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Abstract. The Cyclic Prefix Orthogonal Frequency Division Multiplexing (CP-OFDM) is a 5G multi-
carrier waveform that offers great data speeds and improvements in spectrum utilisation. The primary
CP-OFDM’s weakness is its excessive peak-to-average power ratio (PAPR), which is a characteristic
of all multicarrier modulation techniques. We study the application of a hybrid technique approach
how to lower the peak to average power ratio (PAPR) in a CP-OFDM system. We also evaluated the
outcomes of peak to average power ratio (PAPR) decrease in CP-OFDM, utilising a hybrid technique
with Group Codeword Shift (GCS), Median Codeword Shift, Selective Codeword Shift (SCS), and
Conventional CP-OFDM. When compared to the non-hybrid technique, the simulation results indicate
that the hybrid approach is superior in reducing the peak PAPR by more than 65 percent.

Keywords: Cyclic prefix orthogonal frequency division multiplexing (CP-OFDM), peak to average
power ratio (PAPR), hybrid technique, group codeword shift (GCS).

1. Introduction
Much research and study has been done on how to
overcome a high PAPR value by introducing ways for
lowering the PAPR value, which can be classified into
three main approaches [1, 2]. The first one, signal
scrambling techniques, can be divided into the fol-
lowing categories: Selective Mapping (SLM), Partial
Transmit Sequence (PTS), Selective Codeword Shift
(SCS), Median Codeword Shift (MCS), Interleaving,
Tone Reservation (TR), Tone Injection (TI), and Ac-
tive Constellation Extension (ACE). The second one,
Signal Distortion Techniques, can be divided into the
following classifications: Clipping and Filtering, Com-
pounding, Peak Windowing, and Envelope Scaling.
And the third one, signal coding techniques, can be
divided into: block coding and turbo coding [1, 2].
While previous research has demonstrated the poten-
tial for PAPR minimisation, it has also encountered
trade-offs, such as increased computational complex-
ity, side information, loss of data rate and bandwidth,
loss of spectral efficiency, and distortion. The Block
Coding approach can be divided into two types: Arith-
metic coding and Huffman coding; Arithmetic coding
is more effective in reducing PAPR than Huffman
coding. Clipping and filtering is the simplest strategy
to reduce PAPR and it is dependent on the clipping
intensity that satisfies the signal to quantisation noise
ratio (SQNR) [3].

In comparison to SLM and clipping and filtering
techniques, the PTS approach is more effective in
reducing PAPR values [4]. The Selected Mapping
(SLM) approach involves applying numerous phase
rotations to the constellation points and selecting the
one that minimises the time signal peak. The selected
mapping also involves generating a large number of

vectors with the lowest resulting PAPR. The transmit
signal with the lowest PAPR is selected from a group
of suitably distinct signals that all reflect the same
data. The advantage of SLM is that no distortion is
introduced and the number of carriers is independent,
while the disadvantage is that side information is in-
troduced and the BER performance is degraded [5–7].
Because of this drawback, PAPR has been reduced
using a mix of SLM and clipping techniques [8]. SLM
can be enhanced with M-QAM technology to increase
the PAPR value by approximately 3.4 dB [4]. While
the SLM approach decreases the PAPR value, it also
reduces the system’s data rate and computing com-
plexity. To determine which technique is capable of
reducing a high PAPR value, several criteria must be
considered, including the data rate loss and computa-
tional complexity at the receiver, power increase in the
transmitted signal, PAPR reduction capability, and
bandwidth expansion [9, 10]. Although the Selective
Codeword Shift (SCS) approach has shown a signif-
icant improvement in PAPR reduction compared to
the original signal and conventional SLM, this tech-
nique is only applicable to modulations greater than
4 QAM or 2 bits per symbol. The benefit of this
approach is that it has a lower computational cost
than the SLM due to the usage of IFFT blocks and
the absence of phase factor multiplication during the
transmission process [11, 12]. The codeword in the
SCS approach is a circulant shift, and the time re-
quired to complete this circulant shift is greater due to
the codeword’s extended course of travel. As a result,
the PAPR and BER values are not significantly re-
duced with the SCS approach. The Group Codeword
Shifting (GCS) technique is proposed in this study;
the codeword is divided into two parts (part A and
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part B) to facilitate codeword shifting. PAPR has
a lower GCS value than SCS and MCS methods. The
Companding method was chosen to be combined with
the GCS, SCS and MCS methods because it reduces
the system complexity and significantly reduces the
PAPR. To the best of our knowledge, no research on
combining the companding method with GCS, SCS,
and MCS methods in order to reduce PAPR has yet
to be carried out.

2. Methodology
2.1. CP-OFDM
The Since January 2016, the 3rd Generation Partner-
ship Project (3GPP) has been developing to standard-
ise 5G New Radio (NR), a new Radio Access Technol-
ogy (RAT) that will assure the reliability, synergy, and
excellence of next-generation 5G devices and networks.
This enables the development of cyber experience, im-
mersive reality, artificial intelligence, self-driving cars,
and the Internet of Things (IoT). To provide these
services, a next generation of wireless telecommunica-
tion technologies will be required, and consequently,
systems will need a reliable, rapid, and even quicker
connections [13]. In order to enable all of the opera-
tions that the 5G standard is designed to deliver, 5G
NR must address three key issues: higher data speeds,
transmissions with higher durability and lower latency,
and a significant increase in the number of devices.
The motivations leading to the three main use cases
include [14]: enhanced mobile broadband (eMBB)
which requires massive transmission speeds and huge
bandwidths [14]. Second, ultra-reliable low-latency
communications (uRLLC), which requires extremely
high reliability and availability in addition to very low
latency [15]. Finally, massive machine-type communi-
cations (mMTC) which requires extremely low power
consumption [16].

The 3GPP selected CP-OFDM for both the down-
link and the uplink physical-layer radio access in the
NR Release 15 [17]. Because the 5G NR is based on
OFDM (as is LTE), it benefits from the fact that it al-
lows equipment to maintain a low level of functionality
and therefore low hardware costs. In addition, a sin-
gle OFDM numerology defined by subcarrier spacing
and cyclic prefix length is unable to achieve capacity
limits throughout the required frequency spectrum
and entire recommended placement choices and sce-
narios. Therefore, the OFDM numerology must be
customised for each service demand, operating fre-
quency, and deployment environment [14, 18]. The
cyclic prefix (CP) orthogonal frequency-division multi-
plexing (OFDM) was chosen for its various advantages,
including good support for multiple-input multiple-
output (MIMO) and granularity in frequency-domain
resource allocation [17]. OFDM’s notable drawbacks
include a high out-of-band (OOB) power consump-
tion [19], frequency offset susceptibility [19], and high
peak-to-average power ratio (PAPR) [20]. The large

peak-to-average power ratio (PAPR) of any multi-
carrier system, including CP-OFDM, is a significant
disadvantage. This is caused by the time domain
random insertion of subcarriers. Consider the four
sinusoidal impulses below, each with a different fre-
quency and phase shift. When the peak amplitudes
of a number of signals coincide, the resulting signal
envelope shows prominent peaks. According to the
transmitter’s large peaks, the power amplifier oper-
ates in the nonlinear zone, causing a deformation and
spectrum propagation. Furthermore, as the number
of subcarriers grows, so does the fluctuation of the
output power [21]. Apart from CP-OFDM, the out-
of-band (OOB) emission is extremely efficient in the
time domain, necessitating time, and frequency syn-
chronisations due to interference with neighbouring
channels caused by the OOB emission. Because the
constrained synchronisation adds additional time (la-
tency) to the functioning of the system, this increased
latency requires increased power usage [22].

Cyclic Prefix (CP) is a copy of the Orthogonal
Frequency-Division Multiplexing (OFDM) symbol
waveform tail that is injected at the start to decrease
the multipath channel lag dispersion and the conse-
quent intersymbol interference (ISI). As a consequence,
with a proper temporal sampling of the received signal
and a CP length much greater than the highest ex-
pected channel lag dispersion, not only ISI but also In-
tercarrier Interference (ICI) is eliminated [23, 24]. The
CP’s length is dictated by the impulse reaction of the
transmission channel. In a communication network,
the selection of CP is controlled by the propagation
conditions and cell size. Despite its multipath resis-
tant channels, implementing CP-OFDM in wireless
transmitters faces several obstacles. The CP-OFDM
signals employ CP over a length of time greater than
the temporal channel’s extent, resulting in a loss in
spectral efficiency [25, 26]. CP-OFDM begins with
baseband modulation of the source symbols using one
of the modulation standards such as QAM. The IFFT
method than transforms the modulated symbols Xk

from the frequency domain (FD) to the time domain
(TD), resulting in the discrete baseband OFDM signal
x(n) [27].

x(n) = 1√
N

N−1∑
K=0

Xkϵj2πk
n
N , (1)

where n = 0, 1, 2 . . . , N − 1, where N denotes the
subcarrier count. The discrete baseband OFDM signal
is formed by orthogonally superimposing the input
data symbol’s K-samples on top of the N -subcarriers.
In OFDM, by inserting the last component of the
OFDM signal in front of the OFDM symbol, the signal
is protected against inter-symbol interference (ISI).
However, the OFDM signal is formed by combining N-
modulated subcarriers. As a result, when the samples
have comparable phases, the power of selected samples
may surpass the signal’s average power.
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Therefore, the PAPR value can be stated as the
ratio of the maximum continuous power of the signal
to its mean power divided by the maximum instanta-
neous power of the signal [27].

PAPR = |max(n)|2

E|x(n)|2 , (2)

where E is the mean value. Additionally, the com-
plementary cumulative distribution function (CCDF)
is widely used to estimate the probability of PAPR
value surpassing a predefined threshold value [27].

Pr(PAPR > PAPR0) =
= 1 − (1 − exp(−PAPR0))NL , (3)

where PAPR0 denotes the threshold value and L
denotes the oversampling factor used to convert the
characteristics of the discrete-time signal to those
of a continuous-time signal; this is accomplished by
embedding (L − 1)N zeros in the FD samples [27–29].

2.2. CP-OFDM based on hybrid technique
Merging two or several techniques will result in a hy-
brid technique that provides a significant improvement
in PAPR, but also inherits the limitations of the orig-
inal techniques. The SLM procedure minimises the
PAPR value while simultaneously compromising the
system’s data throughput and computing complexity.
For selecting which technique can reduce a high PAPR
value, few criteria need to be taken into account, such
as data rate loss, computational complexity, power
increment in the transmitted signal, PAPR reduc-
tion capability, and bandwidth expansion [30]. The
Companding technique is usually used in the hybrid
technique due to its simplicity compared to other
techniques. In this research, the hybrid technique
combines the Group Codeword Shift method with the
Companding A-law and Mu-law methods to reduce
the value of PAPR. By using non-uniform quantisa-
tion characteristics, a high-amplitude PAPR signal is
compressed and a low-amplitude output is boosted
to maintain the mean power during the compand-
ing conversion [31–33]. This Companding technique
has already proven its efficiency for PAPR problems
with less implementation complexity. The principle
of compression technology is twofold: the signal’s am-
plitude is compressed at the transmitter before being
expanded once more at the receiver. The following
function can be used to compress a CP-OFDM signal
using Mu-law [34].

G(x) = sgn(x) ln(1 + µ|x|)
ln(1 + µ) , (4)

G−1(x) = |x|(1 + ln(A))
A

, |x| <
1

1 + ln(A) , (5)

Figure 1. GCS sub-block.

G−1(x) =exp(|x|(1 + ln(A)) − 1)
A

,

1
1 + ln(A) < |x| < 1 , (6)

where the A indicates the compression parameter,
which is usually set at 87.6 [35]. The expansion func-
tion for A-law can be expressed as above [34].

Another technique that can be combined with Com-
panding to form a hybrid is Group Codeword Shifting.
By changing the codeword format and then utilis-
ing a recombination process (circulant shift) to cre-
ate a scrambled input series, the shifting approach
creates a new codeword that is better at reducing
PAPR. This Group Codeword Shifting technique is
aiming at the arrangement of the codeword and the
structure of the bits in reducing PAPR. By manipu-
lating these two parameters, an alternative codeword
with a lower PAPR is generated. R stands for the
binary series codeword with r total input bits, as il-
lustrated in Figure 1, and can be written as R =
[R1, R2, . . . , Rr]. The series-to-parallel conversion
splits the codeword series into z sub blocks denoted
by R = [R1, R2, . . . , Rz] and each sub-block contains
y number of bits per symbol, where z = r/y. As a
result, the codeword description for each different sub
block can be expressed as R1 = [R1, R2, R3, . . . , Ry],
R2 = [Ry+1, Ry+2, Ry+3, . . . , R2y], up to Rz.

The first step performed by the group codeword
shifting technique is to modify the arrangement by
splitting the codeword into parts A and B as shown in
Figure 3. The alternate codeword is generated in the
second stage by applying the circulant shift between
parts A and B once per period. Table 1 shows the
position of the bits during the modification operations
for clarity. Codeword R1,0 indicates the starting lo-
cation of the bits of the codeword. As a result of the
switching between part A and part B, the modified
bit position is indicated by the codeword R1,1. The
proposed alternate series of codewords are written as
R′ = [R′

1, R′
2, . . . , R′

z]. Finally, the CP-OFDM signal
with the lowest PAPR value is selected for transmis-
sion.

Figure 2 shows the first phase of the group codeword
shifting approach, which involves modifying the layout
of the codeword by splitting it into two components,
A and B. A new codeword is generated in the second
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Figure 2. Block diagram of hybrid technique.

Figure 3. Group Codeword Shifting structure.

Sub-block codeword
bits, Rz,δ Structure of bits

Codeword, R1,0 R1, R2, R3, R4, R5, R6
Codeword shift 1, R1,1 R4, R2, R3, R1, R5, R6
Codeword shift 2, R1,2 R1, R4, R3, R2, R5, R6
Codeword shift 3, R1,3 R1, R2, R4, R3, R5, R6
Codeword shift 4, R1,4 R5, R2, R3, R4, R1, R6
Codeword shift 5, R1,5 R1, R5, R3, R4, R2, R6
Codeword shift 6, R1,6 R1, R2, R5, R4, R3, R6
Codeword shift 7, R1,7 R6, R2, R3, R4, R5, R1
Codeword shift 8, R1,8 R1, R6, R3, R4, R5, R2
Codeword shift 9, R1,9 R1, R2, R6, R4, R5, R3

* Proposed compression technique

Table 1. The bit configuration for Group Codeword
Shifting technique.

stage by applying the circulant random shift between
the Component A and B individually. Component A
consists of R1, R2 and R3 while Component B consists
of R4, R5 and R6. The R1 of Component A and R4 of
Component B are shifted first. In the second shifting,
R1 returns to its original position in Component A, R2
replaces the R1 position of Component B, and R4 fills
the R2 original position in Component A. In the third
shifting process, R2 returns to its original position in
Component A, R3 replaces the R2 position of Compo-
nent B, and R4 fills R3 original position in Component
A. For more details about the shifting process, see
the illustration in Table 1 for the location of the bits
after the shifting operations. The Codeword R1,0 rep-
resents the beginning location of the codeword’s bits.
As a result of the shifting between part A and part B,
the modified bit state will be denoted as Codeword

Figure 4. Simulation flowchart.

R1,1. The revised alternate series of codewords are
written as R′ = [R′

1, R′
2, . . . , R′

z]. Therefore, the CP-
OFDM signal option with the lowest PAPR value can
be selected for propagation. The entire simulation
process is depicted in Figure 4.

3. Results and discussion
A simulation was developed in MATLAB software
and around 15,000 iterations were used to analyse the
reliability of the PAPR. N = 128 random incoming
subcarriers were generated and mapped in the simu-
lation utilising 64-QAM modulation. The CP-OFDM
signal was sent to the AWGN channel. The cyclic
prefix having a period of 1/4 was introduced to the
CP-OFDM symbols to reduce the inter-symbol inter-
ference (ISI). Table 2 provides a comprehensive list of
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Parameter Value
Bandwidth (BW) 8068.58 Hz

FFT length 512
Tone offset 2.5

L (filter length) 512
Modulation Technique 64QAM
Cyclic Prefix Length 1/4

Channel Model AWGN

Table 2. Modelling variables [27].

Figure 5. PAPR effectiveness evaluation for hy-
brid A law technique with GCS, MCS, SCS, and CP-
OFDM.

all simulation-related variables.
Figure 5 shows the PAPR performance for the hy-

brid A Law technique combination with SCS, MCS,
GCS, and CP-OFDM, compared to the original SCS,
MCS, GCS and CP-OFDM. A summary of the graph
at CCDF 10−3 in Table 3 shows that the original
value of CP-OFDM is 11.2 dB, while for the hybrid A
law of CP-OFDM, it is 2.90 dB at CCDF Probability
10−3 , which is 74.11 % improvement for the hybrid
A law technique over the original value of CP-OFDM.
The hybrid A law combination with SCS and MCS
techniques provides an improvement of 66.51 % and
71.9 % over the original SCS and MCS techniques,
respectively. Furthermore, the hybrid A law combi-
nation with the GCS technique provides the highest
improvement of 72.84 %, as compared with the hybrid
A law combination with SCS and MCS techniques and
also the lowest PAPR value of 1.82 dB. The result is
influenced by the random arrangement of the several
lowest PAPR possibilities. The GCS technique is able
to provide multiple candidates, so more choices can
be used. However, shifting too far will not affect the
PAPR result. Another factor is the random order
of the bits. The greater the number of candidates,
the greater the number of random order of the shifts
will be generated. And consequently, the greater the
number of random order of the shifts, the better the
PAPR value [35].

Figure 6 shows the PAPR performance for the hy-
brid Mu Law Technique combination with SCS, MCS,
GCS, and CP-OFDM compared to the original SCS,
MCS, GCS and CP-OFDM. A summary of the graph

% Of
Parameter PAPR Improvement
CP-OFDM 11.2 –

CP-OFDM A LAW 2.90 74.11
SCS 8.30 –

SCS A LAW 2.78 66.51
MCS 7.90 –

MCS A LAW 2.22 71.90
GCS 6.70 –

GCS A LAW 1.82 72.84

Table 3. PAPR analysis with hybrid A law technique
and non-hybrid techniques.

Figure 6. PAPR performance for hybrid Mu law
with GCS, MCS, SCS, and CP-OFDM.

at CCDF 10−3 in Table 3 shows that the original
value of CP-OFDM is 11.2 dB, while for the hybrid
Mu law of CP-OFDM, it is 2.81 dB at CCDF Prob-
ability 10−3, which is 74.19 % improvement for the
hybrid Mu law technique over the original value of
CP-OFDM. The hybrid Mu law combination with
SCS and MCS techniques provides an improvement of
67.23 % and 72.41 % over the original SCS and MCS
techniques, respectively. Furthermore, the hybrid Mu
law combination with GCS technique provides the
highest improvement of 73.43 % as compared to the
hybrid Mu law combination with SCS and MCS and
also the lowest PAPR value of 1.78 dB. The result is
influenced by the random arrangement of the several
lowest PAPR possibilities. The GCS technique is able
to provide multiple candidates, so more choices can
be used. However, shifting too far will not affect the
PAPR result. Another factor is the random order
of the bits. The greater the number of candidates,
the greater the number of random order of the shifts
will be generated. And consequently, the greater the
number of random order of the shifts, the better the
PAPR value [35].

4. Conclusion
This article describes a hybrid precoding technique,
a simple technique with low complexity that is recom-
mended to reduce PAPR, which is the main problem
of CP-OFDM systems [36, 37]. The hybrid technique
has shown a significant improvement in reducing high
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% Of
Parameter PAPR Improvement
CP-OFDM 11.2 –

CP-OFDM A LAW 2.81 74.91
SCS 8.30 –

SCS A LAW 2.72 67.23
MCS 7.90 –

MCS A LAW 2.18 72.41
GCS 6.70 –

GCS A LAW 1.78 73.43

Table 4. PAPR analysis of hybrid Mu law technique
and non-hybrid techniques.

PAPR as compared to MCS, SCS, GCS, and the
original CP-OFDM signal. The combination of the
GCS method with Companding A and Mu law for
the hybrid technique has been proposed because of
its potential to reduce PAPR in CP-OFDM systems.
The GCS has shown a significant improvement in re-
ducing high PAPR as compared to MCS, SCS, and
the original CP-OFDM signal in the hybrid technique.
Furthermore, the hybrid A law of the GCS gives the
highest improvement of 72.84 % compared to the hy-
brid A law, SCS, and MCS and also the lowest PAPR
value of 1.82 dB. The hybrid Mu law of GCS gives
the highest improvement of 73.43 % compared to the
hybrid Mu law, SCS, and MCS and also the lowest
PAPR value of 1.78 dB.

The Group Codeword Shifting (GCS) technique
generates the alternative codeword by altering the
structure of the codeword followed by a permutation
process (circulant shift) in order to generate a scram-
bled data sequence for better PAPR reduction. This
Group Codeword Shifting technique aims for the ar-
rangement of the codeword and the bit structure that
reduce PAPR, by manipulating these two parameters,
the alternative codeword with lower PAPR is created.
For this reason, the GCS hybrid technique is better
than MCS hybrid and SCS hybrid at reducing PAPR.
However, this method has a limitation, it is only effec-
tive for modulations higher than 4 QAM, because the
shift algorithm need more than 2 bits to perform the
shifting process. The advantage of the GCS hybrid
method is a low computational complexity, achieved
by reducing the use of IFFT block in the system, as
compared to MCS hybrid, SCS hybrid and the original
CP-OFDM. The hybrid rechnique is applied at the
transceiver. Further research is recommended to inves-
tigate the efficiency of reducing the PAPR in different
modulation approaches for other applications.
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