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Abstract: This paper proposes a peak to average power ratio (PAPR) reduction companding scheme for single
carrier frequency division multiple access. The proposed technique has multi-level compression (MLC) stages where
a signal is adjusted according to its instant value with respect to these levels. To validate MLC function, PAPR, bit
error rate (BER), average power (P_av), and power spectral density (PSD) are evaluated throw simulation. MLC
improved PAPR significantly with low BER degradation. Using 16-QAM, MLC enhances PAPR by 4.38 dB while
only 1.6 dB additional SNR is required to maintain 10°(-3) BER. MLC performance is compared with the recent
companding techniques; Mu-law, Exponential, Trapezoidal, and tangent rooting. The BER simulation results show
the superiority of MLC over these techniques. For PAPR reduction, different from other techniques, both Mu-law
and MLC reduce PAPR significantly with close values. Finally, the Exponential and MLC preserve P_av with less

side lobes in PSD.
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1. Introduction

Single Carrier Frequency Division Multiple
Access (SC-FDMA) system has been adopted in
uplink 4" and 5" Generation wireless networks [1-3].
SC-FDMA offers several advantages, including
minimal implementation complexity, and simplicity
[3]. Another important merit for SC-FDMA is
PAPR mitigation over orthogonal frequency
division multiple access (OFDM). This what allows
SC-FDMA to replace OFDM in uplink mobile
communication [4].

The PAPR problem generation is summarized as
follows: Fourier transform is an essential part in
communication systems which transmit data as
independent subcarriers. Generation of subcarriers
in such a way usually produces some unwanted
peaks in the signal. These peaks require large linear
dynamic range for an efficient amplification.
Consequently, increasing the cost and power
consumption which are challenging issues for uplink
units [5, 6]. To lessen the PAPR, these peaks should
be processed before transmission.

International Journal of Intelligent Engineering and Systems, Vol.15, No.5, 2022

Although of  the PAPR reduction
accomplishment achieved by SC-FDMA system, the
research has not been halted keeping more PAPR
mitigation in that system. There is a variety in the
techniques which have been studied to deal with
PAPR problem in SC-FDMA [4-16]. Among them,
partial transmit sequence [4], pulse shaping [5],
constellation extension [6], and selective mapping
[7] were proposed. However, every one of these
techniques suffers from noise increment, bandwidth
expansion or additional complexity. Another method
suggested in [8] achieved slight PAPR reduction for
moderate error rate degradation at the receiver.
Filters were also associated in SC-FDMA PAPR
reduction [9]. Using filters could affect the in-band
frequency components because every symbol time
produced by Fourier transform contains a sum of
discrete frequencies.

Due to their advantages, Companding techniques
have been an attractive trend to solve PAPR
problem in multicarrier communication systems [13-
18]. Simplicity, bandwidth preserving along with the
performance effectiveness are the merits of

DOI: 10.22266/ijies2022.1031.10



Received: March 9, 2022. Revised: May 18, 2022.

Companding [13-18]. Different companding
algorithms have been proposed for that purposed.
Mu-law is a basic form of companding used for
PAPR reduction. Mu-law strategy is increasing the
low values of the signal and preserving the peaks
with no change. Average power increment drives the
signal over the linear limit of the power amplifier
and consequently system performance degradation.
K. Shri Ramtej and S. Anuradha suggested
Exponential Companding (Exp) for PAPR
enhancement [13]. In this Companding, P,,, is kept

the same and spectrum side lobes are lower than Mu.

However, the complexity is still the main drawback
of Exp [18]. Amal Fawzy et al. studied and
compared between Exp, Cos, Tangent Rooting
(tanhR) and Logarithmic Root Companding
techniques [14]. It was found that tanhR
outperformed the other techniques in BER for
almost the same PAPR wvalue. In [15], the
performance  of  Rooting, Error  function,
Logarithmic and Exp companding algorithms were
discussed. It was found that Exp has the best PAPR
and BER performances over the others. Another
companding technique based on approximating the
magnitudes distribution of discrete cosine transform
DCT-SC-FDMA was proposed in [16]. The main
idea of this companding method is transforming the
signal distribution to be triangular. Although PAPR
is improved by this technique, it has high out of
band PSD.

This article proposes a new companding
technique to reduce PAPR in SC-FDMA. The main
feature of the proposed technique is achieving
significant PAPR reduction with low complexity.
The SC-FDMA signal compression is realized using
four carefully selected threshold levels. These levels
are applied symmetrically on the positive and
negative amplitudes of the signal. The signal values
between the two internal levels are scaled, whereas
the peaks are trimmed. Such levels distribution
preserves the signal power with a negligible in-band
distortion. As a result, the BER will not be much
affected. At the receiver side and at a given time, the
signal is reconstructed via decompressing process
depending on the data value with respect to the same
threshold levels.

The rest of this paper is arranged along these
lines: Section 2 presents the typical SC-FDMA
system as well as a short explanation of PAPR
problem. Section 3 introduces the proposed MLC
technique for PAPR reduction, while the simulated
results are discussed in Section 4. Lastly, Section 5
lists the most important conclusion points.
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2. SC-FDMA system and PAPR problem

This section includes two parts: the structure of
SC-FDMA system and PAPR problem. Fig. 1 shows
the transceiver of SC-FDMA where the input data
bits are mapped on constellation according to the
used modulation type. The obtained symbols are
divided into blocks of size N. Then the N symbols
enter in parallel form to the DFT stage. DFT
converts the data to frequency domain samples as
[19, 20]:

.2min

XU = NG dmye™ v (1)

where d(n),n = 0,1, ..., N — 1, is the data of each
block, X(),l=01,..,N—1 , is the vector
representing the frequency domain samples.

The subcarrier mapping determines the SC-
FDMA mapping type to be interleaved (IFDMA),
Localized (LFDMA), or Distributed (DFDMA).
Generally, zeros are padded and used along with
X (D) as input to the M-point inverse discrete Fourier
transform (IDFT) to form M subcarriers, where M >
N. The difference between the mapping types is the
mechanism of arranging the frequency domain
samples positions with the zeros as follows. In
IFDMA, the mapping can be written as [20]:

X(l), wherep =1IP
Q) = { 2

0 , otherwise

where Q is the mapped vector of length M and P is
number of sub-channels given by M/N.

For LFDMA, the X(1) elements are packed in
consecutive subcarriers as [20]:

X(l), wherep =1
Q) = { 3

0 , otherwise

Whereas in DFDMA, the frequency domain
samples, X, are spread within a lower number of
sub-channels than in IFDMA. Hence, the @
elements of DFDMA can be defined as:

X(I), wherep =P

Q) = (4)

0 , otherwise

where P is the number of DFDMA sub-channels and
should be less than P.
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Figure. 1 SC-FDMA with PAPR reduction
After that, the Q mapped vector is processed PAPR = 10 log max(|B|?) )
using M-point IDFT as follows [5, 21]: 10 £(B12)
1 w1 jamhm where E(.) represents the expectation value.
B(k) = ﬁzm=0 (m)e” m ) The PAPR is usually evaluated by its

where k =0,1,...,M — 1.

Parallel to serial converter is used to convert B
into serial stream. Usually, a PAPR reduction
technique is inserted at the transmitter side to
mitigate the data distortion and power consumption.
Finally, after adding Cyclic Prefix (CP), the signal is
converted to analogue and up converted to RF
frequency for transmitting.

Through the channel, Additive White Gaussian
Noise (AWGN) is added to the transmitted signal
s(t). Thus, the received signal is:

r(t) = s(t) @ h(t) + ny (t) (6)
where h(t) is the channel impulse response and
n,, (t) is AWGN.

At the receiver side, all the processes which took
place at transmitter side are inversed to obtain the
reconstructed data d(n),n = 0,1, ..., N — 1.

Before signal transmission, the signal needs to
be amplified using a power amplifier. For wireless
uplink connection, two important points should be
implied which are the efficiency of the amplification
and the battery life of the user equipment [22]. Due
to the linear combination of random symbols at the
IFFT in the transmitter side, high peaks most likely
occur at the output compared to the average of the
signal. This phenomenon is known as PAPR. The
linearity range of the amplifier is limited, and
working outside this range leads to distort the
amplified signal. Therefore, a technique must be
used to reduce PAPR and maintain the efficient
amplification of the power amplifier [22, 23].

One criterion for evaluating communication
systems performance is PAPR which can be
expressed mathematically by [21, 24]:
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Complementary Cumulative Distribution Function
(CCDF) which can be defined as the PAPR
probability of SC-FDMA symbol over the threshold
PAPR (y) value [21]. Mathematically, CCDF(y) is
given by [21, 23]:

CCDF(y) =1—(1—e77)28M (8)
3. Proposed multi-level compression

technique (MLC)

This section introduces our proposed technique
for PAPR reduction in SC-FDMA communication
system. In this method, the signal samples are
modified after IDFT stage at the transmitter side.
MLC PAPR reduction technique considers both the
absolute and phase of the IDFT output signal which
are the vectors |B| and 61, respectively. Because the
amplitude is the source of PAPR problem, the
process includes the absolute only while the phase is
preserved to be added later before CP insertion.

Vector |B| is pre-processed as follows:

H=|B|-V1 9)
where V1 is the mean of |B|.

Then, the whole range of signal H is divided up
by applying four threshold levels ( Thlo, Th;lo,
Th,up, and Th,up) as shown in Fig. (2). Hence,
there are five different parts on signal H in that
figure as follows:

1- Values of H less than or equal to Th,lo.

2- Values of H less than or equal to Th,lo and
larger than Th, lo.

3- Values of H less than or equal to Th,up and
larger than Th;lo.

4- Values of H less than Th,up and larger than or

equal to Thyup .
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5- Values of H larger than or equal to Th,up .

Each part is compressed individually according
to Eg. (10) and as shown in Fig. 2. At a given time
index, i, the scaled output H,. (i) is:

H (i) =
Out,lo, for H(i) < Thylo
| Out,lo, for Thylo < H(i) < Thylo
Out,up . .
WZHPHO), for Thylo < H(i) < Thyup (10)
Outqup, for Thyup < H(i) < Thyup

Out,up, for H(i) = Thyup

where Out,lo, Out,lo, Out,up, and Out,up are
the output compression values selected with respect
to the threshold levels.

Finally, the phase is returned back after adding
the mean of |B| to vector H. and the result signal
can be expressed as:

S. = (H, +V1)e/®t (11)
—Signal —Th, lower - - .Th, lower - - .Th, upper —Th,, upper
0.06 1 2 1 2
0.04 —A
o 0.02
T
2
2 0
&
-0.02
-0.04
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(a)
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0.03 -
0.02
g 001 ---F~-
2
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E
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-0.02
-0.03
-0.04 3 :
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Time index
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Figure. 2 Signal with MLC threshold levels: (a) before
compressing and (b) after compressing
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The PAPR is reduced now in S, signal and thus
the process related to the PAPR problem is finished
at the transmitter side.

At the receiver side, the proposed process is
inversed, and the compensation for PAPR reduction
procedure is implemented after removing CP
directly. Again, the signal absolute |Z| and phase
62 are separated from each other and the process is
conducted on the absolute only. The decompression
starts from subtracting the mean from the signal to
obtain the zero mean S, signal as:

Se=12Z|-V2 (12)
where V2 is the mean of Z.

After that, the signal at a given time, i, can be
decompressed using the following equation:

ﬁc(i) = .
Th,lo, for S¢(i) < Out4lo
Thylo,  for Outylo < S.(i) < Out,lo
Thyup & . -
Outzzl:; Sc(i), for Out,lo < S.(i) < Outyup (13)
| Thyup, for Outyup < S.(i) < Out,up

\ Thoup, for S.(i) = Out,up

Finally, the mean V2 is added back to A, and the
reconstructed signal is acquired by merging the
absolute and phase as follows:

B =(H,+V2)el?? (14)

Fig. 3 depicts the decompressed signal resulting
from Egs. (12) to (14) at the receiver.
4. Simulation results

This section presents and discuss the simulation
numerical results of MLC technique for PAPR

0.04

0.02 1

Amplitude

-0.02 1

-0.04 ¢

0 50 100 150 200 250
Time index
Figure. 3 Decompressed signal
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Table 1. Simulation system parameters

Parameter Value
simulation iteration number 10000
N 16
M 256
Modulation type QPSK and 16-
QAM
Channel model Rayleigh and
AWGN
Channel estimation Ideal
System bandwidth 5 MHz
Subcarriers spacing 19.53125 kHz

reduction in SC-FDMA system. The simulation was
implemented using MATLAB software. The SC-
FDMA system simulation parameters are listed in
Table 1.

To assess the effectiveness of any PAPR
mitigation method, two criteria should be
considered: CCDF and BER. Some methods reduce
PAPR in cost of severe BER degradation. For a
successful PAPR reduction technique, the important
point is improving the CCDF and maintaining BER
level as much as possible.

For MLC, the effect of the threshold levels
selection on PAPR and BER is tested first. Then, the
performance is compared with some well-known
PAPR reduction methods.

The values of threshold levels depend on the
modulation type. To select the best levels values, the
lower threshold levels were changed with keeping
the upper ones, then fixing the lower levels and
varying the upper ones. For QPSK modulation, the
tested pairs of ( Thylo,Thylo ) were Pairl =
(—0.06,—0.04) , Pair2 = (—0.04,—0.02) and
Pair3 = (—0.02,—0.01) . Fig. 4(a) and 4(b)
illustrate the effect of changing the aforementioned
pairs of lower threshold levels on PAPR and BER,
respectively. In both figures, Pair2 represents the
compromise choice for PAPR and BER
performances. For the same  modulation
type, Pairl = (0.04,0.06) , Pair2 = (0.02,0.04)
and Pair3 = (0.01,0.02) were the candidate pairs
for the right (Th,up, Th,up) selection. The trade-off
performance is obtained from Pair2. Fig. 5(a) and
5(b) depict the effect of changing the upper
threshold levels on PAPR and BER, respectively.
The same way for 16-QAM, the best pairs of
(Thylo, Th,lo) and (Thyup, Thyup) were found to
be (-0.12, -0.07) and (0.07, 0.12), respectively.

The effectiveness of MLC needs to be evaluated
in comparison with some of the familiar
companding PAPR reduction techniques; Mu-law,
Exp, trapezoidal (Trap) [17] and tanhR. Depending
on the used PAPR reduction scheme, the average
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signal power may or may not increase. To avoid the
nonlinear distortion, a PAPR reduction scheme
should keep a constant average signal power. Table
2 shows the signal power average before and after
applying all the foregoing techniques and MLC on
SC-FDMA system. The values in the table declare
that P,,, is preserved in both Exp and MLC, while
P,,, value is significantly changed in Mu-law, Trap,
and tanhR techniques. For instant, at LFDMA
QPSK scenario, the P,, increment were 164%,
307%, and 230% for Mu-law, Trap, and tanhR
respectively compared with P, in case of no PAPR
reduction technique used.

Respecting the modulation type effect on PAPR
reduction techniques, Fig. 6 and 7 show the LFDMA
performance under QPSK and 16-QAM. For QPSK,
Fig. 6 illustrates the effect of using PAPR reduction
techniques on mitigation PAPR problem. At 1073
CCDF, this figure depicts that MLC technique
outperforms Mu-law, Exp, Trap, and tanhR
techniques by 0.32 dB, 1.1 dB, 1.05 dB, 1.36 dB,

10—
10-1 L
5
) 1072¢
[&]
107
—Pair1
—Pair2
—Pair3
-4 .
10
05 1 2.5 3

1.5 2
Threshold PAPR (dB)
@

—Pair2
—Pair3 |
0 5 10 15 20
SNR (dB)
| ©
Figure. 4 System performance for different lower
threshold levels: (a) PAPR and (b) BER
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Table 2. Average power before and after applying PAPR reduction techniques

Technique LFDMA QPSK | LFDMA16QAM | DFDMAQPSK | DFDMA16QAM
Average Power without (P ithout) 0.0039 0.0468 0.0039 0.0429
Mu-law Average power (Pyy) 0.0064 0.0987 0.0082 0.0735
Puviu/ Pwithout 164% 211% 210% 171%
Exp [11] Average power (Pgyp) 0.0039 0.0468 0.0039 0.0429
o B 100% 100% 100% 100%
Trap Average power (Prrap) 0.012 0.0122 0.0123 0.0101
[17] 1y Bt 307% 26% 315% 22%
tanhR Average power(Peannr) 0.009 0.54 0.009 0.547
[12] Peanhr/ Pwithout 230% 1148% 230% 1275%
MLC Average power (Pp.o) 0.0037 0.0455 0.0037 0.0413
Ppro/ Pwithout 95% 97% 95% 96%
10° 10 =
107" 107!
L. TS
Q 107 8 102
o o
—Without
103 10° f“E":p
—Pair1 —Trap
—Pair? - --tanhR
10 —Pair3| | | 104 —Proposed
0 1 2 3 4 5 0 2 4 6 8
Threshold PAPR (dB) Threshold PAPR (dB)
(a) (a)

BER

—Pair2
—Pair3

10®
0 5 10 15 20

SNR (dB)
(b)
Figure. 5 System performance for different upper
threshold levels: (a) PAPR and (b) BER

respectively. In the same view, the reduction in
PAPR was 4.65 dB using MLC technique compared
with no technique. PAPR reduction is usually in
expense of BER degradation.

However, Fig. 6 shows the superiority of MLC
over the other techniques in BER performance.
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Figure. 6 Performance comparison of QPSK LFDMA
with different PAPR reduction techniques: (a) CCDF and
(b) BER

There are 0.7 dB, 2.7 dB, 2.5 dB, 9.7 dB SNR
saving using MLC compared with Mu-law, Exp,
Trap, and tanhR, respectively. The same comparison
is conducted for 16-QAM. At 10~3 CCDF, Mu-law
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Table 3. Comparison between PAPR reduction techniques for SC-FDMA

Technique LFDMA QPSK | LFDMA16QAM | DFDMAQPSK | DFDMA16QAM
Without 7.17 7.79 7.16 7.79
Mu-law 2.84 3.27 2.83 3.27
PAPR (dB
at( ) Exp 3.62 4.16 3.61 4.16
tanhR 3.88 4,91 3.74 4.81
MLC 2.52 341 2.52 341
Without 9.7 19 9.28 18.13
Mu-law 14.4 No value 15.38 No value
SNF;t(dB) Exp 12.4 23.6 12.38 23.71
BER = 103 Trap 14.2 No value 155 No value
tanhR 21.4 No value 21.78 No value
MLC 11.7 20.6 11.53 20.7
10°
107"
&
0 107
[&]
—Without
-3 [—Mu
107 ‘Exp
—Trap
---tanhR
10 —Proposed | | - . .
0 2 4 6 8 10 0 2 4 6 8
Threshold PAPR (dB) Threshold PAPR (dB)
(a) (@)
10° =
102}
14
w
m [
Y —ryrs 104 — Without \
10 _M: out —Mu \
-~ Exp --Exp '
—Trap —Trap
- --tanhR -~ tanhR
10-6 — Proposed 106 —Proposed !
0 5 10 15 20 25 30 0 S 10 15 20 25
SNR (dB) SNR (dB)
(b) (b)

Figure. 7 Performance comparison of 16-QAM LFDMA
with different PAPR reduction techniques: (a) CCDF and
(b) BER

companding records slight superiority in PAPR
reduction performance with only 0.14 dB better than
MLC as shown in Fig. 7. However, the system with
Mu-law loses the ability of correctly data detection
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Figure. 8 Performance comparison of QPSK DFDMA
with different PAPR reduction techniques: (a) CCDF and
(b) BER

and produces a relatively constant unacceptable
BER value as shown in Fig. 7.

The results of DFDMA system are not far away
from those of LFDMA. Fig. 8 and 9 depict the
PAPR reduction techniques performance in
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DFDMA system for QPSK and 16-QAM,
respectively. Detailed numerical results are
tabulated in Table 3 as a performance comparison
between the tested PAPR reduction techniques.

PSD is another factor which reflects the
performance of PAPR reduction techniques. In
addition to MLC excellence in CCDF and BER
performance over the other schemes, Fig. 10 shows
the supremacy of MLC over the other companding
schemes in term of PSD out of signal band except
Exp companding which has little bit weaker PSD
over MLC. For comparison, the PSD is averaged for
2 MHz out of the transmission band for the SC-
FDMA system without PAPR reduction technique,
using Mu-law, Exp, Trap, tanhR and MLC
companding techniques. Whereas the average PSD
of the system without using any PAPR reduction
technique was —36.15 dB, the average PSD were
—31.88 dB, —35.63 dB, —34.11 dB, —31.45 dB

10°;
107"
=
0107
[&]
— Without
_3|—Mu
10 --Exp
—Trap
---tanhR
_4 |——Proposed

10

0 2 4 6 8 10
Threshold PAPR (dB)
@

109

BER

1074 — Without

—Mu

--Exp

—Trap i

- --tanhR AN

106 ——Proposed| | | | |

0 5 10 15 20 25 30
SNR (dB)
(b)

Figure. 9 Performance comparison of 16-QAM DFDMA
with different PAPR reduction techniques: (a) CCDF and
(b) BER
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Figure. 10 Power spectral density of the PAPR
reduction technique

and —35.17 dB for Mu-law, Exp, Trap, tanhR and
MLC techniques respectively.

It is worth to mention that both Mu-law and
tanhR companding techniques have the worst PSD
and, that is because they increase the signal average
significantly as shown earlier in Table 2. Due to
increasing the signal average using these techniques,
a power amplifier with a larger linearity range is
required for the system. Otherwise, increasing the
signal average leads to more bit errors at the
receiver.

After all, the performance of the proposed MLC
and Exp companding illustrates the superiority over
the other companding techniques in terms of CCDF,
BER, and PSD. However, there is another essential
factor in the comparison which is the technique
complexity. The exponential function in the Exp
companding makes it more complex compared with
MLC technique. This point is considered as another
merit for MLC technique.

5. Conclusion

In this paper, a multi-level compression scheme
called MLC is proposed to mitigate PAPR problem
in SC-FDMA system. MLC divides signal into five
parts according to the scheme threshold levels.
Every part of the signal is processed separately. The
threshold levels were selected carefully depending
on the modulation type for better performance.
Processing signals with MLC technique maintains
its average power while reduces the signal peaks.
Both LFDMA and DFDMA systems are included in
the simulation. The metrics CCDF, BER, PSD and
P,,, are considered for the comparison between the
performances of Mu-law, Exp, Trap, tanhR and
MLC companding schemes. For QPSK LFDMA and
at 10~3 CCDF, the system without using any PAPR
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reduction technique records PAPR of 7.17 dB,
though the values are 2.84 dB, 3.62 dB, 3.57 dB,
3.88 dB and 2.52 dB for Mu-law, Exp, trap, tanhR
and MLC, respectively. For 16-QAM, the system
with no PAPR reduction technique gets PAPR of
7.79 dB, whereas the values are 3.27 dB, 4.16 dB,
4.9 dB, 4.91 dB and 3.41 dB for Mu-law, Exp, trap,
tanhR and MLC techniques, respectively. Moreover,
MLC outperforms the others in BER comparison. At
1073 BER, MLC scheme improved SNR by at least
3 dB over the other schemes for both QPSK and 16-
QAM. The Exp technique achieves an insignificant
advantage respecting PSD over the proposed
technique, however it is a much higher complexity
approach.
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