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Leakage Suppression in Pulse-Shaped OTFS
Delay-Doppler-Pilot Channel Estimation

Andreas Pfadler , Tom Szollmann, Peter Jung , and Slawomir Stanczak , Senior Member, IEEE

Abstract—In this letter, we propose a novel channel esti-
mation scheme with leakage suppression for orthogonal time
frequency and space (OTFS) modulation. In OTFS, data and
pilot symbols are placed in the delay-Doppler (DD) domain
and spread over the time-frequency (TF) domain. This increases
the achievable accuracy in estimating linear time-varying (LTV)
channels. Unfortunately, leakage effects reduce the measure-
ment precision significantly. Therefore, we propose a scheme that
exploits smoothness regularization in TF to suppress the leakage
observed in the DD domain. It allows us to improve the channel
estimation accuracy while reducing signaling overhead.

Index Terms—Delay-doppler, channel estimation, OTFS.

I. INTRODUCTION

ONE OF the most promising features of orthogonal time
frequency and space (OTFS) modulation is the direct

resolution of the different channel paths in the DD domain.
Therefore, it has the potential to provide more accurate channel
estimation and reduced signaling overhead when using spar-
sity promoting estimation techniques like compressed sensing.
This is particularly interesting for high-speed communication
scenarios, involving, e.g., vehicle communications. Safety-
relevant vehicle communications are especially challenging as
they require a reliable exchange of short-frame messages. This
implies that on the one hand, we have to meet strict quality
of service requirements and, on the other hand, we need to
deal with highly LTV channels. In these scenarios, the channel
needs to be estimated and equalized on a per frame basis.

Considering the full OTFS transceiver chain, including pulse
shaping filters, the original sparsity in the channel diminishes
when using the discrete symplectic Fourier transform (DSFT).
Depending on the LTV channel both fractional Doppler shifts
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and delay shifts are present when represented in the discrete
DD domain. The reason for this is that the fractional shifts are
not compatible with the periodicity assumption of the DSFT.
This causes significant leakage and substantially reduces the
effective sparsity.

So far, most research has focused on iterative detection
methods based on message passing [1]–[3]. In [1] and [2],
the channel is assumed to be sparse in the DD domain.
Other works take fractional Doppler shifts but not frac-
tional delay shifts into account [3], [4]. In [3], enlarged
guard regions are used to deal with fractional Doppler
shifts. In general, compressed sensing or even super reso-
lution are possible approaches to cope with leakage effects
and to enhance sparsity as presented in [5], [6], respec-
tively. However, algorithms in this context usually require
high computing power, are complex, and time-costly. This
motivates a deeper investigation of low-complexity prac-
tical schemes to leakage suppression without resorting to
�1-norm minimization or iterative optimization methods. A
suitable scheme is channel main diagonal estimation (CMDE)
with one-tap equalization [7], [8]. In this letter, we focus on
CMDE with a novel smoothness regularization scheme that
does not need the periodicity assumption to be fulfilled.

II. SYSTEM MODEL

The system model for pulse-shaped multicarrier schemes is
based on a time-continuous Gabor (Weyl-Heisenberg) signal-
ing model from which we derive a discrete model. We define
the Gabor grid as I ⊆ ZN ×ZM with ZN = {0, . . . ,N − 1},
ZM = {0, . . . ,M − 1} and time- and frequency step-sizes
T > 0 and F > 0, respectively. Note that we assume the grid
to be cyclic. The frame duration is then the product of TN
and total bandwidth B = FM. We further use I◦ ⊆ ZM ×ZN
to denote the adjoint grid corresponding to the DD domain.
We synthesize the transmit signals fTx(t) with the pulse
complex-valued pulse γ(t) as

fTx(t) :=
∑

(n,m)∈I
xn,mγ(t − nT )e2πjmFt , (1)

where j =
√−1 and x = {xn,m}(n,m)∈I is the 2D-array

of TF-resource coefficients containing the TF spread symbols.
The Gabor synthesis in (1) is also referred to as Heisenberg
transform, as in [1]. All symbols X = {X�,k}(�,k)∈I◦ are
placed in the DD and spread over the TF domain by applying
the DSFT, i.e.,

xn,m = [FsX ]n,m :=
1√
NM

∑

(�,k)∈I◦
X�,ke

−2πj ( nk
N

−m�
M

),

(2)
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where Fs denotes the DSFT and is also called OTFS trans-
form. Note that Fs is its own inverse due to the flipping of
the axes, opposite exponential sign, and normalization.1

Assuming a LTV channel, the signal at the receiver yields

fRx(t) :=
∑

p∈J
ηp fTx(t − τp)e

2πjνpt , (3)

where fTx is given by (1) and J = {1, . . . ,P} is the index
set corresponding to the complex-valued channel coefficients
ηp , delay shift τp and Doppler shift νp associated with each
transmission path. The channel is assumed to be underspread,
i.e., all tuples (τp , νp) are contained within a small box U ⊂
[0, τmax] × [ − νmax, νmax] of size |U| = 2τmaxνmax � 1,
where νmax and τmax denote the largest Doppler spread and
delay spread, respectively [9]. At the Gabor filter bank, the
received signal is measured with the complex-valued analysis
pulse g(t), i.e., the (n̄, m̄)-th measurement is

yn̄,m̄ =

∫
g∗(t − n̄T )e−2πj m̄Ft fRx(t) d t + wn̄,m̄ ,

=
∑
p∈J

ηp

∫
g∗(t − n̄T )e2πjt(νp−m̄F)fTx(t − τp) d t

︸ ︷︷ ︸
=:yn̄,m̄(τp ,νp)

+wn̄,m̄ ,

(4)

where (·)∗ denotes the complex conjugate and y(τ, ν) =
{yn,m (τ, ν)}(n,m)∈I is the 2D-array receiver response
to a single unit amplitude scatterer with delay shift
τ and Doppler shift ν. The Gabor analysis in (4) is
also called Wigner transform, as in [1]. For the mea-
surement error w = {wn̄,m̄}(n̄,m̄)∈I , we assume an
additive white Gaussian noise (AWGN) process, i.e., wn̄,m̄ ∼
N (0, σ2). The assumption of white noise is common when
using orthogonal receive filterbanks [10].

The unit response further evaluates to

yn̄,m̄ (τ, ν) =
∑

(n,m)∈I
xn,m

×
∫

g∗(t − n̄T )γ(t − τ − nT )e2πj (tν−m̄Ft+mFt−mFτ) d t

(5)

and the integral in (5) is the full channel matrix given by

e2πj(n̄Tν−mFτ+TFn̄Δm)

∫
g∗(t)γ(t − τ −ΔnT )e2πjt(ν+ΔmF) d t ,

(6)

where we use Δn = n − n̄ and Δm = m − m̄ for con-
venience. The integral in (6) is the cross ambiguity function
defined as Aγ,g (τ, ν) :=

∫
g(t)∗γ(t − τ)e2πjνtdt . Due to

the underspread assumption, the channel matrix is diagonally
dominant and most energy is contained in the channel main
diagonal [11], which motivates the use of CMDE. Assuming
a CMDE scheme, we separate the off-diagonal terms in (5)
which correspond to self-interference in common terminol-
ogy [11]. Self-interference includes both, inter-symbol and
inter-carrier interference and is also referred to as channel

1LTFAT http://ltfat.org/doc/gabor/dsft.html

cross-talk [8], [11]. We write the self-interference associated
with a single unit amplitude scatterer as

zn̄,m̄ (τ, ν) :=
∑

(n,m)∈I
(n,m) �=(n̄,m̄)

xn,me−2πj (mFτ−n̄Tν−TFn̄Δm)

× Aγ,g (τ + TΔn, ν + FΔm). (7)

Then, we can write (5) as

yn̄,m̄ (τ, ν) = xn̄,m̄ e−2πj (m̄Fτ−n̄Tν)Aγ,g (τ, ν)︸ ︷︷ ︸
=:hn̄,m̄(τ,ν)

+zn̄,m̄ (τ, ν), (8)

where the 2D-array h(τ, ν) = {hn̄,m̄ (τ, ν)}(n̄,m̄)∈I contains
the channel main diagonal coefficients with respect to a single
unit scatterer. Finally, this yields the input-output relation

y = x �
∑

p∈J
ηph(τp , νp)

︸ ︷︷ ︸
=:h

+
∑

p∈J
ηpz (τp , νp)

︸ ︷︷ ︸
=:z

+w , (9)

where h = {hn̄,m̄}(n̄,m̄)∈I is the 2D-array of the channel
main diagonal, z = {zn̄,m̄}(n̄,m̄)∈I is the 2D-array of the self-
interference, and � denotes the Hadamard product. Applying
the DSFT to (9), we transfer the relation to the DD domain

Y = X �
∑

p∈J
ηpH (τp , νp) + Z +W , (10)

= X �H + Z +W , (11)

where [X � H ]�̄,k̄ :=
∑

m,n Xm,nH�̄−m,k̄−n denotes the
2D circular convolution of 2D-arrays. In the DD domain,
H, Z, and W are 2D-arrays of the channel main diagonal,
the self-interference, and AWGN, respectively. Note that Z
includes both inter-Doppler and inter-delay interference. It is
common to assume that the synthesis pulse γ, analysis pulse
g, as well as T and F are adapted to U such that the self-
interference is minimized [7], [8], i.e., ‖Z‖22 � ‖X �H ‖22.
We model the distribution of Z as an additive white noise
process Z�̄,k̄ ∼ N (0, σ2z ) with (unknown) variance σ2z > 0
which we regard as additional noise [8]. In (11), the chan-
nel represents a 2D convolution of 2D-arrays due to using the
DSFT. Since the channel is considered to be underspread, we
know that the 2D convolution kernel is supported within a
region in the DD domain which we refer to as pilot region in
Section IV. Therefore, standard CMDE yields the estimate ĥ
by extracting this kernel from Y. For equalization, we can then
use a one-tap minimum mean square error equalizer (MMSE)
and get the equalized frame as [8]

x̂n,m = ĥ∗n,myn,m (|ĥn,m |2 + λ)−1, (12)

where λ > 0 is the noise variance parameter.

III. LEAKAGE EFFECT ON DISCRETE DD CHANNEL

Computing the channel coefficients for a (τ, ν)-scatterer in
DD domain yields

H�̄,k̄ (τ, ν) =
∑

(n̄,m̄)∈I
hn̄,m̄ (τ, ν) e−2πj ( m̄ �̄

M
− n̄k̄

N
), (13)
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Fig. 1. Dirichlet kernel in spectrum (K = 64).

= Aγ,g (τ, ν)

N−1∑

n̄=0

e2πj
n̄(k̄+NTν)

N

M−1∑

m̄=0

e−2πj
m̄(�̄+MFτ)

M , (14)

= Aγ,g (τ, ν)DN

(
k̄ + NTν

N

)
DM

(−�̄−MF τ

M

)
, (15)

where DK is the Dirichlet kernel for an integer K > 0 defined
to be

DK (t) :=

K−1∑

k=0

e2πjkt = eπj (K−1)t sin(πKt)

sin(πt)
. (16)

Note that the length and bandwidth of the bi-orthogonal
synthesis and analysis pulses are designed to be pro-
portional to the spacing of the Gabor grid. In combi-
nation with the underspread assumption, we observe that
Ag,γ(τp , νp) ≈ Ag,γ(0, 0) = 1 [11]. Consequently, the impact
of the cross ambiguity function on the observed leakage in (15)
is small. Fig. 1 illustrates the decay of the Dirichlet kernel for
K = 64. Observe that the 2D-array H (τ, ν) is only sparse if
MF τ and NTν are both integers. Otherwise, it has many large
entries due to the poor localization of the Dirichlet kernel, as
shown in Fig. 1, which is commonly referred to as leakage.

Recall that the implicit assumption behind the DSFT is
that the underlying samples stem from a band-limited periodic
function, which is the reason for using a (block) cyclic pre-
fix. However, h(τ, ν) is not cyclic and therefore the received
frame y is discontinuous at the boundaries when interpreted
as a periodic function. This behavior can be seen when com-
paring the frame borders of perfect with standard CMDE in
Fig. 4(a) and 4(e), respectively. It can be observed that the
standard CMDE reconstructs a periodic 2D-array in the TF
domain, i.e., h. In addition, the extraction of the pilot region
applied in the DD domain acts upon y as an ideal low-pass
filter, which is known to cause significant oscillations near
discontinuities. This behavior is clearly visible for standard
CMDE in Fig. 4(e).

IV. STRUCTURE OF THE OTFS FRAME

All symbols are placed in the DD domain including the pilot
signaling. We divide the frame into three regions, which are
allocated according to the expected long-term expectation of
the channel described by U [3]. The regions are specified by Q
in Doppler domain and W and Wn both in delay domain and
are depicted in Fig. 2. Unlike Doppler shifts, delays are dis-
tributed asymmetrically, i.e., with sufficient synchronization
effective delays are usually non-negative. However, leakage
smears delays such that we can also observe negative delays
which can not be taken into accounted by W. Therefore, we
introduce the parameter Wn. Doppler shifts are distributed

Fig. 2. OTFS frame with W = 10, Q = 3, and Wn = 3.

Fig. 3. Performance of CMDE and one-tap equalization in a NLOS vehicular
scenario at Δv = 200 km/h.

symmetrically and we consider the smeared Doppler shifts by
simply increasing Q. Recall that we have cyclic indices and
therefore negative indices are wrapped.

1) Pilot Region: This region is a rectangular box given by

Ip = {−Q , . . . ,Q} × {−Wn, . . . ,W } ⊂ I◦ (17)

and consists of a single pilot symbol at the origin,
i.e., X0,0 =

√
(4Q + 1)(2W + 1) and zeros elsewhere.
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The reasoning is that the main diagonal acts as a
2D-convolution with a kernel of approximate support
size (W + Wn + 1) × (2Q + 1), where W and Q
are selected to be larger than the expected τmaxMF
and νmaxNT , respectively. The kernel of the channel
main diagonal can be extracted using the orthogonal
coordinate projection P ∈ C

MN×MN onto the coor-
dinates in Ip. P is the diagonal matrix with entries
[P](�̄,k̄),(�̄,k̄) = 1 if (̄l , k̄) ∈ Ip and [P](�̄,k̄),(�̄,k̄) = 0
otherwise. Fig. 2 shows the projection P highlighted in
a black dashed frame.

2) Guard Region: The guard region

Ig = ({−2Q , . . . , 2Q} × {−W , . . . ,W })\Ip, (18)

consists entirely of zeros and avoids interference
between pilot and data symbols outside the black dashed
frame.

3) Data Region: All remaining symbols Id = I◦\(Ip∪Ig),
usually coming from a certain modulation alphabet, are
used for the data payload and have unit amplitude.

V. CHANNEL ESTIMATION AND SMOOTHNESS

REGULARIZATION

We propose a novel scheme to suppress the leakage effect
for CMDE. The leakage is an inherent problem of the DSFT
and is unavoidable if the pilot is subject to OTFS spreading. To
mitigate this effect, we propose to combine a standard CMDE
with additional minimization of the isotropic discrete gradients
of h , which we abbreviate as smoothness regularized channel
main diagonal estimation (SR-CMDE).

Define the discrete gradient matrices Δt,Δf ∈ C
NM×NM

with mirror padding to be

[Δth]n̄,m̄ :=

{
hn̄+1,m̄ − hn̄,m̄ , n̄ = 0, . . . ,N − 2,
0, n̄ = N − 1,

(19)

and

[Δfh]n̄,m̄ :=

{
hn̄,m̄+1 − hn̄,m̄ , m̄ = 0, . . . .M − 2,
0, m̄ = M − 1.

(20)

With this in hand, we consider the following optimization
problem

min
h∈CNM

1
2‖PFsh − Ĥ ‖22 + α

2 (‖Δth‖22 + ‖Δfh‖22), (21)

where the left term is a standard least-squares CMDE
and the right term suppresses leakage. The regularization
parameter α > 0 has to be tuned for particular sce-
narios. Problem (21) can be solved by standard least-
squares algorithms and has a closed form solution. Let us
define

Φα :=
[
(PFs)

ᵀ √
αΔᵀ

t

√
αΔᵀ

f

]ᵀ ∈ C
3NM×NM , (22)

Φ :=
[
Ĥ

ᵀ 0ᵀNM 0ᵀNM

]ᵀ ∈ C
3NM , (23)

where (·)ᵀ is the transpose and 0NM ∈ C
NM a zero 2D-array.

Then, (21) is equivalent to

min
h∈CNM

1
2‖Φαh − Φ‖22, (24)

TABLE I
SIMULATION AND SYSTEM PARAMETERS

which has the unique solution Φ†
αΦ, where Φ†

α is the Moore-
Penrose pseudo-inverse of Φα. Note that the matrix Φ†

α can
be computed ahead of time so that (21) is solved by a single
matrix-vector product.

VI. NUMERICAL RESULTS

We numerically study distinct schemes for CMDE together
with one-tap equalization in vehicular scenarios where the
channel is highly time-variant. We compare standard CMDE
with the proposed SR-CMDE. The CMDE of the LTV chan-
nel is then used for one-tap equalization to evaluate the
bit error rate (BER) performance. We consider two kinds of
equalizers: (i) standard MMSE; (ii) tuned MMSE (tMMSE)
with an extended variance parameter λ [7]. The latter one
amounts for the self-interference and channel estimation error
power in (12) as additional noise [8].

We use short-frame vehicular messages with 64 elements in
both delay and Doppler domain, resulting in 4096 symbols in
total. The guard region is selected to be W = 10 and Q = 3
yielding 3823 data and 273 signaling symbols and a signal-
ing overhead of 6.67%. The larger the frames are, the lower
the signaling overhead gets. This should be taken into account
when comparing efficiency in terms of signaling overhead. The
simulation and system parameter setup are listed in Table I.
We focus on particular challenging non-line-of-sight (NLOS)
vehicular scenarios with a relative velocity of Δv = 200 km/h,
causing a large spreading region of |U | = 4.25e-3. The
numerical system model takes fractional delay shifts and
fractional Doppler shifts into account, reproducing leak-
age as observed in real measurements. Fig. 3a shows the
normalized mean square error (NMSE) of the CMDE, where
the best performance is achieved by the proposed SR-CMDE.
In Fig. 3b, the uncoded BER performance is compared.
In the case of standard MMSE, without tuning, the self-
interference power dominates over the noise power for higher
signal-to-noise-ratio (SNR) increasing the BER. Note that a
more appropriate time-step T, frequency-step F, and pulse
width may lead to better performance gains in terms of
BER by improving the pulse and grid matching [10], [13].
Improvements of more than 3 dB are possible with target error
rates below 1e-2. Fig. 3c shows the coded BER performance
using convolutional code with a code rate of r = 1/3 with hard
decision decoding. Here, improvements of 4 dB are possible
with a target BER of 1e-4. From the numerical results it can
be seen that the proposed SR-CMDE together with tMMSE
enables a low complexity and robust communication.
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Fig. 4. CMDE for a particular NLOS vehicular channel realization at Δv = 200 km/h. Note that a less variant channel is selected, such that oscillations
due to low-pass filtering are visible in (d) – other channel realizations are significantly more variant.

VII. CONCLUSION

We addressed the problem of leakage effects for pulse-
shaped OTFS channel estimation. Leakage is caused by frac-
tional delay and fractional Doppler shifts. To mitigate this
effect, we proposed a novel minimization of the isotropic
discrete gradients in the TF domain and combine it with stan-
dard channel main diagonal estimation. The numerical results
indicate that the proposed scheme enables channel estimation
with reduced signaling overhead even in highly time-variant
communication scenarios. It was shown that the BER can be
improved by more than 3-4 dB.
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