding UFMC system without DFT
precoding.

Fig. 8 shows the comparison of hybrid ARCT with the stan-
dard and ARCT UFMC signals using the 16-PSK modulation
technique. Initially, the DFT precoding technique improves
the PAPR without affecting the BER characteristics. Then,
the ARCT further reduces the PAPR value, as shown in the
figure. A detailed analysis of the results of the hybrid methods
are available in the Discussion section.
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D. PERFORMANCE OF THE BER RATE OF THE PROPOSED
TECHNIQUES

Fig. 9 shows the comparison of the BER performance of
the precoded-UFMC system with the standard UFMC for
the 16-PSK modulation technique. As it is clear from this
figure, the precoding has no effect on the BER performance
of UFMC system in an AWGN channel. Fig. 10 and 11 show
the BER comparison of UFMC system using the precoded
Mu-Law companding technique and the precoded ARCT,
respectively. It is clear from Fig. 10 that the BER of the
Mu-Law companding transform increases with an increase
in the compression coefficient. This is because, the Mu-
Law companding technique enlarges only small signals and
therefore increases the average power of the UFMC system.
This is the most undesired effect of the Mu-Law compand-
ing technique, which involves the requisite expansion of the
compressed signal at the receiver, a process that amplifies
receiver noise. It is clear from Fig. 11 that the proposed
ARCT provides the best bit error characteristics compared to
the Mu-Law technique at 10~3 BER (1073 is the minimum
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FIGURE 10. Comparison of the BER of the hybrid Mu-Law companding
transforms with the standard and Mu-Law companded UFMC using
16-PSK modulation.

BER required for voice services). Fig. 12 shows the effect
of modulation on BER characteristics. The analysis shows
that both hybrid-NLCTs have better BER performance
with QPSK modulation compared to a 16-PSK modulation
scheme.

E. DISCUSSION

The hybrid precoding based NLCTs provide an improvement
in PAPR with better BER characteristics compared to NLCTs
without precoding and the traditional precoding technique.
The following conclusions can be made, when comparing
the proposed hybrid methods with a standard-UFMC system

without a PAPR reduction approach.
o Performance of the precoding and NLC techniques: The

precoding based PAPR reduction technique improves
the CCDF of the PAPR and has no observable effect on
its BER characteristics on the AWGN channel. However,
the NLC-based PAPR-reduction technique improves the
CCDF of the PAPR significantly but degrades the BER
characteristics. When compared to the standard-UFMC
system, the DFT-UFMC, Mu-Law (x = 225), and
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ARCT (R = 0.1) techniques achieve a PAPR gain
of 2.4dB, 8.2dB, and 10dB, respectively at CCDF=
10~3. However, for the Mu-Law (1 = 225) and ARCT
(R = 0.1) techniques, the BER shows a degradation
of 9dB and 15dB, respectively at BER = 1073, This
means that, by using NLCT there is a trade-off between
PAPR performance and BER characteristics.

o DFT-Mu-Law companding technique: The best PAPR
performance with the hybrid Mu-Law companding tech-
nique is obtained at DFT-mu-225. However, the BER
performance deteriorates by almost 9 dB at BER= 103
(from Fig. 10). Therefore, to achieve better PAPR and
BER performance, we chose an appropriate p value
(DFT-mu-50). Then the proposed hybrid system shows
an improvement in the CCDF of the PAPR of 8.2dB,
while the signal-to-noise (SNR) degradation is about
5dB compared to the standard-UFMC. This means,
there is an improvement in the BER of about 4 dB com-
pared to DFT-mu-225. Moreover, this hybrid method has
the same PAPR characteristics and a better SNR than
Mu-Law companding without precoding (mu — 225).
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o DFT-ARCT: The best enhancement in the CCDF of the
PAPR is at DFT-R-0.1, and the improvement is 10.2 dB
at CCDF = 103. However, the SNR shows a degra-
dation of about 14 dB compared to the standard-UFMC
system. Therefore, to achieve better PAPR and BER
performance, the value of R is chosen to be —-R = 0.4.
From Fig. 11 it is clear that, DFT—R — 0.4 provides an
improvement in the CCDF of the PAPR of 7.2 dB, while
degradation of the SNR at BER = 1073 is only 3dB
compared to standard-UFMC.

o The proposed hybrid ARCT method is proved to be an
efficient method for reducing the PAPR in the UFMC
system with better BER characteristics than Hybrid
Mu-Law companding technique.

VI. CONCLUSION

In this paper, a novel hybrid PAPR reduction technique is pro-
posed to reduce the PAPR of a UFMC system. A comparative
analysis between two precoded NLCTs such as DFT-Mu-Law
and DFT-ARCT, is implemented. The analysis proved that the
hybrid technique imporoves PAPR reduction compared to a
normal UFMC system. We also provide a comparative anal-
ysis between the precoding method, the Mu-Law technique,
and the advanced rooting companding technique. Based on
the analysis, DFT-ARCT is considered to be the most efficient
in reducing PAPR compared to the Mu-Law and precoding
techniques. A detailed comparison of the BER of the pro-
posed hybrid system is also presented. The analysis prove
that the precoded UFMC method preserves the BER perfor-
mance of the standard UFMC system on the AWGN channel.
However, the traditional NLCT affects the BER character-
istics. The hybrid PAPR reduction techniques improves the
BER characteristics of NLCTs. Simulation results indicated
that the proposed hybrid ARCT can achieve better PAPR
reduction with lower computational complexity and better
BER performance compared to the hybrid Mu-Law tech-
nique. In the future, a modified PAPR reduction technique
needs to be analyzed to improve both the PAPR and BER
characteristics of UFMC systems on a frequency selective
channel.
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