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Abstract—In OFDM systems, peak-to-average power ratio
(PAPR) reduction of the signal is one of the main challenges
that need to be overcome in order to use the transmitter in an
efficient manner. As one of attractive techniques, interleaving
can be used in PAPR reduction for multicarrier signals with-
out spectrum distortion. In this paper, the authors propose
to extend the possibilities of interleaving to improve PAPR re-
duction, to use a new coding of interleaver keys at the trans-
mitter and a robust decoding procedure at the receiver. In
order not to degrade the data rate, the use of null subcarriers
to transmit side information to the receiver is proposed and
evaluated.

Simulation results in the context of the WLAN 802.11a stan-
dard in the presence of a nonlinear power amplifier model
with memory, show a reduction of PAPR of approximately
5.2 dB, and an improvement of bit error rate and error vec-
tor magnitude of about 2 decades and 4% respectively, while
respecting the spectral mask specification.

Keywords—downward compatibility, interleaving technique, in-
terleaver key, OF DM systems, PAPR reduction.

1. Introduction

The next generations of wireless communication systems
have to satisfy the customers’ requirements in terms of
quality and quantity of information. Because of its high
spectral efficiency, robustness against interferences and fre-
quency selective fading [1], as well as low complexity
and implementation flexibility, Orthogonal Frequency Divi-
sion Multiplexing (OFDM) has become the most common
technique. For these reasons, OFDM is widely adopted
as a physical layer (PHY) technology in recent wireless
communication standards, such as Digital Audio/Video
Broadcasting (DAB/DVB), Wireless Local Area Networks
(WLAN), Wireless Metropolitan/Personal Area Networks
(WMAN/WPAN), and WiMAX. OFDM is also included
in the fifth generation (5G) cellular networks to support
a high data transmission rate and to meet the required level
of quality of service (QoS).

14

However, the major drawback of this technique is its high
envelope fluctuation of the transmitted signal defined by
the PAPR value [2]. Such a signal with high instantaneous
values is degraded by the nonlinear characteristics of radio-
frequency (RF) circuits, mainly the RF power amplifier
(PA) [3]. To limit degradation, a back-off of the level is
used, leading to the use of the PA with low power effi-
ciency. Such a solution is costly, because it sacrifices the
transmitter performance.

The objective of PAPR reduction methods is to limit these
fluctuations to operate near the PA saturation region (high
efficiency area), while maintaining the original data-rate
and respecting such communication criteria as BER, EVM,
downward compatibility'and spectrum occupancy specifi-
cations.

PAPR reduction in OFDM systems has been a subject of
intense research, based on which various techniques have
been proposed in the literature. Among them, we can men-
tion methods like clipping, clipping and filtering [4]- [6],
active constellation extension (ACE) [7], [8], tone reserva-
tion (TR) [6], [9], [10], selected mapping (SLM) [11], [12],
switching [13], coding methods [14] and partial transmit
sequence (PTS) [8], [15], [16].

The authors in [17] proposed a PAPR reduction technique
based on frequency interleaving of mapped symbols and the
selection of the one that presents the lowest PAPR. How-
ever, the problem of the side information (SI) transmission
is not addressed and only the principle of PAPR reduction
is presented. In [18], a proposal to send SI on the chosen
interleaver via pilots is made. This has the advantage of
not affecting the data rate, but it influences the equalization
and channel estimation at the receiver.

In this paper, we propose to use interleaving for PAPR re-
duction in WLAN 802.11a (Fig. 1) and to use null subcar-
riers (NS) available in the Wi-Fi-OFDM standard to trans-
mit interleaver key-codes. The newly proposed technique

'Downward compatibility: additional signal processing at the transmitter
do not need change at the receiver.
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Fig. 1. Digital communication system with PAPR reduction based on frequency interleaving method.

provides a realistic solution by taking into account non-
linearity of RF-PA, without the need to transmit SI and
respecting downward compatibility. The main idea is to
test several interleaving possibilities, select the most effi-
cient one and transmit its key-code on the minimum num-
ber of NS. A critical point of the proposed method is
to ensure a correct transmission of the key-code despite
degradation introduced by the transmission channel To en-
sure the quality level required, we propose a proper decod-
ing process.

The proposed interleaving method is evaluated for WLAN
802.11a, in the presence of a PA model estimated from the
measurements of a commercial PA, class AB with mem-
ory. Also, the key-code decoding process is evaluated and
presents a low complexity and a high probability of er-
ror immunization against the AWGN channel. An effec-
tive scheme is proposed here, which constructs a favorable
OFDM transmit signal with reduced PAPR.

Notation: Throughout this paper, small letters for vectors
and matrices in the time-domain and capital letters for vec-
tors and matrices in the frequency-domain are used.

2. OFDM System

2.1. Problem Position

In discrete time, the transmitted OFDM signals x,, are ob-
tained by taking Inverse Fast Fourier Transform (IFFT):

1 N—1
= — X e
VN & ‘

where X, k=0,1,...,N—1 are input mapped symbols,
usually modulated by a Quadrature Amplitude Modulation
(QAM), and k is the discrete-time index.

It is known that OFDM modulation is a particular case of
multi-carrier transmission, where a single data stream is
transmitted over a number of lower rate orthogonal sub-
carriers with the advantage of its high spectral distribu-
tion and efficiency, high data rate, robustness to multi-path
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channel and easier implementation. However, as shown in
Eq. (1), the resulting signal is the superposition of N inde-
pendent narrow-band channels that can generate construc-
tive and/or destructive sums, and consequently, high en-
velope fluctuations. These high instantaneous peaks limit
the nonlinear RF-PA to operate at a lower average power
efficiency, known as linear region, leading to a degrada-
tion of the transmitter efficiency. Improvement of power
efficiency requires a reduction in fluctuations to maintain
a higher average power without signal degradation. PAPR
value quantifies this problem and defines the ratio between
the maximum instantaneous power and average power for
each OFDM symbol:

P
PAPRgs =10 - log =%

average

max |x,[?° @)
0<n<N-1

Pﬂeak =10-log E|xn|2

where P, tepresents the peak output power, Payerage
means the average output power, E[-] denotes the expected
value operation and x the vector of OFDM samples in time-
domain such as x = [xo,xl,...,x(N,l)]T.

The complementary cumulative distribution function
(CCDF) of PAPR is one of the most frequently used perfor-
mance evaluation method for PAPR reduction techniques.
It denotes the probability that PAPR of a data block exceeds
a given threshold and is expressed as:

CCDF = P[PAPR > PAPRy], 3)

where P[] is the probability function.

3. Interleaving Method

Interleaving is among the most commonly used techniques
in digital communication systems, for its important bene-
fits related to preventing the grouping of errors. Because
coding is not capable of correcting a burst of errors, in-
terleaving is used and consists in transforming these bursts
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into isolated errors, which makes their correction easier.
The principle of interleaving is based on a simple break-
down of mapped symbols into more code words, before
their transmission over the ODFM modulator. Thus, we
define the number of code words M (also called the depth
of the interleaver) and the number of symbols per code
word, called the word-length, and the denoted K. Figure 2
shows an example of an interleaver with N = 16 subcar-
riers per OFDM symbol, M = 4 code words and K =4
word-length. The mapped symbols are spread in a series
over a matrix of 4 x 4 and sent-out in parallel, i.e. column-
by-column, to the OFDM modulator. Note that we choose
N = 16 subcarriers to facilitate comprehension of the inter-
leaving method.
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Fig. 2. lllustration of interleaving (N = 16, M = K = 4).

Let us define the vector of modulated symbols such as:
XN = [Xo Xy -+ X)) )

To split this vector into M code words, denoted as Yy, we
use the modulus function. If we denote the remainder after
division of the code word position f by M as sy, the code
word Yy contains a group of mapped symbols which have
the same remainder. We can describe the mathematical
expression of the f-th codeword as follows:

T
Y;?Xl = |:XM-O+S/ XMotgsy - XM-(Kfl)Hf} ’ ©)

At the receiver, there is no additional complexity to the
system and only the inverse process is performed with the
deinterleaver.

3.1. Interleaving for PAPR Reduction

The design of the interleaving method presented above is
one of these proposed in the literature as a solution for re-
ducing the risk of deformations of successive symbols in
the same code word. In practice, only one kind of interleav-
ing is performed as a function of the channel characteristics
and the used coding. For PAPR reduction, the idea is to
apply several kinds of interleaving at the transmitter. After
IFFT operation, the smallest PAPR among them is chosen
to be transmitted (Fig. 1). The major advantage of this tech-
nique is it its low complexity compared to the block coding
techniques [14] or the PTS method [15], [16]. However, its
major drawback is the need for the transmission of infor-
mation about the used interleaver to carry out its decoding
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at the receiver, which degrades the data rate. Also, to in-
sure the best reduction of the PAPR, a large number of
interleaving possibilities is used, which increases the key
length of each interleaver and degrades the data rate. In
this work, we propose to deal with reducing PAPR using
all possibilities of interleaving without the loss of in data
rate, by:

e coding inter-key? in within a minimum of length,

e transmitting used the inter-key via a minimum num-
ber of null subcarriers,

e and decoding the received inter-key with the use of
a robust process.

3.2. Interleaving Method Used

In communication systems, adding redundancy in source
coding and forward error correction (FEC) provides corre-
lated data which influence the PAPR value. In [17], it is
shown that the sequence of highly correlated binary data in
multicarrier systems has a large PAPR. Thus, it is impor-
tant to break down long correlation patterns to reduce high
values of the complex envelope. In the proposed scheme
(Fig. 3), we proposed to generate all M! possibilities (where
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Fig. 3. Example of interleaving possibilities with M =4 code
words.
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M is the number of code words) by permuting blocks in
the new OFDM symbol and finally, reverse the last block.
IFFT operation generates the time-domain signals and the
sequence presenting the smallest PAPR is selected.

Each possibility of interleaving has its inter-key and the
one chosen is transmitted to the receiver via null subcar-
riers (Fig. 4a). Here, the rank of the interleaver is coded
in binary and mapped using quadrature amplitude modula-
tion (QAM), by choosing the high-energy symbols of the
constellation used.

Table 1 shows inter-keys in binary words of 6 bits and their
equivalent in mapped symbols, where +1 and =j indicate
their position within the chosen 4-QAM constellation.

Table 1
Interleaver keys
Inter- .
leaver Binary code 4-QAM code
0 0 0,0 0,0 0] | [-1-1j,—1—1j,—1—1j]
1 0 0,0 0,0 1] |[-1-1j,—1—1j,—141j)

23 [0 1,0 1,1 1] | [=141j,—1+1j, 1+1j]

3.3. Inter-key Transmission via NS and Decoding
Process

In communication standards, one OFDM symbol is used
to transmit data, pilots and also some reserved subcarriers

DC NS

A

f}() f3l /32f33 /34

Frequency

A S

NS: null subcarriers

Fig. 5. OFDM symbol in WLAN 802.11a standard.

which are set to zero (called null subcarriers). For exam-
ple, in a Wi-Fi system, the OFDM symbol is presented in
Fig. 5. Here, we propose to use these subcarriers in the
interleaving method, where the inter-key of the optimal in-
terleaver is transmitted with some of them. As a reminder,
null subcarriers are used to prevent adjacent channel inter-
ference (ACI). In [19], [20] and [21] it has been shown for
DVB-T, WiMAX and WLAN standards, respectively, that
it results in a slight broadening of the spectrum but remains
inside the spectrum mask.

3.4. Inter-key Decoding Process

Unfortunately and as for data subcarriers, PA nonlinearities
and channel noise may affect the inter-key subcarriers trans-
mitted, which will adversely affect the decoding process at
the receiver.

To reduce the risk of error, we define a decoding process
based on the comparison of the received inter-key with all
possibilities using the XOR gate on each QAM position.
The one that renders the maximum number of zeros is se-
lected (Fig. 4b). The proposed decoding process is invoked
for each OFDM symbol with the following operations:
Variables:

CK’,"’ 1. received code-key,

CKM*K: matrix of all code-keys used at the transmitter,
CKM*!: the correct code-key,

RY*K: resulting XOR operation matrix.

Step 1: extract CKM*! from the received null-subcarriers
and convert QAM symbols to binary.

Step 2: in k-th iteration, compare CK/,” 1 to each code-
key row of matrix CK according to R[:,k] = CK, ® CK[:, k],
where R[:, k] denotes the k-th row of matrix R¥*X and op-
eration @ is the binary XOR gate.

Step 3: Repeat step 2 for the chosen number M of inter-
leavers or stop when R[:, k] is a vector of zeros.

Step 4: CK, corresponds to the line providing a maximum
number of zeros.

Step 5: Select CK, and deinterleave.
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Fig. 6. Simulation block of Wi-Fi standard with interleaving method.
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4. Simulation Results

The proposed method is evaluated using the Matlab Math-
works platform for the WLAN 802.11a standard presented
in Fig. 6. It adopts OFDM technique for its uplink (UP) and
downlink (DL), with a frequency band of 5 GHz, and sup-
port data rate up to 54 Mbps for an area coverage between
user and transmitter of up to several meters.

Table 2
Simulation parameters
Parameter Value ‘
. 64 (48 data,
No. of sub-carriers 4 pilots and 12 NS)
Frequency band 5 GHz
Bandwidth 20 MHz
Modulation 16-QAM
No. of binary data 4608000 bits
No. of OFDM blocks 2000

Performance metrics CCDF, BER, spectrum

Num. of interleavers:
4! = 24 possibilities
coded on 3 NS
5!' =120 possibilities
coded on 4 NS

Case 1

Case 2

According to the parameters presented in Table 2, three
contexts are studied:

e signals properties as a function of the number of in-
terleaving possibilities,

e communication criteria (BER, EVM) using Gaussian
channels,

e and frequency response in the presence of a nonlinear
RF PA model.

Figure 7 presents a variation of the PAPR value as a func-
tion of the number of OFDM symbols for several interleav-

PAPR [dB]

0 50 100 150 200 250
OFDM samples
original with 24 possibilities of interleaving
= with 120 possibilities of interleaving

Fig. 7. PAPR in time-domain with and without interleaving. (For
color pictures visit www.nit.eu/publications/journal-jtit)
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ing possibilities (24 and 120 possibilities of interleaving).
We can see that, increasing number of possibilities offers
better performance in terms of PAPR reduction.

Figure 8 shows a comparison (in terms of CCDF) of the
proposed method with the PTS method presented in [16]
and the SLM-DPP method given in [17]. The results ob-
tained confirm those shown in Fig. 7, i.e., PAPR can be
further reduced when we increase the number of interleav-
ing possibilities.

For the probability of 1073, it illustrates also a decrease in
PAPR of up to 3.75 dB and 5.2 dB for 24 and 120 in-
terleaving possibilities respectively, in comparison with
the SLMDPP (for 4 and 5 blocks) and PTS method (for
4 blocks and 4 phases), which shows a reduction of 1.5 dB
(SLMDPP for 4 blocks), 4 dB (SLM-DPP for 5 blocks) and
3 dB, respectively.

4.1. Nonlinear PA Model with Memory Effects

To validate the solution, we perform several simulations in
the presence of a nonlinear RF PA model.

Table 3
Model parameters

Values
bo,1 —3,1+j2.93
by —2,86-1071+j2.19-10~!
bo 3 5.15-1072—-j4.2-102
b3 7.58-1073 —j4.34.1073
bo s ~3.49.10744j2.75-1074
b1 s —4.93-1074j1.37-107>

We consider a model with memory of a commercial class
AB power amplifier (SZP-2026Z from RF Micro Devices)
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designed for WLAN 802.11 equipment, where its input
to output relationship, in baseband format, is expressed
as [21]:

m P
yt) = Y Y bigper-lu(t =7 -u(t—i), (6

i=0 p=0

where P is the nonlinearity order and m the memory depth.
For P =2 and m = 1, parameters b; ;| are estimated using
a multicarrier signal with a bandwidth of 20 MHz. Table 3
summarizes the model parameters.

In Fig. 9 we have plotted the AM/AM static characteris-
tic presented by the output signal power depending on the
input signal power, which describes the SZP-2026Z power
amplifier. The 1 dB compression point corresponding to
IBO=0 dB, is achieved for input power equal to 20 dBm.

1'dB

Output power [dBm]

2 4 6 8 10 12 14 16 18 20 22 24
Input power [dBm]

Fig. 9. AM/AM static characteristics of the SZP-2026Z amplifier.

To see the effect of the power amplifier used on the Wi-
Fi-OFDM signal with application of the reduction method,
we have plotted the AM/AM dynamic characteristic with
and without the interleaving method (Fig. 10).

(@) (b)

6

- 5

4

Z Z 3
> >

2

1

H
0
5 6 0 1 2 3 4 5 6
[u] [V] [u [V]

Fig. 10. AM/AM dynamic characteristics without (a) and with (b)
interleaving method.

After comparison of the two figures, we note that the ap-
plication of the interleaving method reduces the signal dy-
namic and then the nonlinear distortion generated by the
amplifier.

To evaluate the proposed system we estimate its sensibility
to channel noise in the presence of a power amplifier.
Figure 11 presents EVM of the received signal versus SNR
for IBO= —2 dB, with and without interleaving (for 24 and
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Fig. 11. EVM versus SNR for Gaussian channels (IBO= —2 dB).

120 possibilities of interleaving) for a Gaussian channel and
in the presence of a nonlinear power amplifier.

From these results, one can observe that for a low SNR
value (SNR< 6 dB), the curves with and without the in-
terleaving method behave almost in the same manner. At
this SNR level, the noise power to be added is important.
Consequently, the impact of channel noise is preponder-
ant compared to the nonlinearity of the amplifier, and that
prevents improvement in EVM.

On the other hand, at higher SNR values (SNR> 12 dB), the
impact of noise is negligible compared to the nonlinearity
of the amplifier. In this case the interleaving method allows
a good improvement in the EVM result.

In the same context, Fig. 12 presents BER results versus
SNR for an IBO= —2 dB, where we can observe that the
use of the proposed method offers an improvement in BER,
with high SNR values (SNR> 12 dB).

10°

O~

10 =
Original
o /. With 24 possibilities
= 10 of interleaving
m
3 1

o e
k With 120 possibilities ‘

10_4 RN Qf i‘nte‘rle‘avi‘ng" o
01234567891011121314151617181920
SNR [dB]

Fig. 12. BER versus SNR for Gaussian channels (IBO= —2 dB).

Figures 13 and 14 present the comparison of EVM and BER
curves versus IBO, for SNR= 16 dB. These results confirm
the suitability of the interleaving method proposed, as it
allows for an improvement in EVM of about 2.5% and 3%,
and in BER with a factor of one decade, one decade and
a half for 24 and 120 possibilities of interleaving, res-
pectively.

Based on the above and with the same transmission quality
(identical EVM or identical BER), the interleaving method
makes it possible to obtain a gain of 2 dB in IBO. In
other words, by applying the interleaving method, the am-
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Fig. 13. EVM curves vs. IBO (SNR= 16 dB).
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Fig. 14. BER curves vs. IBO (SNR= 16 dB).

plifier can be used with an increase of 2 dB of the input
power level, and with a higher power efficiency compared
to the scenario without the method being applied, for the
same QoS.

Figure 15 shows a constellation, with (see Fig. 15a) and
without the interleaving method (see Fig. 15b) at the am-
plifier output for an IBO equal to —2 dB. Application of
the interleaving method makes it possible to reduce the dis-
persion on the constellation points.

(@ (b)
| S
o 0o BUBE
I RERE
S WANE

-5
54-3-2-1012345 5-4-3-2-1012345
I I

Fig. 15. Constellation at the amplifier output without (a), and
with (b) the application of the interleaving method (IBO= —2 dB).

In Fig. 16 the impact of NS is shown for Wi-Fi-OFDM
signal at an IBO= —2 dB, before and after application of
the interleaving method (for 24 and 120 possibilities of
interleaving).

20

-30 -20 -10 0 10 20 30
Frequency [MHz]
— original i original with PA spectrum mask 802.11a

- = = with 24 possibilities of interleaving and PA
= = = with 120 possibilities of interleaving and PA

Fig. 16. TImpact of nonlinear PA model with memory on fre-
quency responses with and without interleaving (IB= —2 dB).

As expected, the use of null subcarriers affects the spec-
trum with a larger bandwidth and spurious component
in the adjacent bands due to nonlinear effects. However,
they will remain still under the mask specification of the
standard used.

ACPR values are calculated after the amplifier for different
IBO levels, with the lower and upper bandwidth of 25 MHz
for each, with and without the interleaving method. The
results are shown in Table 4. In terms of ACPR, they are
very close, both without and with the interleaving method
for 24 and 120 possibilities.

5. Conclusions

In this paper, an original implementation of the interleaving
method is proposed for PAPR reduction and is evaluated in
terms of its robustness, against a nonlinear PA and noisy
channel. The principle is based on the selection of the
interleaving possibility with the lowest PAPR. The main
objective of the method is to avoid optimization processes,
such as those applied in TR [21].

In practice, we proposed a coding process where the se-
lected interleaver is coded with an inter-key. In order not
to degrade the data rate, the interleaver is transmitted to
the receiver via a minimum number of null subcarriers.
Such a technique ensures downward compatibility and of-
fers a PAPR improvement of about 5.2 dB over the orig-
inal signal.

In order to find the correct interleaver at the receiver, de-
spite the transmission errors, a practical decoding process
has been presented. A nonlinear power amplifier with mem-
ory was inserted to evaluate the proposed method in terms
of QoS and energy efficiency. From these results, we ob-
served an improvement in EVM of about 3% and an im-
provement in BER by a factor of more than one decade.
So, for a given quality in terms of EVM or BER, the in-
terleaving method enables to use the power amplifier at
a higher IBO (—2 dB) rate, leading to greater power effi-
ciency values.
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Table 4
ACPR Results
Adjacent Channel Power Ratio [dB]
Original With 24 possibility With 120 possibility

Lower Upper Lower Upper Lower Upper

IBO= —4 dB —22.13 —22.00 —21.83 —21.74 —21.78 —21.75
IBO= -2 dB —25.09 —24.94 —24.88 —24.77 —24.26 —24.20
IBO=0 dB —28.39 —28.21 —28.12 —28.00 —27.25 —27.10
IBO=2 dB —31.53 —31.32 —31.03 —-30.92 —30.00 —30.00
IBO=4 dB —34.04 —33.88 —33.22 —-33.12 —32.00 —-31.90

The power amplifier output spectrum demonstrates the pos-
sibilities offered in terms of performance improvement,
while observing WLAN 802.11a specifications. The use
of null subcarriers for transmitting SI is therefore not an
obstacle to the generalization of the interleaving method
and its application to next generation of wireless commu-
nication systems.
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