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Abstract—In this paper, we address the challenging problem of
high pilot overhead and peak-to-average power ratio (PAPR) in
channel estimation in high-mobility scenarios for 5G and beyond.
To improve the channel estimation accuracy and enhance the
reliability of data detection, we propose a two-stage algorithm
for channel estimation and symbol detection in OTFS systems.
In the first stage, a coarse estimate of the channel is obtained,
followed by interference cancellation. Then, data symbols are
detected using a message-passing (MP) algorithm. In the second
stage, detected data and pilot symbols are jointly used to accu-
rately estimate the channel. Simulations show that our proposed
scheme, namely contiguous embedded pilots (CEP), achieves a
good trade-off between complexity and performance in terms of
normalized mean square error (NMSE), bit error rate (BER),
spectral efficiency, and PAPR when compared to embedded pilot
(EP) and superimposed pilot (SP) designs.

Index Terms—QOTFS, channel estimation, data detection, high-
mobility, time-varying channels, message-passing, two-stage

I. INTRODUCTION

Future mobile communication systems face the challenge of
maintaining reliable communications in high-mobility environ-
ments. However, the commonly used Orthogonal Frequency
Division Multiplexing (OFDM) modulation experiences de-
graded performance in such environments [1]. Orthogonal
Time Frequency Space (OTFS) modulation, proposed in recent
works such as [2] and [3], is designed to tackle this issue by
handling time-varying channels. OTFS employs the Inverse
Symplectic Finite Fourier Transform (ISFFT) to transform
a doubly-selective wireless channel into an almost flat one
in the Delay-Doppler (DD) domain. To ensure robust data
transmission in an OTFS system, effective channel estimation
and data detection algorithms are necessary.

Several channel estimation schemes for OTEFS in the DD
domain have been proposed, and they can be divided into three
categories. The first one concerns conventional pilot-aided
(CPA) schemes in which a superframe architecture is used: the
first frame is used for channel estimation, and the subsequent
frames are used for data detection [4], [5]. The second category
of algorithms, called embedded pilots (EP), consists of channel
estimation and data detection in the same frame [1], [6]-[15].
This is achieved by arranging pilots and data symbols in the
same DD grid. In this category, guard intervals are placed
between pilots and data symbols to avoid interference between
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them. The third category called superimposed pilots (SP)
includes schemes that superimpose pilots and data symbols in
the same locations in the DD domain [16]-[19]. This category
requires high-performance iterative algorithms for efficient
channel estimation and accurate data detection.

This paper addresses the challenging problem of high pilot
overhead and peak-to-average power ratio (PAPR) in channel
estimation for high-mobility scenarios. We propose a two-
stage algorithm for channel estimation and symbol detection in
OTFS systems. In the first stage, we obtain a coarse channel
estimate and perform interference cancellation, followed by
symbol detection using a message-passing (MP) algorithm. In
the second stage, we use the detected data and pilot symbols
jointly as pilots to achieve more accurate channel estimation
and update symbol detection accordingly.

Notations: © and ® denote, respectively, the Hadamard
product and the Kronecker product. The column vectorization
of an M x N matrix into an M N column vector is denoted
by vec(.). The invectorization of an M N column vector to
an M x N matrix is denoted by vec™!(.). CN(m,o?) is
the circular complex Gaussian distribution with a mean m
and a variance o?. diag{d,ds,...,dy} denotes an N x N
diagonal matrix with diagonal entries di,ds,...,dy. E{.} is
the expectation operation. Finally, I, F,,, and Ff are the
M x M identity matrix, the n-point DFT matrix, and the n-
point IDFT matrix.

II. SYSTEM DESIGN AND PROBLEM FORMULATION

We consider a Single-Input Single-Output OTFS system.
The DD grid is divided into N symbols and M subcarriers.
Af, B= MAf, and Ty = NT are the subcarrier spacing,
bandwidth, and the frame duration. We also have TAf = 1.

At the transmitter side, pilots and data symbols are arranged
in the same DD frame, as shown in Fig la. The transmitted
DD signal is given as

X =X,+X,, (1)
where X, € CM*¥ s formed by pilots in the [l, — I, +
M, —1] x [k, — ky, — Np, kp + ky, + N,] sub-grid and zeros
elsewhere, and X, € CM*¥ is formed by zeros in the [I, —
Iyl + M, —1] x [kp — ky — Np, kp + ku + N] sub-grid and
contains data symbols elsewhere. Parameters /.- and k, denote



the maximum delay tap and the maximum Doppler tap of the
channel. (k,,l,) are the coordinates of the central pilot. To
obtain an accurate estimation of the channel, it is necessary
to use pilot signals of sufficient size to cover the maximum
delay and Doppler spread. Therefore, the values of M, and N,
are carefully selected to strike a balance between estimation
accuracy and spectral efficiency.

After that, X passes through an ISSFT and the Heisenberg
transform to obtain the time-domain signal given as

s=(F{ @ Iz, 2)

where * = vec(X). A cyclic prefix (CP) is added to s(t)
before transmission to avoid inter-symbol interference.

The signal s(t) is transmitted over the sparse P-path DD
time-varying channel with the following impulse response:

P
h(r,v) = Z hid(r — 1:)d(v — vy), 3)
i=1

where h; is the complex gain, 7; is the delay shift, and v; is
the Doppler shift for the ¢-th path.
The received signal, after removing the CP, is given as

r=Hs+n, “4)

where . ~ CN(0,0%) and H = Y7 hT1h AF:, with
IT being the right shift permutation matrix and A =
diag{exp(j2m(0)/MN),...,exp(j2r(MN — 1)/ MN)}. I; =
7 MAf and k; = v; NT denote the delay and Doppler taps.

Then, the Wigner transform and the symplectic finite Fourier
transform (SFFT) are applied to r, yielding

y=(Fn @ In)r. ®)
After substituting (2) and (4) into (5), the relationship
between y, ©4 = vec(Xy), and x, = vec(X,) can be

expressed as follows:

Yy = Hegx + 1 = Herg + Her, + 10, (6)

where Heff = (FN ®IM)H(F]IV{ X IM), and n = (FN ®
I )n ~ CN(0,0?). Equation (6) can be rewritten as

y=@,h+ Dsh+ 7, @)

where ®;, = (¥ xy, Voxy, ..., Upxy] € CMNXP | ¢
{p,d}, and ¥, = (FN ® IM)(HLAki)(F]{,I ® IM) S
CMNXMN "B — [hy, ha,...,hp]T € CP*! has zero mean and
covariance matrix C, = E{hh'} = diag{o}. 0} ,...,07 }.

In this context, the objective is to estimate the channel by
identifying the channel support (I;, k;);=1.p and the associated
path parameters (h;, 7;,v;);=1.p. On the other hand, symbol

detection involves determining the data vector x4 from (6).

III. PROPOSED ALGORITHM

In this paper, to improve the channel estimation accuracy
and enhance the reliability of data detection, we propose a two-
stage algorithm for channel estimation and symbol detection.
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(b) Rx pattern.

Fig. 1: Tx and Rx patterns in the DD domain (o: pilot symbol,
M: data symbol).

A. First stage

To estimate the channel, we use the L, = (2N, + 1)M,
pilots uncontaminated by data symbols, as shown in Fig 1b.
The received pilot vector y, € CE»*1 can be expressed as [6]

yp = (Z, ©T)h + v = Ah + v, (8)

where Z, € CL»*L represents the pilots matrix, ' is an
additional phase shift matrix, L = (2k, +1)(I; + 1), and h is
a sparse vector containing only P non-zero elements, which
are the channel gains {h;};—1.p.

To estimate the channel vector fL, we perform the General-
ized Orthogonal Matching Pursuit algorithm (GOMP) [6] on
(8). The positions of the non-zero entries of h correspond to
delay and Doppler taps, and their values correspond to channel
gains.

Once the channel is estimated, to detect data symbols, we
first remove the contribution of pilots on the received signal
(6) as



yi =y — Hew, = Hegg + W, )

~

where W = (H¢ — Hegr)xp, + 1 is the interference-plus-noise
term. The detected data vector &4 is obtained using the MP
detector [16] with inputs h, y4, E{w}, and E{ww"}.

An additional stage is required to achieve a precise channel
estimate, which further enhances detection performance by

reducing the interference term (Her — Hegr) .

B. Second stage

To improve channel estimate and reduce detection errors, the
pilot symbols and detected data from the first stage are utilized
jointly as pilots in this second stage. This is accomplished by
rewriting (7) as

y=(®,+®)h+ (8-S )h+h=dh+5, (10)

where & = P, + &, is the joint pilot.

This method differs from the first stage in that it exploits
all the entries of the received signal to estimate the channel,
even those affected by data interference. By applying a Low-
complexity Minimum Mean Square Error (LMMSE) estimator
to (10), the channel vector is estimated as follows:

h=(®"C;'® + ) 1elC, 1y, (11)
where C; = E{90"}. Note that this estimator exploits the
DD sparsity by computing the inverse of a (P x P) matrix,
where P < MN.

Finally, to detect the data, we eliminate pilot contamination
from the received signal using (9) and utilize the MP detector
to detect the data matrix X,;. Due to the more precise
estimation of the channel vector in the second stage, the MP
detector exhibits superior performance compared to that of the
first stage.

IV. COMPLEXITY ANALYSIS

Here, we will compare the computational complexity of
CEP against that of the EP and SP schemes. All three schemes
use the MP algorithm for data detection, and its overall cost
OVer N, iterations is denoted as g = Nyt N M PJA|.

The computational complexity of the proposed algorithm is
written as Ccgp = O(u1)+0O(u2), where pq and po denote the
computational cost of the first and second stage, respectively.
= uél) + pg and py = ,u‘(f) + ptq, Where u(el) and u(e2)
are the computational costs of the channel estimation step
in the first and second stages, respectively. In the first stage,
the GOMP algorithm is used to estimate the channel, and its
computational cost is dominated by u(el) = O(nyL?), where
ng is the number of iterations required for the convergence
of the GOMP. For the channel estimation step in the second
stage, an LMMSE estimator is used, and its computational
cost is dominated by ,&) = P3. Therefore, the computational
complexity of the proposed algorithm is given as Ccgp =
O(ngL?) + O(P?) + 20(njter NMP|A).

The overall complexity of the EP algorithm is dominated
by Cep = O(NL;) + O(uq), and the overall complexity of
the SP algorithm is Csp = O(ue) + O(uq) + O(u;), where
pi = pe = (4P?* +6L)MN + (P® + L).

In practice, we have P,L,l. < MN, so the overall
complexities of CEP, EP, and SP algorithms are dominated
by CCEP = QO(nzteTNMP|A ), CEP = O(mterNMPLA ),
and Csp = (ns + 1)O(MN) + nsO(niter N M P|AJ).

Finally, we can conclude that Cgp < Ccgp < Csp. The pro-
posed algorithm achieves a good balance between complexity
and performance, making it a favourable choice in practical
implementations.

V. SIMULATION RESULTS

The performance of CEP is evaluated and compared to the
EP scheme [1] and SP design [17] in terms of NMSE, BER,
PAPR and spectral efficiency (SE).

We consider the following simulation parameters: the carrier
frequency and the spacing between sub-carriers are given as
fe = 4 GHz and Af = 15 kHz. Both the number of sub-
carriers and symbols are set to N = M = 64. The Extended
Vehicular A (EVA) channel model is employed [20], which
features a maximum delay shift of 7,,,4, = 20.8 us, equivalent
to a maximum delay tap of [, = 20. Additionally, the model
exhibits a maximum Doppler shift of v,,,, = 1850 Hz,
indicating a high-mobility scenario with a maximum Doppler
tap of k, = 8 and a maximum speed of v,,4,; = 500 km/h.

The total power in each OTFS frame is M N. Maintaining
a constant total power for all schemes is essential for a fair
comparison. In the EP scheme [1], due to the insertion of
(4k, +1)(21; + 1) — 1 guard intervals (GI) between the pilot
and data symbols, the power assigned to the GI positions must
be reassigned to the pilot symbols. Thus, the EP scheme uses
a pilot amplitude of \/(4k, + 1)(2l, + 1) to ensure that the
total power in each OTFS frame remains constant. On the
other hand, for the superimposed scheme [17], the power per
DD symbol is 1 for k € [0, N — 1] and [ € [0, M — 1]. In this
scheme, 30% of the total power is allocated to pilots, and the
remaining 70% is allocated to data symbols.

Fig 2 presents the NMSE versus SNR performance for
CEP, EP, and SP schemes. The results show that the proposed
algorithm initially falls short of both the EP and SP schemes
in the first stage, especially at low SNR levels. However, in
the second stage, the channel estimation error of the proposed
algorithm 1is significantly lower than those of both EP and
SP, particularly at high SNR levels. The improvement in the
second stage of the proposed algorithm is attributed to the
joint utilization of pilot symbols and detected data for channel
estimation. This enables more accurate channel estimation
and reduction of the interference term, leading to superior
performance compared to the first stage. On the other hand, in
low SNR scenarios, the NMSE of the second stage is worse
than EP. This can be attributed to the inadequate data detection
caused by the poor channel estimation in the first stage of
the proposed algorithm. However, at higher SNR levels, the
benefits of the second stage’s improved channel estimation




outweigh the limitations in the first stage, leading to overall
better performance compared to EP and SP.
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Fig. 2: NMSE of CEP, EP, and SP schemes.

In Fig. 3, the BER performance versus SNR is depicted. It
shows that the BER of the second stage of CEP exceeds that
of the SP scheme and matches that of the EP and known
CSL This indicates that the second stage of the proposed
algorithm achieves comparable data detection performance to
the EP and known channel state information (CSI) at higher
SNR levels. Interestingly, the results also show that there is no
need to consider further iterations of the process described in
Section III. This means that the proposed two-stage algorithm
provides satisfactory performance without requiring additional
complexity and iterations. Furthermore, despite not achieving
the same NMSE as the SP scheme, the first stage of CEP yields
a BER that is close to the performance of the SP scheme. This
suggests that the first stage’s coarse channel estimation and
interference cancellation steps are effective in improving data
detection performance, even though the NMSE may be higher
than SP.

We know investigate the PAPR performance for CEP, EP,
and SP schemes. The EP design uses a pilot amplitude
of \/(4k, +1)(2l, + 1), and since CEP utilizes less pilot
overhead (no guard intervals between pilots and data symbols
and fewer pilots compared to EP), the dedicated pilot power
per symbol in CEP is lower than that of EP. As the values
of M and N increase, the channel parameters [, and k,
also increase, leading to a rise in the power dedicated to a
single pilot in the EP scheme, and consequently, a high PAPR.
However, in the proposed scheme, the pilots are distributed in
the DD domain, resulting in a low PAPR that changes only
slightly with the increase of M and N. To further confirm
this result, the PAPR in dB for CEP, EP, and SP schemes is
plotted as a function of N in Fig. 4. From this figure, it can
be observed that the PAPR of the EP method is significantly
larger compared to those of CEP and SP schemes, which
exhibit similar PAPR performance. Additionally, it is evident
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—O— Proposed (two-stages)
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10 — B —Perfect CSI
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102
[any
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Fig. 3: BER performance of CEP, EP, and SP schemes.

that the PAPR of the EP scheme increases almost linearly
with the increase in N, while the proposed scheme’s PAPR
changes only slightly with the increase in N. In summary, CEP
demonstrates similar PAPR performance compared to SP and
exhibits much lower PAPR compared to EP. At N = 64, there
is about a 6 dB difference between CEP and EP schemes, and
at N = 512, this difference increases to about 13 dB. This is
attributed to the fact that the EP scheme uses only one high-
power single pulse in the DD domain, while CEP distributes
the pilots in the DD domain, leading to a more efficient power
allocation and lower PAPR.
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Fig. 4: PAPR of CEP, EP, and SP schemes.

The SE of CEP, EP, and SP schemes can be expressed as
SE = (1 —ns)logy(]A]), where 7, is the pilot overhead of
scheme s with s € Proposed, EP, SP and A is the constellation
set. The pilot overhead is defined as the ratio of pilots-

plus-GI to the total number of symbols in the OTFS frame:

b = Wt @Np+ UM, g nsp = 0,

MN > T[Proposed — MN



Using the same constellation for CEP, EP, and SP schemes,
the scheme with the least pilot overhead is the one with
the best SE. As CEP uses less pilot overhead compared
to EP, it achieves higher SE compared to EP. Therefore,
CEP outperforms the EP design in terms of SE. To confirm
this result, the SE of CEP, EP, and SP schemes for QPSK
constellation and different /V and M is plotted in Fig. 5. From
the figure, it can be observed that CEP indeed outperforms the
EP design in terms of SE and approaches the performance of
the SP scheme for high values of N and M. In summary,
CEP achieves higher SE than the EP design due to its lower
pilot overhead, and it converges to the performance of the SP
scheme for higher values of N and M. This indicates that
the proposed algorithm strikes a good balance between pilot
overhead and SE, making it a promising solution for future
mobile communication systems.

*
g <(/ / <
(2] L 4
E 1.4 < /o -
2 i —© -EPN=32
EDJ 12+ // / — © —Proposed N =32 |
y /’ —< -EPN=64
é — < —Proposed N = 64
12 — % —EPN=128 1
/ — % —Proposed N = 128
/ — b —EP N =256
081, — B —Proposed N = 256 | |
& —%— P
0.6 | | | | | | | | |
50 100 150 200 250 300 350 400 450 500 550

M

Fig. 5: SE performance of CEP, EP, and SP schemes for |A| =
4.

VI. CONCLUSION

In this paper, we have presented a novel two-stage approach
for joint channel estimation and data detection in OTFS
systems. The first stage utilizes the GOMP algorithm for
coarse channel estimation based on pilots contribution not
contaminated by data symbols and the MP algorithm for
data detection. In the second stage, we take advantage of the
detected data and pilot symbols to achieve accurate channel
estimation. This approach offers significant improvements in
both spectral and power efficiency while maintaining a low
PAPR of the transmitter. Simulation results demonstrate that
the proposed algorithm achieves a favorable trade-off between
complexity and performance when compared to the conven-
tional EP and SP schemes. The algorithm performs well in
terms of NMSE, BER, PAPR, and SE. It shows promise as a
practical solution for future mobile communication systems.
Overall, the proposed two-stage approach shows considerable
advantages over existing schemes, making it a compelling
option for OTFS systems in high-mobility environments.
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