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Abstract—Orthogonal time frequency space modulation
(OTFS) has been proved to have better performance over
orthogonal frequency division multiplexing (OFDM) under high-
mobility environments. In this manuscript, we address the chal-
lenging problem of channel estimation in high-mobility scenarios
for 5G and beyond. To improve the spectral efficiency of the
system, we combine superimposed pilots with index modulation
paradigm. Indeed, we propose an iterative algorithm for channel
estimation and symbol detection with superimposed pilot pattern
for OTFS-IM systems. The proposed algorithm iterates between
LMMSE-based data detection and data-aided channel estimation.
Performance in terms of spectral efficiency and bit error rate are
evaluated and compared against state-of-the-art methods.

Index Terms—OTEFS, index modulation, channel estimation,
high-mobility, time-varying channels

I. INTRODUCTION

Reliable communications in high-mobility environments is a
challenging problem in future mobile communication systems.
OFDM, which is the modulation used in today’s mobile-
communication systems due to its robustness in time-invariant
frequency selective channels, sees its performance deteriorate
in high mobility scenarios, such as high-speed trains scenarios,
because of severe inter-carrier interference [1].

OTFS modulation has been recently proposed in [2], [3] to
deal with time-varying channels. The secret of OTFS is that it
transforms a doubly-selective wireless channel to an almost flat
one in the delay-Doppler (DD) domain thanks to the inverse
symplectic finite Fourier transform (ISFFT). This fact can be
exploited to reduce the bit error rate (BER), leading to better
performance gain compared to OFDM.

To further increase spectral efficiency (SE), the index
modulation (IM) paradigm for OFDM (OFDM-IM) has been
extended to OTFS modulation. Several OFDM-IM schemes
have been proposed in [4]-[10]. But its performance degrade
in high-mobility scenarios. To address this problem, a novel
OTFS scheme with IM has been proposed in [11], [12].
Compared to OFDM-IM and OTFS, OTFS-IM has improved
BER performance for scenarios involving high mobility and
high SE. However, perfect channel state information (CSI) is
assumed known in these works. In practice, channel estimation
requires the use of pilots, which decreases SE. In addition,
considering an imperfect channel estimate decreases the per-
formance of the system.

Several channel estimation schemes in the DD domain for
OTFS have been proposed. They can be classified into three
groups. The first group, named conventional pilot aided (CPA),
uses schemes that employ a super architecture frame, i.e., the
first OTFS frame is used for channel estimation and subsequent
frames for data transmission [13]-[18]. The second group,
called embedded pilot (EP), involves the transmission of both
pilots and data symbols in the same frame with guard intervals
to avoid interference during channel estimation [19]-[27]. The
last group adopts a superimposed scheme, where pilots and
data symbols are spread in the DD domain [28]-[30].

In this paper, we propose an iterative algorithm for channel
estimation and symbol detection in the DD domain for OTFS-
IM systems. To avoid pilot overhead and further improve the
SE of the system, we adopt the superimposed pilot pattern.
The proposed algorithm, which benefits from the DD channel
sparsity, iterates between an LMMSE-based data detection and
data-aided channel estimation. Performance of the proposed
algorithm in terms of SE and BER are compared against state-
of-the-art methods.

II. SYSTEM MODEL

The block diagram of OTFS-IM is shown in Fig 1. We
consider an OTFS frame with N symbols and M subcarriers.
T, Af denote the symbol duration and the subcarrier spacing,
respectively.

OTFS-IM differs from OFDM-IM systems by carrying
index information through a combination of silence and active
points on the 2D-DD grid, instead of silent subcarriers. In
OTFS-IM, no subcarrier is silent when transformed to the
time-frequency domain.

First, the NN, transmitted bits are divided into G groups,
each one with b = N,/G bits. Each group of b bits is then
divided into two subgroups, one with b; bits referred as index
selector and the other with by = K log,(M,) bits mapped
into an M,-ary signal constellation on active index subsets,
where K is the number of active indices chosen by the by
bits. by is calculated as by = floor(logy(CK)), CK being the
binomial coefficient. Then, the g-th OTFS subblock of size
L = NM/G is formed by means of the Gray-coded pairwise
index mapping exemplified in Table I and expressed as:
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where :v((jg )(z) € {0, M,}. Afterwards, all the OTFS subblocks
pass through the OTFS Block Generator & Add Pilots to form
the DD transmitted signal Xpp = X,+ X4 € CM*Y, Where
X is formed by subblocks in (1) and X, is the pilot matrix
formed by the arrangement of X, [k,{] for k=0: N —1 and
Il =0: M — 1. The elements of X, and Xy are assumed
independent and identically distributed with zero-mean and
we note E{| X[k, []|*} = o and E{|X4[k,l]|*} = 0. Thus,
E{|Xpplk,1]]*} = 03+ 07 = 03.

Then, the DD signal X pp is transformed into a 2D time-
frequency signal X via an ISFFT. X7 is then transformed
to the transmitted time domain signal via the Heisenberg
transform along with the pulse-shaping waveform gy, (¢) [31]:

S =G Fil(FyXppFil)=GuXppFY, (2

where Gy, = diag{gi(0), ..., gt (M — 1)T/M)} € CM*M
and Fy and F! denote the (K x K) DFT and IDFT matrices.
S € CM*N is then converted to a 1D signal s € CMN*1 via
a column vectorization procedure. One cyclic prefix (CP) is
added to the signal s(t) before its transmission to avoid inter-
symbol interference between OTFS blocks.

Next, the signal s(t) is transmitted through the multi-paths
time-varying wireless channel A(7,v), which is sparse in
the DD domain, involving only a few parameters. Thus, the
baseband channel impulse response can be represented as:

P
h(r,v) = Zhi(;(rfn)(;(l/fyi), 3)
i=1

where P is the number of propagation paths, h;, 7;, and v;
denote the complex gain, delay shift, and Doppler shift of the
i-th path, respectively. The i-th delay and Doppler taps (I;, k;)
are defined as I; = ; MAf and k; = v, NT.

After removing the CP, the received signal becomes
r = Hs + v, where H = Y0 nIT4 AR, with A =
diag{exp(j2m(0)/MN),...,exp(j2r(MN — 1)/MN)} and
IT is the right shift permutation matrix. Then, = is ar-
ranged into a matrix R € CM*¥ and the Wigner transform
with the waveform g, (¢) and the symplectic finite Fourier
transform (SFFT) are successively applied yielding Ypp =
FH(Fy G, R)Fy € CM*¥ in the DD domain. Ypp can be
written in vector form as ypp = (Fn ® G, )7, where G, =
diag{gr4(0), gra(T/M), ..., gra (M — 1)T/M)} € CMXM

Finally, ypp is sent to the proposed algorithm to estimate
the channel, demodulate the index bits and information bits,
which will be discussed in details in Section III.

III. PROPOSED SCHEME
A. Problem formulation

The relationship between the received signal and the trans-
mitted data and pilots can be expressed in a vector form as:

ypp = Herxp + Hereg + 0, “4)

TABLE I: A Look-Up Table: L =4, K =2, b; = 2.

b1 bits | Indices Subblocks
[0 0] [12] [s1, s2, 0, 0]
[0 1] [2 3] [0, s1, s2, 0]
[10] [3 4] [0, O, s1, s2]
[11] [14] [s1, 0, 0, s2]
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Fig. 1: Block diagram of OTFS-IM system.

where Hep = (Fy ® G )H(FH @ Gy,), T, and x4 are the
column vectorization of X, and X4. © = (Fny ® Grg)v.

We note y, = Hgz, = &b and y; =
Hgxg = ®4h, where ©, = [Uiz,, Vs, ..., Upx,] €
CMNXP and &y = [Vix4,Vozy,..., Vpxy], with U; =

(Fy ® Gp)(ITE AR (FH © Gy,) € CMNXMN —p
[h1,ha,....hp]T € CPX! has zero mean and covariance
matrix Cj, = E{hh} = diag{opz,0h3, .., op2, }.

Finally, channel estimation in this context amounts to find-
ing the channel support {l;, k;} as well as the corresponding
path parameters {h;, 7;,v;} for i = 1 : P. Whereas, symbol
detection amounts to finding data vector x4 from (4). Since
{li, k;} remain unchanged for a period T, for a doubly-
underspread (DU) channel [32], the estimation of these pa-
rameters is done once every 1y = NpT' seconds, where Np
is the number of frames in the period 7.

B. OTFS-IM-SNI algorithm

Here, we present the proposed superimposed pilot non-
iterative (SNI) algorithm for channel estimation and symbol
detection in OTFS-IM (OTFS-IM-SNI). By considering data
as interference, the received signal in (4) can be rewritten as:

ypp = ®ph + 94, )
where vy = Hegxg + v. The mean and the covariance matrix
of vy are expressed as pg, = E{04} = Oprnx1 and Cp, =
E{oaol} = ((Zi.02,) 03 + 02) 1291, (301
Using the observation model (5), the estimate fLSNI of his
derived via an MMSE estimator as follows:



hsa = (0 C5 ', + C Y@l Cy lypp. (6)
Note that this estimator exploits the DD sparsity by com-
puting the inverse of a P x P matrix, where P < M N.
Next, we use an MMSE algorithm to detect the symbol
vector 4. The signal used for symbol detection is obtained
by subtracting the estimated pilot signal from (4) as follows:

Y4 = Ypp — Hegrsnizy = Heg + O, (7N

where v, = (Hefffﬁeff_SNI)$p+’l~). Since (Hefffﬁeff_SNI).’Bp
and v are statistically independent, the mean and variance of
the entries of ve are given as 5, ;) = E{®.(i)} = 0 and
var{o,(i)} = o} + o E{||h — hsnil|?} [29).

From (7), the MMSE estimate of x4 is given as follows:

&g = (HE g Hersnt + Man) " HIE oGy, 3

where X = o2 + o E{|[h — hsni|?}. As A =
(I;Telgf_SNlI:Ieff_SNI + A n) is a bounded Hermitian matrix
with a lower and upper bound P, we propose a low com-
plexity MMSE (LMMSE) by computing A~! via LDL"
decomposition. Therefore, &4 is obtained as follows: compute
A=LDL" — solve Ls; = I:IJ;If_SNIyd — solve Dsy = 57
— solve LH s5 = s9 — obtain &4 = s3.

The estimator in (8) allows to detect both constellation
symbols and indices bits. To obtain the sequence of bits sent,
we first use a power detection technique for only detecting
the power of indices information. This technique consists in
detecting the indices of the £ most powerful entries of vectors
79 = @99 - DL + 1),..,89((g — 1)L + L)] for
g = 1 : G. These estimated indices allow us to reconstitute
the sequence of bits sent using Table 1.

C. OTFS-IM-SI algorithm

The performance of OTFS-IM-SNI degrades for high SNR,
as shown in Section. IV. To address this problem, we propose
a superimposed pilot iterative (SI) algorithm which iterates
between channel estimation and symbol detection, named
OTFS-IM-SI. It begins with the symbol estimate i"((io) = Z4.SNI
obtained from OTFS-IM-SNI. With s&g ), we can compute an
initial estimate of ®, as 'iJElO) [T (O) \112213& ) \I/p:f?((io)].
The received signal expression (4) can be rewritten as follows:

ypp =00 h4+40, )

T4, Tp

where i,;oi) 2, = Ppt ‘I>Eio) is the data-aided matrix and
(0) = (4 —
Vector 75~ has a zero mean and a covariance matrix c™) ) =
s
(2(102:) o3+ 02) Tasn 1290
The estimate of h in the n-th iteration of the OTFS-IM-SI
is expressed as follows:

~(n 2 (n— H . —1
RS =T (80 0) " (C4V) ypp,

@(0))h + v denote the noise-plus-interference

D

(10)

e

T4, Tp T4, Tp

. H

where T'(") = ((Q(Anl)) (C,(ﬂ*l)) 2

Once h is estimated, we can compute the effective chan-
nel matrix in the n-th iteration as H, gfl)SI = (Fn ®
Gm) (Zz}‘il Bgn)nliAki (FJI\/! ® Gtm)~

We now use the proposed LMMSE estimator in (8) to detect
symbols vector. The received signal for symbol detection at
the n-th iteration of the OTFS-IM-SI is obtained as follows:

yL(in) =YpD — ‘He(lftl)Sle) = Hegxq + 00",

where 9" =

(11)
(Hesr — He(“)SI)wp + 0. Note that 11,0, =

E{5{" (i)} = 0 and var{a" (i)} = 02 + o2E{||h — A ||}
From (11), the LMMSE estimate of the symbol vector x4
is given as follows:

. -t H
o = ((FGh) " AGu 3O nn ) (AGy) 0l
) (12)
where A" = o2 + 62E{||h — h{"|12}. As for OTFS-IM-

N H
SNI, the inverse of A(™ = ((He(g)SI) He(foL)SI + )‘(n)IMN)

is calculated using LD L* decomposition.

OTFS-IM-SI iterates between data-aided channel estimation
in (10) and MMSE-based data detection in (12) and stops
when |ﬁ(”) — ﬁ("71)| < € or when the maximum number of
iterations N, is reached.

From the detected vector x4, we form the OTFS sub-blocks.
Then, we use the power detection technique for detecting the
power of indices information, which allows to reconstitute the
sequence of bits sent using Table I.

IV. SIMULATION RESULTS

Here, we present the performance of the proposed algorithm
in terms of SE and BER under high-mobility conditions.
Then we compare these performance against state-of-the-art
methods: CPA design [18], EP scheme [19], No guard in the
right side (NGR) method [26], Bayesian learning based row
and group sparse (RG-BL) method [33], block sparse Bayesian
learning with block reorganization (BSBL-BR) method [24],
OFDM-IM-perfect-CSI, and OTFS-IM-perfect-CSI.

A. Simulation parameters

Simulation parameters are given in Table II. Similar to [18],
we use the 5-path DD channel model whose parameters are
given in [29]. The maximum delay shift is 7,4, = 20.8 us,
which corresponds to a maximum delay tap [, = 5. The maxi-
mum Doppler shift is v,,4, = 1850 H 2z, which corresponds to
a high-mobility scenario with maximum Doppler tap k, = 2
and a maximum speed of v,,4, = 500 km/h.

For a fair comparison with the state-of-the-art schemes, the
total power per frame must remain the same for each scheme.
Here, this power is fixed to M N.

We can chek that the used channel is a doubly under-spread
channel [29]. The number of frames Ny in which the delay
and Doppler taps remain constant is Ny = T /Ty, where Ty =



TABLE II: Simulation parameters.

Parameter Value Parameter Value
M, N 16, 16 G, L, K,bp | 64,4,4,2
fc(GHz), Af(kHz) 4, 15 P 5
Modulation QPSK Pulse shaping | rectangular

OTFS

T T T
SNR=5dB
SNR=10dB

10'3 I I I I I L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

2
o
P

Fig. 2: BER versus o7 performance for OTFS-IM-SI.

N/AF is the frame duration. Here, Ny ~ 10. N increases as
Umae decreases, €.g. for vy,q, = 250 km/h, Ny ~ 20.

Here, we first estimate {l;, k; },=1.p using the simple thresh-
old method and the NGR scheme in [26] in the first frame, then
in the Ny —1 other frames we use the proposed algorithm for
only estimate {h;};—1.p. Therefore, the SE expression can be
computed as Rores-im-st = (Rnor + (N — 1)Rores-m) /Ny,
where Rngr and Rorrs.im are the SE of the NGR and OTFS-
IM schemes whose expressions are given in Table III.

B. Pilots/Data optimal power allocation

The allocated pilots power influences the performance of
the system. This led us to investigate the variation of BER
versus o7 by varying o7 in the interval [0.01;0.9], as shown
in Fig 2. We observe that the minimum BER is achieved at
approximately o = 07,; = 15 %. The BER degradation away
from o2, is due to a poor channel estimation if 02 < 02, and

is due to the reduced data power (0 = 1 —o07) if 07 > 02,,.

C. SE analysis

We now compare the SE of OTFS-IM-SI against state-of-
the-art methods, as shown in Table III. As there is no pilot
overhead in the proposed scheme, due to the superposition of
pilots and data symbols, the SE reaches those of OTFS-IM and
OFDM-IM systems with perfect CSI. For the OFDM-IM with
channel estimation, the SE degrades due to pilot overhead.
From Table III, we observe that the proposed scheme performs
better in terms of SE compared to all state-of-the-art methods.
This is due to the fact that the SE of OTFS-IM contains both
indices part and constellation symbols part.

TABLE III: SE comparison between OTFS-IM-SI and state-
of-the-art methods (M = N =16, N, =4, M, =4, L = 4,
K =3, L, =30, and Ng = 98, Umnqs = 250,500 km/h).

Design SE expression SE value
CPA [18] (MN/2ZMN)Ylog,(Ma) 1 bits/s/Hz
EP [19] (MN — Ng — 1)/MN) log,(Mg) | 1.23 bits/s/Hz
RG-BL [33] (N/(Np + N))logy(Ma) 1.60 bits/s/Hz
BSBL-BR [24 .

R [2(E] VL (MN = L,)/MN)logy(Ma) | 1.77 bits/s/Hz
OTFS-IM 110, (CE) + Klog, (Ma) 2 bits/s/Hz
SI (500 km/h) Rncr+ (N —1)Rorrs.m 1.98 bits/s/Hz
SI (250 km/h) Ny 1.99 bits/s/Hz

OTFS
100 ‘
OFDM:-IM-perfectCSI
B —P— OTFS-IM-SNI
—O—OTFS-IM-SI
1071 = = =OTFS-IM-perfectCS| |

BER

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Fig. 3: BER versus SNR performance.

D. BER analysis

We now investigate the variation of BER versus SNR. Fig
3 shows the BER over SNR performance of the proposed
schemes and OFDM-IM and OTFS-IM with perfect CSI. From
Fig 3, we observe that OTFS-IM-SNI and OFDM-IM with
perfect CSI perform almost similarly at low SNR values. At
high SNR, the BER performance of OTFS-IM-SNI saturates.
This is due to the interference introduced by the pilots. We also
observe that OTFS-IM-SI outperforms all the other methods
and has a close performance to the oracle. It exceeds the
OFDM-IM with perfect CSI by about 5 dB at BER = 1074,

V. CONCLUSION

In this paper, we have addressed the channel estimation
problem in high mobility scenarios for OTFS systems. To
increase the spectral efficiency of the system, two paradigms
have been brought into play: index modulation and the su-
perposition of pilots and data symbols. We have proposed
an iterative channel estimation and data detection algorithm.
The proposed algorithm iterates between LMMSE-based data
detection and data-aided channel estimation. Simulation results
show that the proposed scheme outperforms the state-of-the-
art methods in terms of spectral efficiency and bit error rate
under high mobility environments.
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