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1 | INTRODUCTION

Future-generation wireless networks are expected to sup-
port reliable communication in high-mobility scenarios
(e.g., high-speed railway, drone, and vehicle-to-vehicle
communications). The existing fourth- and fifth-
generation communication technologies are based on
orthogonal frequency-division multiplexing (OFDM) and
offer considerable spectral efficiency for time-invariant
channels. However, OFDM is not robust to time-varying
channels, particularly in high-Doppler spreads. The new
two-dimensional (2D) orthogonal time-frequency space
(OTFS) modulation technology enables proper operations
through time-varying channels [1, 2]. As such, the data
points are multiplexed in the delay and Doppler domains
rather than in the general time and frequency domains.
The main process behind an OTFS system considers a
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This paper presents methods for reducing the peak-to-average power ratio
(PAPR) of the orthogonal time frequency space (OTFS) signal. These methods
mainly consist of two operations: symbol interferometry (SI) and either u-law
or A-law companding. SI spreads the data of one OTFS symbol onto all sym-
bols and is implemented using a simple inverse fast Fourier transform opera-
tion on each OTFS symbol. During the second operation, the PAPR of the
OTFS signal is significantly reduced. For our performance analysis, the com-
plementary cumulative distribution function, probability density function, and
bit error rate are illustrated through simulations performed in MATLAB. The
performance is also analyzed using a solid-state power amplifier at the trans-
mitter and compared with OTFS, p-law-based OTFS, and SI OTFS systems.
The results indicate that the proposed OTFS system achieves a low PAPR.

A-law companding, OTFS, PAPR, symbol interferometry, u-law companding

time-varying wireless channel as a delay-Doppler
(DD) type. In a DD channel, the time-varying wireless
channel is treated as a time-invariant channel, which
leads to improved performance over OFDM modulations.

Similar to OFDM [3-6], OTFS modulation exhibits a
high peak-to-average power ratio (PAPR), whose mitiga-
tion has already been addressed [7-12]. The authors
in [2] presented an analytical upper bound for the PAPR,
considering that the size of one OTFS frame is N, x Ny,
N; and N, are the numbers of grids along the delay and
Doppler dimensions, respectively. According to this
upper bound [2], the PAPR of the OTFS modulation does
not increase with the number of subcarriers (delay grids),
as is the case with OFDM. However, the PAPR increases
with the number of symbols (Doppler grids). This charac-
teristic was verified using a complementary cumulative
distribution function (CCDF) metric for the PAPR
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variety [2]. Although the PAPR of an OTFS modulation
is smaller than that of an OFDM modulation under
N, <N,, it is desirable to reduce the PAPR of an OTFS
modulation. However, few investigations of this issue
have been reported in the literature [7-12]. Such investi-
gations should be based on spreading codes with discrete
Fourier transforms [7], iterative clipping and filtering [8],
deep learning autoencoders [9], unique OTFS frame
structures [10], Internet of Things (IoT) peak windowing
techniques for railways [11], and nonlinear companding
transforms [12-14]. The u-law companding discussed in
[12] performs better than clipping and reduces PAPR;
however, it increases the average power, which is unde-
sirable. The exponential companding transform in [13]
exhibits poor bit error rate (BER) performance. In [14],
the normalized p-law and normalized A-law methods
were examined, and the results showed that the normal-
ized p-law performed better than the normalized A-law,
including the method covered in [12].

This study proposes a new method based on symbol
interferometry (SI) coding [15] and p-law and A-law com-
panding to reduce the PAPR of the OTFS signal. This
concept is based on the fast Fourier transform (FFT) car-
rier interferometry approach used in OFDM tasks [4].
The concept of carrier interferometry involves the dis-
semination of information from one subcarrier to all sub-
carriers. Because the PAPR of the OTFS varies with the
number of symbols rather than the number of subcar-
riers [2], we implemented dissemination with respect to
its symbols between the inverse symplectic FFT (ISFFT)
and the Heisenberg transform. SI codes spread the data/
energy of each symbol onto all symbols, thereby reducing
the peak power. The SI operation can be performed using
a simple inverse FFT (IFFT). The SI codes of the IFFT
operation ensure orthogonality; thus, the despreading
codes that use FFT perform undo operations with mini-
mum or no reductions in BER performance. The PAPR of

SI OTEFS is further reduced by either the normalized
u-law [14] or normalized A-law companding [5, 14],
which is applied to the time-domain signal after the Hei-
senberg transform. To validate the proposed method and
compare it to existing methods, the CCDFs of PAPR,
instantaneous-to-average power ratio (IAPR), probability
density function (PDF), and BER are computed with sim-
ulations using the MATLAB tool.

The remainder of this paper is organized as follows:
Section 2 describes the mathematical model of the pro-
posed SI OTFS p-law and A-law system. In Section 3, the
simulation results and their discussions are presented.
Finally, Section 4 presents our conclusions.

2 | MATHEMATICAL
DESCRIPTION

OTFS modulation operates in the DD domain. Thus, con-
stellation (i.e., information) points of M-ary quadrature
amplitude modulations (QAMSs) are considered in the DD
domain. These DD information points are translated to
the time-frequency domain using an ISFFT and then
related to time domain using the Heisenberg transform.
A cyclic prefix (CP) is added to avoid interference
between OTFS frames, which are amplified using a high-
power amplifier (HPA) prior to transmission. Conse-
quently, after removing the CP at the receiver, the
received signal in the time domain is transformed to the
frequency-time domain using the Wigner transform and
then to the DD domain using the symplectic FFT (SFFT).
In the proposed system illustrated in Figure 1, we incor-
porated two blocks at the transmitter: SI/spreading
(marked in blue) and either the y-law or A-law (marked
in red). Appropriate undo operation blocks are incorpo-
rated into the receiver, and the SI operation is performed
using a simple IFFT on each symbol.

: Symbol Heisenberg p-law / Add HPA
—>» M »| ISFFT » —> g —>
4PPINE —> "I Interferometry Transform A-law CP "1 (sSpA)
Transmitter
. Inverse
- R
De. | SFFT [ Symboll Wigner |, plaw | € emove | o
Mapping De-spreading Transform Cp
A-law
Receiver
FIGURE 1 Block diagram of the proposed p-law and A-law companded SI OTFS system.
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To mathematically describe the proposed system
shown in Figure 1, B is the total allocated bandwidth, Af
is the subcarrier spacing, Ty is the total transmission
time, and T is the symbol duration. In one OTFS frame,
the number of grids in the delay domain is N, =B/Af
and the number of grinds in the Doppler domain is
N, =Ty/T; thus, the total number of grids is N, X N,
Let w(k, I), k=0, ...,N,—1, [=0, ..., N, — 1 be the con-
stellation points of an M-ary QAM treated as points in
the DD domain. Then, the output of ISFFT is given by

N,—1N.-1

e (R
w(m, ZZ o), (1)
vk 0 =0
m=0, l, ..Ny,—1;n=0,1, .., N, —1.

The output of the SI block is given by

1 Nv71 i~y - mi
X(i,n)= W (m, n)&* ™,
N @
i=0,1,..,N,—1;, n=0,1, ..., N, — 1.

l n gw t_lT)E]ZﬁnAft lT) (3)

where g, is a transmit rectangular windowing function
consisting of all ones. The u-law and A-law operations on
the time-domain signal, x(t), can be expressed as
follows [14]:

log(1+ upx(t)[)

y,(t)=B log(1 1 5) sign(x(t)), )
and
yalt) = Cy—i—Clog( |x()|>
1+logAy sign(x(t)), £<|x(t)|3y,
(5)

where y and A are the companding parameters of the
u-law and A-laws, respectively. |-| denotes the absolute
value, sign(-) denotes signum function, and
y = max |x(¢)|. Constants B and C ensure that the average
powers of y,(t) and y,(t) are the same as those of x(t).
Constants B and C are given by

E [Jx(t)"]

—1 i
VBN Eiog 4ot ©
and
C=(1+logA) Epiﬂxfi)z (7)
where Py =A2E(|x(t)’] for 0 < |x(t)| <y/A,

P =7 B[]1+ log(Alx(1)|/7)] for y/A<|x(t)| <7, and
E is an expectation operator.

After adding the CP, the resulting signal is amplified
by a solid-state power amplifier (SSPA). The output is
then given by

2(8) :M, (8)
)

where D, and Dg,; denote the gain and saturation levels
of the SSPA, respectively, p is a positive number for con-
trolling the nonlinearity of SSPA, and «y(t) denotes an
argument of the signal y(¢t). Note that y(¢) means either
Yu(£) or y,(t), depending on whether the companding
u-law or A-law is used.

At the receiver, after removing the CP, either the
inverse pu-law or inverse A-law is applied. The operation
of the inverse u-law is expressed as

£ = [0 1fsignorw). @

where r(t) is the signal received after removing the CP.
The operation of the inverse A-law is given by

O en(r(0), o<ir(n|<”,
(1) = “ (10
%exp (@7 1) sign(r(t)), g <lr(t)| <7,

where a= (1+1logA)/C. The inverse companding trans-
form output is then fed into the Wigner transform. The
output of the Wigner transform is in the time-frequency
domain, and the sampled version of the output at t =iT
and f = nAf is given by

X(i, n) :/)}(t)g\; (t_iT)eijﬂnAf(t—iT)dt,
i:o, 1, ceey NV — 1; nZO, 1’ v, N, —1.

(11)
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The operation of the symbol despreading block is
expressed as

Nv—l
W(m, n X(i, n) e 2,
m= , 1, ., N, —1
The output of the SFFT operation is given by
N,—1N,—1 l k)
wik, 1) = W (m, n) (¥
X 0
k=0,1,..,N,—1;1=0,1, .., N, — 1.

Finally, data points w(k,l) in the DD are mapped
back to the original information format to compute the
erTorS.

3 | SIMULATION RESULTS

This section describes the simulation results and perfor-
mance analyses of the OTFS p-law [14], SI OTFS [15],
proposed SI OTFS p-law, and SI OTFS A-law systems.
The metrics considered in this study for performance
analyses are PAPR values, CCDF of PAPR, CCDF of
IAPR, PDF, and BER. The results are also presented for
different values of the delay (N,) and Doppler (IN,) bins
in different modulation formats. For the simulation, we
considered a CP of length three, which is the maximum
number of delay taps, and a complex additive white
Gaussian channel with zero mean and variance 2. The
noise variance, o2, was determined from the given aver-
age bit energy-to-noise ratio (Ep/N,) and the average bit
energy of a particular modulation format. The smooth-
ness factor of the SSPA was set to p =1.2. All results were

TABLE 1
N,,N, OTFS OTFS p-law
16, 32 6.46 2.52
16, 64 7.05 2.61
16, 128 7.62 2.67
16, 256 8.21 2.75
32, 64 7.92 2.72
32,128 8.56 2.79
32,256 9.18 2.86
64, 128 9.38 2.88
64, 256 10.06 2.96
128, 256 10.85 3.04

averaged over 10 randomly executed frames. In the case
of the OTFS p-law or the SI OTFS p-law, the p value was
taken as 1.45, as it is the optimal value mentioned
in [14]. For A-law companding, A value is considered to
be A=3.26 [14].

Table 1 compares the PAPR values of the OTFS u-law
[14], ST OTFS [15], proposed SI OTFS u-law, and SI OTFS
A-law systems for different values of the delay (N,) and
Doppler (N,) bins. The mapping format used was 16-
QAM. For N, and N,, we compared PAPR values of the
OTFS system with identical frame sizes (i.e., N, x N,)
using different combinations of N, and N,. For example,
the PAPR values of the OTFS system with frame sizes of
2048, 4096, and 8192 were 7.62, 8.21, and 9.18, respec-
tively, when (N,,, N,) = (16, 128), (16, 256), and (32, 256).
However, the PAPR values were 7.92, 8.56, and 9.38
when (N, N,)=(32, 64), (32, 128), and (64, 128). It is
important to note that the frame sizes were identical (i.e.,
N, x N, =2048 for values (N,, N,)=(16, 128) and (N,,
N.)=(32, 64)). However, the PAPR values were 7.62 and
7.92. These results clearly indicate that the PAPR of the
OTFS system depends on the number of symbols, N,.
Among the different approaches, SI-based OTFS systems
(i.e., SI OTFS, SI OTFS u-law, and SI OTFS A-law) pro-
vided constant PAPRs irrespective of N, and N,, owing to
the data spread across all N, symbols.

Table 2 lists the PAPR values comparison of all
methods and different mapping formats, including quad-
rature phase-shift keying (QPSK), 8-QAM, 16-QAM,
32-QAM, 64-QAM, and 256-QAM. The numbers of sym-
bols and subcarriers were N, =32 and N, =64, respec-
tively. The results in Table 2 indicate that the PAPR of
SI-based approaches is liable to change with the modula-
tion order because data spreading is independent of the
QAM order, and the PAPR of the OTFS system increases
with modulation order. Note that the SI OTFS system has
a low PAPR until the modulation order reaches 32-QAM,

PAPR of OTFS, OTFS p-law, SI OTFS, SI OTFS p-law, and SI OTFS A-law for different values of N, and N.

SI OTFS Proposed (u-law, A-law)
1.79 1.41, 1.46
1.79 1.41, 1.46
1.79 1.41, 1.46
1.79 141, 1.46
1.79 141, 1.46
1.79 141, 1.46
1.79 141, 1.46
1.79 141, 1.46
1.79 141, 1.46
1.79 1.41,1.46
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TABLE 2 PAPR of OTFS, OTFS p-law, SI OTFS, SI OTFS p-law, and SI OTFS A-law for different modulation formats.
Mapping OTFS OTFS p-law SI OTFS Proposed (y-law, A-law)
QPSK 7.79 3.36 1 1,1
8-QAM 8.21 2.94 1.66 1.41,1.43
16-QAM 7.92 2.72 1.79 1.41,1.46
32-QAM 7.93 2.51 1.69 1.34,1.41
64-QAM 7.96 2.32 2.33 1.47,1.69
256-QAM 7.94 2.04 2.65 1.44,1.83
[ SOOI
\ :
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0.8 OTFS | 1
o OTES p-law B
e || me——— SIOTFS &4 Wi
é 0.6 7 — — —SIOTFS p-law < || !
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— — —SIOTES p-law
SIOTFS A-law
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FIGURE 3 CCDF of IAPR in OTFS, OTFS p-law [14], SI
[ — OTFS [15], SI OTFS p-law, and SI OTFS A-law systems.
. i
| |
[
0.8 1 : i OTFS Figures 2 and 3 illustrate the CCDF of PAPR and
o | (s)IT(lji F#s-law CCDF of IAPR, respectively, for all methods for perfor-
[ ; _ _
% 06 | I : — — —SIOTFS p-law | manc<.3 comparison. We se't Nl',_32 and N,=64. Tt.le
A | i ST OTFS A-law mapping format was QPSK in Figure 2A and 16-QAM in
[_f : | Figures 2B and 3. In Figure 2A, the CCDF curves of the
8 04 1 SI OTFS, SI OTFS p-law, and SI OTFS A-law approached
© ! the horizontal axis when the CCDF of PAPR was zero.
0 | ! This indicates that the PAPRs of these three approaches
’ | II were always less than a given PAPR threshold; thus, the
: i probability was one and the CCDF was zero. Overall,
0 L—4 the PAPR results in Tables 1 and 2 and the CCDF results
0 5 PAPR (dB 10 15 in Figures 2 and 3 indicate that the proposed SI OTFS
B (dB) u-law and SI OTFS A-law systems achieved a low PAPR/
®) IAPR for any number of symbols, any number of subcar-
FIGURE 2 CCDF of PAPR in OTFS, OTFS s-law [14], SI riers, and any order of modulation compared with OTFS,

OTFS [15], SI OTFS p-law, and SI OTFS A-law systems: (A) N, =
32,N, = 64, and QPSK and (B) N, = 32,N, = 64, and 16-QAM.

and it has a high PAPR beyond 64-QAM, compared with
the OTFS p-law approach. However, the proposed sys-
tem, particularly with the SI OTFS p-law approach,
obtained a low PAPR.

OTFS p-law [14], and SI OTFS [15] systems.

The PDFs of the PAPR values of (A) OTFES, (B) OTFS
u-law [14], (C) SI OTFS [15], (D) SI OTFS u-law, and (E)
SI OTFS A-law systems are given for different values of
Doppler bins N, = {32,64,128} in Figure 4 and for differ-
ent QAM formats {16-QAM, 64-QAM, 256-QAM} in
Figure 5. We set the other parameters to N, =256 and
64-QAM/N, = 128. Based on the PDFs, we observed that
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FIGURE 4 Probability density functions of (A) OTFS, (B)

OTFS p-law [14], (C) SI OTFS [15], (D) SI OTFS p-law, and (E) SI
OTFS A-law systems for N, =32, N, =64, and N,, = 128.

8-QAM 64-QAM 256-QAM
04 04 04
(A) 202 502 ' 302
0 0 0
5 10 15 5 10 15 5 10 15
PAPR PAPR PAPR
5 5
w2 [ o
® zZ, 2 IL 2
0 0 0
2 4 2 4 2 4
PAPR PAPR PAPR
10 10 10
©) %5 25 25
0 0 )
4 2 4 2 4
PAPR PAPR PAPR
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D) %5 5 B
e s 0T 2 s "7 2 4
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0 s YT 2 s 0T 2 4
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FIGURE 5 Probability density functions of (A) OTFS, (B)
OTFS p-law [14], (C) SI OTFS [15], (D) SI OTFS p-law, and (E) SI
OTEFS A-law systems for 16-QAM, 64-QAM, and 256-QAM.

the PAPR values of the OTFS and OTFS p-law [14] sys-
tems followed a Rayleigh distribution, whereas the distri-
bution was uniform in the SI OTFS [15] and SI OTFS
u-law systems; it was nearly uniform in the SI OTFS
A-law system. In the OTFS, the lower bound of the Ray-
leigh distribution was different for different Doppler bins;
however, it was constant for different QAM formats. In
the OTFS p-law, the scale parameter of the Rayleigh dis-
tribution was different for different Doppler bins and
QAM formats. The lower bound was different for differ-
ent QAM formats but was constant for different Doppler
bins. The scale parameter of the uniform distribution was
constant in both SI OTFS and SI OTFS u-law systems.
For SI OTFS and SI OTFS A-law, the location parameter

100 é
SR e
10—2 @ G
@
m N
—F— OTFS \. :
ceeo{peer OTFS pi-law & <
o6 || — % —SIOTFS \
\
— © —SIOTFS p-law '\
ST OTFS A-law \?
10 ‘ ‘ : : ‘
0 2 4 6 8 10 12
Ey/No (dB)
(A)
100
102¢ :
B o104t 1
M &
—8— OTFS 1N
weeeee OTFS p-law X
106 | —-%-—SIOTFS 0\\ 1
— © —SIOTFS p-law %)\
SIOTFS A-law kY
1078 1 1 b
0 5 10 15 20
E,/Ny (d B)
B)
FIGURE 6 BER performance of the OTFS, OTFS p-law [14],

SI OTFS [15], ST OTFS u-law, and SI OTFS A-law systems without
HPA: (A) N, =32,N, =64, and QPSK and (B) N, =32,N, = 64, and
16-QAM.
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of the uniform distribution differed for different QAM
formats, whereas for SI OTFS u-law, the location parame-
ter was constant. The PDF of the SI OTFS p-law was uni-
form and was located in the low PAPR region.

Figures 6-8 show the BER performances of the OTFS,
OTFS pu-law [14], SI OTFS [15], and the proposed SI
OTFS p-law and SI OTFS A-law systems in the absence of
HPA, respectively, as well as the presence of HPA. In this
analysis, we set N, =32 and N, =64. The mapping for-
mat was QPSK in Figures 6A, 7A, and 8A, 16-QAM in
Figures 6B and 7B, and 64-QAM in Figure 8B.
Furthermore, Figure 6 evaluates the BER performance
without HPA (SSPA) at the transmitter, and Figures 7
and 8 examine the SSPA with an input backoff (IBO) of
10 and 5dB, respectively. The BER curves in Figures 6

100
2]
102 £ a
m N\,
—=—OTFs E
104 ¢ OTFS p-law
—-%-—SIOTFS
— & —SIOTFS p-law IZI
ST OTFS A-law {
106 ' ‘ ‘ : '
0 2 4 6 8 10 12
Ey/N, (dB)
(A)
0
10 ;\
102
R}
o~ N
2 104k B
—F— OTFS ox
OTES p-law Q
106 E | —-%-—SIOTFs i
— © —SIOTFS p-law \
SI OTFS A-law \
10 '
0 5 10 15 20
Ey/N, (dB)
(B)
FIGURE 7 BER performance of the OTFS, OTFS p-law [14],

SI OTFS [15], SI OTFS p-law, and SI OTFS A-law systems with a
SSPA of IBO = 10dB: (A) N, =32,N, =64, and QPSK and (B)
N, =32,N, = 64, and 16-QAM.

and 7 indicate that the OTFS system with SSPA required
an IBO of 10dB to obtain a performance equivalent to
that of the system without HPA, and the BER perfor-
mance of the SI OTFS system was the same as that of the
OTFS system. As the modulation order increased from
QPSK to 16-QAM, the proposed SI OTFS p-law system
exhibited poor BER performance relative to the OTFS
and SI OTFS systems. The poor BER performance was
caused by the amplification of channel noise during
inverse companding. From Figure 8, we can observe that
the BER performances of the SI OTFS and SI OTFS
A-law systems were better than those of the OTFS when
the dynamic range of the HPA was insufficient relative to
the required dynamic range for the OTFS signal, which
was 10dB.

10°

1072

=10
—H8— OTFS
OTEFS p-law
—-%-—SIOTFS
10°° f
— & —SIOTFS p-law
SI OTFS A-law i
108 ' ' ' ' ‘ ‘ 1
0 2 4 6 8 10 12 14
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B o b
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OTFS pi-law N
Lo b | —r* —SIOTFs N
— © —SIOTFS py-law ‘*,\
SIOTFS A-law \
\
10-5 . . . 3
0 5 10 15 20
Ey/N, (dB)
(B)

FIGURE 8 BER performance of the OTFS, OTFS p-law [14],
SI OTFS [15], ST OTFS u-law, and SI OTFS A-law systems with a
SSPA of IBO = 5dB: (A) N, =32,N, = 64, and QPSK and (B)

N, =32,N, =64, and 64-QAM.
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Overall, among all methods analyzed in this paper,
the proposed SI OTFS A-law system achieved superior
performance in terms of both PAPR reduction and BER
performance.

4 | CONCLUSION

This study proposed two methods based on SI and p-law
or A-law companding transforms to reduce the PAPR of
an OTFS signal. The performance was tested using a
solid-state power amplifier at the transmitter. Perfor-
mance metrics (i.e., CCDF, PDF, and BER) were
compared with those of existing methods, revealing that
SI combined with A-law companding transform outper-
forms both the PAPR reduction and BER performance.
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