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ABSTRACT A novel Gaussian mixture model (GMM)-aided sparse Bayesian learning (SBL) framework
is proposed for channel state information (CSI) estimation in orthogonal time-frequency space (OTFS)
modulated systems. The key attribute of the proposed algorithm lies in casting CSI recovery as an SBL
inference problem, where posterior distributions are iteratively refined under a hierarchical GMM prior.
Using this approach, the sparsity-inducing variances beneficially promote sparsity in the delay—Doppler
(DD) domain, while additionally augmenting the capability of SBL to exploit channel statistics more
effectively. Moreover, to fully exploit the GMM’s ability to approximate arbitrary probability density
functions and model complex multipath fading scenarios, the channel statistics are represented using
a complex Gaussian mixture. Simultaneously, the method leverages time-domain (TD) pilots without
requiring wasteful DD domain guard intervals, thereby ensuring low pilot overhead and high spectral
efficiency. The CSI recovered is subsequently applied in a linear minimum mean square error (MMSE)
detector for reliable data detection. To benchmark performance, the Oracle-MMSE and the Bayesian
Cramér-Rao lower bound (BCRLB) are also derived. Our simulation results demonstrate significant
performance improvement over the state-of-the-art sparse estimation methods.

INDEX TERMS CSI estimation, delay—Doppler (DD) domain channel, GMM aided SBL, OTFS, sparsity.

EXT-generation (NG) wireless networks are expected
N to deliver ultra-high data rates in highly dynamic envi-
ronments. Typical scenarios include high-speed rail, vehicu-
lar, and aerial communications, where extreme user mobility
induces significant delay spread from multipath propagation
and severe Doppler shifts from high relative velocity [1], [2].
Notably, under such doubly selective channel conditions, the
performance of the ubiquitous orthogonal frequency-division

multiplexing (OFDM) severely degrades again primarily due
to the grave inter-carrier interference induced by Doppler
shifts at high mobility and carrier frequencies [3]. To ad-
dress this limitation, the Doppler-resilient orthogonal time-
frequency space (OTFS) modulation proposed by Hadani et
al. has emerged as a promising alternative candidate [4]. By
mapping information symbols onto the delay—Doppler (DD)
domain instead of the conventional time—frequency (TF)
domain, OTFS offers a channel representation that remains
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nearly invariant under high mobility [5]-[7]. However, the
performance gains of OTES critically depend on the avail-
ability of highly accurate DD domain channel state informa-
tion (CSI) [8]. Consequently, as discussed next, numerous
studies have investigated efficient CSI estimation methods
designed for OTFS systems.

A. Literature Review

Channel estimation in OTFS systems has been widely ex-
plored, with the earliest approaches belonging to impulse-
based CSI estimation. Representative treatises in this cate-
gory are by Hadani and Monk [9], as well as the solutions
in [10], [11], which developed an end-to-end DD domain
input—output relationship expressed as a two-dimensional
circular convolution between the DD domain signal and the
DD domain channel. While these designs were conceptually
simple, their major drawback was the need for a full frame
of pilots, leading to excessive pilot overhead and severely
reduced spectral efficiency. To alleviate this shortcoming,
Raviteja et al. [5] proposed a threshold-based CSI estimator
and low complexity data detector within the same frame.
The method embedded a known high-power pilot symbol
at a chosen DD coordinate with guard bands around the
pilot to isolate its interference from the data. However, it
typically requires high transmit power, which raises the peak-
to-average power ratio (PAPR), and large guard regions in
the DD grid that reduce spectral efficiency; additionally,
its threshold-based detection is signal-to-noise ratio (SNR)
sensitive and requires careful tuning.

The subsequent literature of OTFS has increasingly fo-
cused on exploiting the intrinsic sparsity of wireless channels
in the DD domain. Leveraging this sparse representation not
only provides a structurally informed estimation framework
but also helps reduce pilot overhead and improve accuracy
compared to conventional pilot-based schemes. Building on
this idea, in [12], [13] conventional compressed sensing
techniques such as orthogonal matching pursuit (OMP) have
been refined for exploiting the associated structured multi-
dimensional sparsity, jointly capturing the sparsity in delay,
Doppler and angular domains. Beyond greedy compressed
sensing (CS) techniques, a parallel line of work has devel-
oped Bayesian learning (BL) based estimators for CSI esti-
mation in OTFS systems. Zhao et al. [14] formulated a sparse
Bayesian learning (SBL) aided framework for sparse channel
estimation in OTFS systems. They suggested a novel DD
domain pilot pattern that eliminated the need for guard sym-
bols and maintained equal power for pilots and data, thereby
reducing both the PAPR and pilot overhead. However, a
fundamental limitation of the DD domain piloting strategy
is that the pilot arrangement must be carefully designed to
avoid interference with data symbols, which can complicate
the frame structure. Addressing this limitation, Srivastava et
al. [8] introduced a more flexible TF domain piloting strat-
egy. The SBL framework using this pilot design significantly
reduced the pilot overhead, while approaching the Bayesian

Cramér-Rao lower bound (BCRLB). Building upon these
foundations, subsequently an off-grid SBL approach was de-
veloped in [15]. This method formulates channel estimation
as a 1D off-grid sparse signal recovery problem within the
SBL framework. It effectively separates the estimation of
on-grid and off-grid delay/Doppler components, modeling
the latter as hyperparameters to be estimated via expecta-
tion—maximization (EM). A group-sparse Bayesian learning
framework was developed for exploiting structural sparsity
in the DD domain [16]. The model effectively captures the
sparsity profile across DD-grid bins, significantly enhancing
estimation accuracy even in pilot-limited OTFS regimes.
As a further advancement a parametric estimation-based
algorithm was proposed in [17]. This proposal goes beyond
sparse recovery algorithms for CSI in OTFS by advocating
a modified maximum likelihood estimator and a two-step
estimator, which rely on fine DD resolution to decouple the
joint estimation of channel gains into independent estimation
tasks using the delay and Doppler bins of each path.

Recent years have also witnessed the emergence of deep-
learning (DL) techniques for channel estimation in OTFS
systems. A number of these treatises [18]-[20] adopt a
hybrid estimate-and-denoise paradigm, where a conventional
estimator produces a coarse DD CSI estimator that is then
refined by a neural network. Furthermore, several papers
have conceived alternative DL based learning techniques
for OTFS channel estimation. Payami et al. [21] introduced
convolutional neural network (CNN) based support-learning
architectures that directly infer the active DD support without
an explicit sensing matrix. Their approach first identifies the
support locations of the dominant channel taps and then
estimates the corresponding amplitudes. A supervised neural
network is proposed in [22] to learn the mapping from
received TF-domain pilots to the underlying DD domain
channel, whereas a long short-term memory (LSTM) based
model in [23] leverages temporal correlations across pilot
sequences to learn the underlying DD domain channel dy-
namics. Despite the notable estimation accuracy achieved by
DL-based approaches, their employment remains constrained
by the need for extensive labelled training datasets and
frequent retraining. Moreover, their black-box nature re-
duces interpretability, motivating the development of robust,
model-driven estimation frameworks over purely data-driven
ones.

Existing research gaps in CSI estimation methods for
OTFES systems as discussed in Table 1 underscore the need
for a more efficient, interpretable, and statistically robust DD
domain estimation framework. Towards this end, we propose
a novel Gaussian mixture model-aided sparse Bayesian
learning (GMM-SBL) framework, whose key contributions
are articulated in the following section.

B. Contributions of the Paper

1) To enhance the capability of conventional SBL, a novel
GMM-SBL framework is proposed for OTFS chan-
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Table 1: Contrasting Key Features of Proposed and Existing OTFS CSI Estimation Methods (R = Required, NR = Not Required)

[101 [ [51 [ [121] [141] (81 [161] [171] [181] [191] [201] [211] [22] | Proposed
DD domain sparsity v v v v v v v v v v
CSI labels NR | NR | NR NR | NR | NR NR R R R R R NR
Flexible pilot overhead v v v v v v v v
BCRLB v v v 4 v
DD-guard R R NR R NR | NR NR R R R R R NR
Rectangular pulse shaping v v v v v
Offline training NR | NR| NR | NR | NR | NR NR R R R R R NR
Multiple training snapshots v v
GMM channel modeling v
Sparsity under GMM prior v
Unified GMM-SBL framework v

nel estimation. Conventional SBL relies on a single
Gaussian prior, which limits its expressiveness in mod-
elling clustered sparsity as observed in practical wire-
less channels. To address this, the proposed learning
strategy preserves the fundamental sparsity-promoting
mechanism of SBL in the DD domain, while enhancing
the statistical modelling flexibility through Gaussian
mixture-based priors. The approach is supported by a
theoretical analysis of sparsity guarantees under mixture
priors and it is implemented via a unified EM algo-
rithm that jointly updates the adaptive mixture weights
and variance estimates directly from the received pilot
observations.
2) By representing the channel distribution as a weighted
combination of Gaussian components, the prior har-
nesses the full potential of the proposed GMM-SBL
method. Furthermore, the learned mixture weights and
component covariances strengthen the capability of SBL
to exploit channel statistics beyond the restrictive zero-
mean complex Gaussian assumption, offering a more
practical and flexible representation of multipath chan-
nels.
3) By transmitting pilots in the time domain, the frame-
work enables flexible pilot placement without requiring
precise DD grid locations. This facilitates full utilisation
of the DD grid for data transmission, thereby substan-
tially reducing pilot overhead and improving spectral
efficiency. Following the sparse channel estimation, the
recovered CSI is incorporated into a linear minimum
mean square error (MMSE) detector, which leverages
the full posterior statistics for reliable symbol detection.

4) To establish performance references, an Oracle-based
MMSE and the BCRLB of GMM priors are derived.
Furthermore, the robustness of the proposed algorithm
is validated through extensive simulations under varying
mixture weights, cluster means, number of clusters,

pilot overhead and training sample sizes, consistently

VOLUME ,

demonstrating superior performance over state-of-the-
art sparse estimation methods.

The remainder of this paper is organised as follows. Section
II introduces the OTFS system model. Section III develops
the proposed GMM-SBL based sparse CSI estimation frame-
work. Section IV describes the performance benchmarks, and
Section V presents extensive simulation results, comparisons
with existing methods, and the computational complexity
assessment of the proposed algorithm. Finally, Section VI
concludes the paper.

Notation - Boldface lowercase and uppercase letters de-
note column vectors and matrices, respectively. The vector-
ization of a matrix A is denoted by vec(A), while vec™!(a)
denotes the inverse operation that reconstructs the original
matrix. A standard identity of the vectorization operator
vec(ABC) = (CT® A) vec(B), is used in the paper, where
® denotes the Kronecker product. The Hermitian transpose
of a matrix A is denoted by A, and the expectation
operator by E[-].

Il. OTFS System Description

OTFS is a 2D modulation technique in which information
symbols are mapped in the DD domain (Fig. 1). Consider
a DD domain grid and the corresponding time frequency
(TF) grid. Let the OTFS frame duration and the bandwidth
occupied be Ty = NT and B = MAf, respectively, where
N and M denote the number of time and frequency samples
on the TF-grid. Furthermore, T (seconds) denotes the symbol
interval, while Af (Hz) is the subcarrier spacing, obeying
TAf = 1. Next, the signal processing operations underlying
OTFS are described.

A. OTFS Modulation

Let Xpp € CM*N denote the matrix of DD domain
information symbols, where Xpp(¢,c) is placed at delay
index ¢ and Doppler index c. Let Xrgr(m,n) be the TF-
domain symbol transmitted on the mth subcarrier during the
nth symbol interval. The DD domain symbols are mapped
to the TF-domain using the inverse symplectic finite Fourier
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Fig. 1: Schematic diagram of GMM-SBL scheme for CP-aided OTFS transceiver.

transform (ISFFT) as described below:

M-1N-1
Xe(m.n) = e 3 Y Xop(t.e) (5 5.
(=0 c=0
ey
In matrix form this is compactly written as
Xrr = Fu Xpp Fy, )

where Fy; € CMXM and Fy € CV*N are the unitary
discrete Fourier transform (DFT) matrices.

Let gix(t) be a rectangular transmit pulse of duration T
repeated N times over the OTFS frame. The Heisenberg
transform produces the continuous-time transmit signal rep-
resented as

M-1N-1

s(t) =

Z Z Xop (m,n) g (t — nT) e?27mASE=nT),
m=0 n=0
3

Sampling s(t) at rate M/T (i.e., with interval T'/M) yields
M N discrete samples given by s(g) = s(t) |t:gT/M, for g =
0,...,MN — 1. The transmitted sample matrix S € CM*N
may then be expressed as

S = G FiX1r = Gix Xpp FX, )

where G, € CM*M is a diagonal pulse matrix with M sam-
ples of the transmit pulse. The vectorized transmit block is
obtained as s = vec(S) € CMN*1 which can be written as
s = (F]FVI ® gtx) xpp, Where xpp = vec(Xpp) € CMN*L,
To mitigate inter-frame interference, a cyclic prefix (CP) is
appended to the transmit vector s before transmission.

B. Clustered DD domain Channel Model
The DD domain representation of the frequency and time-
varying propagation channel is modelled as a superposition
of a small number of scatterers and may be written as [4],
(1]

LP

v) = Zhié(T—Ti)é(u—ui), )

i=1
where L,, is the number of dominant multipath components,
7; and v; are the delay and Doppler shifts of the ith path,
h; € C denotes its complex path gain and &(-) is the
Dirac-delta function. For typical OTFS parameter choices,
the continuous DD shifts associated with the multipath

components are mapped onto a discrete DD grid. The delay
sampling interval 1/(MAf) is typically much smaller than
the dominant delay spreads present in wideband systems,
which allows path delays to be accurately represented using
integer delay taps so that 7, = I;/(MAf) [5], [10], [16].
For high-mobility scenarios, however, the Doppler resolution
1/(NT) cannot always be assumed to produce Doppler shifts
that coincide with discrete grid points. Consequently, the
Doppler shift of the ¢th multipath component is modeled as
Vi = wip» Where ¢; = ky, +K,,, ky,, = round(c;) denotes the
nearest integer Doppler tap and &, represents the associated
fractional Doppler component satisfying |k,,| < %

Although the exact channel distribution may vary across
diverse propagation environments, prior studies have shown
that clustered multipath propagation is a fundamental charac-
teristic of wideband and high-mobility wireless channels. In
such environments, scattering arises from groups of reflectors
with distinct physical characteristics, such as spatial location,
reflectivity, and mobility, leading to heterogeneous fading
behaviours across multipath components. To account for this
statistical heterogeneity, GMMs have been widely adopted
as a more statistically flexible approximation to practical
multipath channels [24]-[26]. To the best of our knowledge,
in existing OTFS channel modelling, per-path gains are
typically assumed to follow a single complex Gaussian
distribution for analytical simplicity, which corresponds to
the special case of a GMM with K = 1. Therefore, extending
this framework to better capture the clustered multipath
statistics, the per-path complex gains h; are modelled as a
complex Gaussian-mixture [27], [28].

K K
= Zpk CN (uk,0%) st pp >0, Zpk: =1,
k=1 k=1
(6)
where CAN (g, o) denotes a circularly-symmetric complex
Gaussian with mean yy and variance o7, while K is the
number of mixture components. Furthermore, p; denotes the
mixture weight associated with the kth Gaussian component.
Therefore, with a more flexible statistical description of the
path gains characterised by these Gaussian—mixture parame-

ters {px, /tk, 0% } in (6), the received continuous-time signal
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o

is given as

= / h(r,v) s(t —7) 2™ ) dr dy + n(t)
Ly (N
=3 hys(t — ) 20T gp(e),
i=1
where 7(t) denotes additive white Gaussian noise with mean
zero and variance o2
Sampling (7) at ¢ = gI'/M and discarding the ini-
tial CP samples yields the discrete-time samples r(p) =
t) |t:gT/M, g=0,..., MN —1, the sampled input—output
relationship becomes

L (j%@—m)
r(p) = Zhis([p—li]MN) e
i=1

®)

+ n(p), p=0,....,MN — 1,

where [ ]|y denotes modulo-M N indexing (circular shift).
Equation (8) is the sampled input—output law used for
constructing the TD channel matrix H that maps the transmit
sample vector s € CMN*1 (o the receive vector r € CMN*1
via

= Hs+n, 9)

where we have H € CMN*MN and the noise process obeys

n € CMNX1_ Furthermore, to exploit the DD structure, it
is convenient to introduce the standard permutation matrix

II € CMNXMN and a diagonal matrix A € CMNXMN
where we have

w=e2m/(MN) " and A = diag(1,w,w?, ...

WwMN— 1)

(10)
Note that A“" imposes a linear phase shift corresponding to
Doppler index c;, while 5 G represents the /;-sample forward
circular shift [8] upon using these operators, the TD channel

matrix is composed as

LP
=S hartac
i=1

The equations (5)—(11) preserve the DD parameterisation,
i.e. delays, Dopplers, and complex gains, forming the basis
for the associated dictionary construction and sparse DD
domain CSI estimation subsequently.

11

C. OTFS Demodulation

At the receiver, the continuous-time signal is filtered by a
matched filter corresponding to g« (¢) and sampled in the TF
domain. Let R = vec™!(r) € CM*¥ denote the received
sample matrix. The discrete Wigner transform yields the TF-
domain receive matrix

Y1r = FuGxR (12)

M-1
where G, = diag { grx(%)} . Furthermore, the SFFT
g=0

maps TF-domain samples to the DD domain

VOLUME

M-1N-1

Yon(4,c) Z > Yre(m,n)e 92w (% ),
m=0 n=0
(13)
where (13) can also be written as:
Ypp = Fj; Yrr Fy = G RFy. (14)

Vectorizing Ypp as ypp = vec(Ypp) = (FN ® grx) r,
yields the discrete DD domain linear model

yop = Hpp xpp + VDD, (15)
with
Hpp = (Fy®Gx) H (FR®G:), vpp = (Fn®Gix) 1
(16)
The covariance of vpp is formulated as:
R,.pp = E[vppvip] = o?[Iy ® (GxGH)]. a7

Furthermore, for unit-power transmitted symbols, the linear
MMSE detector formulated in the DD domain is given by

HgDR;JIDDYDD'
(18)
Equations (15)—(18) thus establish the discrete DD domain
input—output model of the OTFS system. This compact
representation directly exploits the inherent sparsity of the
DD domain channel, providing the foundation for the sparse
CSI estimation framework discussed in the next section.

DD H p-1 -1
XMMSE — (HDDRv,DDHDD + IMN)

lll. GMM-SBL Based Sparse CSI Estimation for OTFS
Systems
Let s, € CNe*1 denote the time-domain (TD) pilot vector
inserted between OTFS frames for channel estimation.

The DD channel has a sparse representation

M,~1G,~1
hrv)= > Y hlé(r—m)év—vy), (19)

=0 j—=0
where 7, = #M, and v; = & NT Here, M, and N,

denote the maximum delay and 1nteger-Doppler spreads of
the channel satisfying M, < M and N, < N for a
typical under-spread channel. As discussed before, since
the delay resolution is sufficiently high, it is adequate to
represent delays using integer delay taps. Whereas, to ac-
curately capture fractional Doppler shifts, the Doppler grid
size is chosen as G, > N, thereby refining the Doppler
sampling resolution. In this formulation, the integer Doppler

tap k,, , and the fractional Doppler is

= round (Jév”)
represented by K, = % — round(D . Since only
a few dominant reflectors exist, the D channel remains
sparse over the MG, grid, with L, < M,.G, non-zero
coefficients.

After CP removal, the received TD pilot vector is expressed
as

r, = Hs, +n,, 20)

where 7, € CN»x1 denotes additive white Gaussian noise.

Vehicular Technology
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The effective channel H can be written as
M;=1G,=1
H= hi (TI)* (Ay)7,

(21
i=0  j=0
with IT € CN»*Ne a permutation matrix and A; € CNe*No
a diagonal matrix given by

— _ Jdiag(w® Wt @m0, i i £ 0,
B diag(w®, wt, ..., whe=1) if i =0,
(22)

where w = ¢/27 &%~ . Bach wz represents the contribution
of the pilot sequence s,, as it is shifted in delay by 7 samples
(via (II)*) and modulated in Doppler by j shifts (via (A;)7).
Thus, w! can be interpreted as the effective measurement
vector corresponding to the (7, j)th DD bin. By stacking all
such vectors column-wise, we obtain the dictionary matrix
2 and the sparse vector h as

Q- [wg,wé, Wl ,wﬂ%—_ﬂ 23)
T
h— [hg,hg,...,hgvfl,hg),...,hg’}j_ﬁ] Y
The pilot observation model then becomes
r, = Qh+n, (25)

which forms the basis for the subsequent GMM-SBL-based
sparse DD domain channel estimation.

The DD domain channel response in OTFS systems is
characterised by a sparse structure arising from a finite num-
ber of dominant multipath components. However, in practical
scenarios, the complex gains associated with these compo-
nents may exhibit non-stationary statistics, often organised
into distinct clusters due to the presence of grouped scat-
tering objects. This gives rise to a multimodal distribution
of tap gains, a feature that is not captured by conventional
estimators relying on a homogeneous single Gaussian prior.

To better model this statistical heterogeneity and inherent
sparsity in the DD domain, a GMM-SBL framework is
proposed for sparse CSI estimation. The proposed framework
introduces a more expressive, hierarchical prior that models
the channel as a mixture of K Gaussian components

K
p(h) = p CN (1., ),

K
Zpk =1, pr 20,
k=1 k=1

(26)
where T';, = diag(vy,) is the diagonal covariance matrix
for the kth component of the channel h. Also, the corre-
sponding marginal covariance matrix is Ay. The posterior
mean and covariance under component k are denoted by
;. and Xy, respectively. The responsibility is written as
mi(rp) = Pr(k | rp), and m; ;, in the multi-snapshot setting.

The GMM-SBL approach represents a significant
paradigm shift from imposing a sparse structure to enabling
data-driven learning, as it allows the model to capture diverse
channel statistics within a unified Bayesian framework. A
critical advantage of this formulation is its strong theoretical

foundation [29], which exhibits sparsity-inducing properties,
as shown in Theorem 1.

Theorem 1 (Sparsity of the GMM-SBL Prior): Let
the latent variable z € {1,...,K} indicate the mixture
component with probability Pr(z=k) pk. Consider the
hierarchical prior

K
p(h) = > ppCN(0,T}),

k=1
where T, = diag(vy,) with v, > 0. Then there exists a
constant C > 0 so that

MoN,
ph) < C- ]
r=1

TN 27)

Proof: Given in Appendix A.

This result ensures that the GMM-SBL prior is bounded

by a sparsity-promoting function [30]. For our problem, let
the function be ¢(h) obey t(h) o< [],. |h(r)| 2. Consequently,
evidence maximisation within the proposed framework is
guaranteed to promote the robust recovery of sparse solu-
tions, while providing the flexibility to learn the parameters
i, pr and adapt to the underlying channel structure.
The GMM-SBL framework models the DD domain channel
vector with a hierarchical prior that adaptively learns sparsity
patterns from data. Given the received pilots, the posterior
distribution conditioned on mixture component k is Gaus-
sian, and it is defined as

p(h |1y, k) = CN(py,, Zi) (28)

with the posterior mean p; and posterior covariance Xy
under component k defined as

A, =0’1+QI, Q7 (29)
i =T Q7 Ay, (30)
2, =T -, QA QT (31)

The marginal likelihood under component k is
p(rp | k) = CN(0, Ay).

The responsibility 7 (rp) is the posterior probability that the
kth mixture component generated the received pilot vector
rp; according to the Bayes’ rule

Wk(rp):PI (kll‘p) = Ip(kp(rP |k) 5

21 pep(Tp | 0)
so 0 < mi(rp) < 1 and Zszl mr(rp) = 1. The respon-
sibilities provide a probabilistic assignment of observations
to components and quantify each component’s contribution
to the posterior distribution [31]. As will be seen in sub-
sequent parameter updates, they act as adaptive weights for
learning I'j, and pj, from the aggregated posterior means and
variances.

Also, the conditional-mean estimate (CME) is given by

K
h = Z Tk (Tp) By
k=1
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Theorem 2 (EM updates for GMM-SBL): Given L pilot
observations {r,;}X |, the EM updates at iteration t are
given by
E-step. For each snapshot i and mixture component k
compute the posterior mean
(t) O H (A1
Bip = T} 8 (A7)

and the posterior covariance

rp,i»

S0 = 10— e (al) e,
where we have
AP = 51 + arl ol

Form the responsibility

o) p(rpi | ks AY)

f— K 5
D im pét) p(rm R% Agt))

t
Y.

where we have
p(rm | k;A(t ) CN(0, A(t ),
M-step. For r =1,...,

Al
M. N, update the hyperparameters

Yk, and the mixture weights py, where we have:

L
t t t

S (k2 +=0,,)

Py = = - )
ZW(”

1
t+1 t
=i (33)

=1

Proof: Given in Appendix B.

After convergence (at iteration 7T'), the CME for each
snapshot is obtained as:

K
h® — Z
k=1
Although the proposed formulation employs a Gaussian
mixture prior, sparsity is enforced through the relevance de-
termination mechanism inherent to sparse Bayesian learning.
In conventional SBL, a single Gaussian prior is combined
with hyperparameter-driven variance adaptation to promote
sparse solutions. By contrast, mixture-prior approaches typi-
cally incorporate mixture structures directly at the coefficient
level. The proposed GMM-SBL framework preserves the ex-
plicit hyperparameter based sparsity control of SBL while in-
troducing mixture modeling to capture statistical heterogene-
ity across channel realizations. The posterior responsibilities
act as adaptive weights in the hyperparameter updates and
do not impose coefficientwise hard clustering of DD taps.
Consequently, the method extends the modeling capability
of SBL, while retaining its underlying EM-based learning
structure. Algorithm-1 details the steps of GMM-SBL based
channel estimation for the OTFS system considered.

(), (T)

Tk Biko i=1,...,L.

VOLUME ,

= 2 1+0r) 0f.

Algorithm 1: GMM-SBL Based CSI Estimation in

OTES

1 Input: Snapshots R’ = {r, ;}~_,, dictionary matrix £ €
noise variance o, mixture components K, EM iterations 7"

2 Output: {P<T)}k 1 {F(T)}kK AR

(U)

NpxMrN
cNp Nuv

3 Tnitialize: p\” = 1/K, T(”) = In, n, .
4 fort<—0toT—1d0
5 for k£ < 1 to K do

AP =%y, + QUi ol
for i < 1 to L do
1
u® =a®O

'Lk
) = erH )

e w N

-1 F<r>QHA<r>— ar®.

-1
( ;{iAEC” rp,i + logdet A;ct) + Np log(ﬂ)).
for i <+ 1 to L do

7O s

13 k=1,..., K.
w | | s e
15 for k < 1 to K do

() _ L (t)
16 Nyo = 20001 T e
17 eft,)c =|p (t,)c|2 + dlag(Z(”).
wo || e i gy ni 602,
19 P\ = N
20 for i <— 1to L do

- Ty (T

21 L hi =330, 'Ek)l‘lﬁ( -

IV. Performance Benchmarks

To assess the estimator’s performance, a pair of reference
bounds is employed. First is an Oracle-MMSE (genie esti-
mator) assumes perfect knowledge of the DD domain support
set H. Let Qo = €(:, H) denote the Oracle sensing matrix.
The Oracle-MMSE estimate is formulated as:

~ _ -1 _
hoamse = (QOR,'Qo +1) QOGR!

The simulated Oracle implements the analytic bound by
applying MMSE on the true support to r, and averaging
the normalised squared error over Monte Carlo trials. The
second benchmark considered is the BCRLB, which captures
fundamental limits when a prior p(h) is available [8], [32].
Given L snapshots, the Bayesian information decomposes as
J = Jaata + Jprior With Jaara = LRPR;1Q and Jppior =
fEh[Vi logp(h)}. For a general K-component complex
Gaussian mixture prior, Jprior has no closed form [33]. The
BCRLB for a single-Gaussian prior p(h) = CN(0,T) can
be expressed as (see Appendix C for derivation)

MSE<B> > tr([Jdata + Jprior} _1) .

The prior term reduces to Jprior = I‘fl, and the BCRLB
admits the closed form shown above when the mixture com-
ponents share uniform variance. Moreover, when L is large,
the data term dominates, and the BCRLB coincides with
the Oracle reference; otherwise the Monte Carlo—evaluated
Jorior captures the effect of the GMM prior on the funda-
mental MSE limit.

(34)
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Table 2: Simulation Parameters

Parameter (Symbol) Value
Carrier Frequency in GHz (f.) 4
Subcarrier spacing in kHz (A f) 15

No. of symbols along delay-axis (M) 32

No. of symbols along Doppler-axis (IN) | 32

Max. spread across delay-axis (M) 16

Max. spread across Doppler-axis (N,,) 10

Doppler grid size (G,) 20

No. of samples in CP (P) 16

No. of pilots (/NVp) 80

No. of dominant reflectors (L) 5
Modulation scheme QPSK

No. of training snapshots (L) 10
Pulse-shape Rectangular

Table 3: DD-Profile of the Wireless Channel

Path-index (2) 1 2 3 4 5

Delay in ps (7;) 2.08 | 4.164 | 6.246 | 8.328 | 10.42
Doppler in Hz (v;) 0 470 940 1410 1880
Speed in km/h 0 1269 | 253.8 | 380.7 | 507.6

V. Results and Discussion

This section presents a comprehensive performance evalu-
ation of the proposed GMM-SBL scheme for sparse DD
domain channel estimation. The normalised mean square
error (NMSE) and symbol error rate (SER) are used as
performance metrics, where the NMSE is defined as

|Hpp — Hpp||?
[Hppll?

where fIDD and Hpp denote the estimated and the true DD
domain channel matrices, respectively, calculated from (16).

NMSE = (35)

A. Simulation Parameters

The OTFS system parameters (including M, N, M., and
N,) are selected to reflect the high-mobility scenarios and
to satisfy the underspread channel assumption commonly
adopted in OTFS literature [8], [16], [34], [35]. The grid
sizes M € {32,64} chosen are appropriate for the con-
sidered bandwidth and delay spread, enabling accurate rep-
resentation of multipath delays on the integer delay grid.
Similarly, N = 32, together with the fractional grid formula-
tion, enables accurate modeling of fractional Doppler effects.
The delay and Doppler supports M, and N, are selected
to capture the effective channel spread while maintaining
M, < M and N, < N, consistent with practical OTFS
system design.

To ensure fairness, the delay and Doppler indices are ran-
domly generated for each Monte Carlo trial, and the pilot
power is normalised across all schemes. The maximum

number of EM iterations is set to 100 for both GMM-SBL
and SBL. For Least absolute shrinkage and selection operator
(LASSO) a fixed sparsity regularisation parameter of 10~3
is used. Focal underdetermined system solver (FOCUSS)
employs an ¢, norm with p = 0.8, a noise variance—based
regularization, a stopping tolerance of 10~%, and a maximum
of 500 iterations. The OMP algorithm uses a residual-based
stopping rule, terminating once the change in residual error
falls below a noise-dependent threshold, which we set to
1072

These parameter values were selected after preliminary
evaluation across the considered SNR range to identify
stable operating settings for each algorithm. In particular, the
regularisation parameter for LASSO, the £,-norm parameter
p and stopping tolerance for FOCUSS, as well as the
residual-based threshold for OMP were identified to ensure
reliable convergence behaviour and consistent estimation
performance under the specified channel conditions. For SBL
and GMM-SBL, the maximum number of EM iterations
was set identically to provide comparable convergence con-
ditions. For each benchmark method, the results reported
correspond to the configuration that demonstrated stable
performance across Monte Carlo trials, thereby enabling a
meaningful comparison with the proposed approach.

B. Performance Comparison

The method is compared to state-of-the-art compressed
sensing techniques, including OMP [36], FOCUSS [37],
SBL [30], and LASSO [38]. In addition, performance is
evaluated against the embedded pilot [EP] based OTFS
channel estimation scheme [5], which serves as a classical
benchmark, as well as a recent DL-based approach that
combines OMP with a denoiser [39]. As observed in Fig. 2a,
the EP based OTFS scheme achieves reliable performance;
however, it relies on DD domain impulse pilots, guard
regions, and threshold based detection. By contrast, the
improved GMM-SBL framework conceived employs TD
pilots and performs Bayesian inference under a learned
statistical prior, thereby avoiding threshold tuning, while
adaptively exploiting clustered DD sparsity.

The DL-based method achieves competitive performance
in the low-SNR regime, but at the cost of substantial
training overhead, which is not possible in high mobility
scenarios. Nevertheless, its performance saturates at higher
SNR values, as the denoiser is primarily trained for noise
suppression rather than for modelling the underlying sparse
channel structure, limiting further improvement when the
noise becomes negligible. Classical sparse recovery methods
exhibit additional limitations. OMP is sensitive to the stop-
ping criterion, FOCUSS may suffer from slow or unstable
convergence, and LASSO experiences estimation bias under
DD domain sparsity. Conventional SBL improves robust-
ness through hyperparameter learning; however, its single-
Gaussian prior restricts statistical flexibility. By incorpo-
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Fig. 2: Performance comparison of proposed GMM-SBL algorithm with benchmarks and existing state-of-the-art methods.

rating mixture-level statistical modelling within the SBL
framework, the proposed GMM-SBL achieves consistently
lower NMSE across the evaluated SNR range.
Furthermore, the proposed estimator is benchmarked against
the Oracle-MMSE and the BCRLB derived in Section IV.
As shown in Fig. 2a and Fig. 2b, GMM-SBL consistently
outperforms all baselines, and at high SNR its NMSE
approaches the Oracle-MMSE and BCRLB, demonstrating
near-optimal estimation accuracy. These NMSE improve-
ments directly translate into SER gains, where GMM-SBL
achieves near-perfect CSI detection while OMP and FO-
CUSS exhibit significant performance degradation

C. Parameter Sensitivity Analysis

The robustness of GMM-SBL is further evaluated under
varying pilot length and number of snapshots. Fig. 3a shows
that increasing the number of pilot symbols N, significantly
reduces the NMSE. We observe more than 6 d B performance
improvement upon increasing NV, from 80 to 140. Morever,
it can be seen in Fig. 3b that additional snapshots provide
improved NMSE performance. Explicitly, at 0 dB the NMSE
decreases from 6.39 x 107! with L = 1 to 7.13 x 1072 with
L =10.

Furthermore, to evaluate the sensitivity of the proposed
method under realistic mobility conditions, fractional
Doppler shifts are incorporated in the channel model.
Specifically, the normalized Doppler index of each
multipath component is includes an integer Doppler tap k,,,
while the fractional Doppler term &, is uniformly generated

11

in the range (—§, 5). To accurately capture these off-grid

components, the grid resolution was increased such that

VOLUME ,

G, > N,, which refines the Doppler sampling. Because
the physical Doppler frequencies do not lie exactly on the
grid, the channel energy spreads across adjacent Doppler
bins, which makes the estimation task more challenging,
particularly when the number of pilot observations is
limited. Nevertheless, as shown in Fig. 4a, the proposed
estimator maintains stable performance under fractional
Doppler, and increasing N, significantly improves accuracy
by providing additional observations for the expanded DD
representation.

Next, the impact of increasing the number of subcarriers
M is examined. In OTFS, the delay resolution is given by
A7 = 1/(MAYf); thus, increasing M refines the physical
delay grid. However, the size of the inverse problem depends
on the modeled DD grid M. N, and the pilot length N,
and does not depend directly on M. As seen in Fig. 4b,
it can be concluded that increasing M from 32 to 64 with
fixed M, results in a small variation in estimation accu-
racy. Furthermore, when M, is moderately increased (while
still satisfying M, < M), the performance is effectively
restored. Therefore, increasing M enhances delay resolution
without increasing computational complexity since M, <<
M, demonstrating that the proposed method remains scalable
without additional computational overhead.

D. Impact of Mixture Order Selection

To study the effect of model-order mismatch, channels were
generated with Ky = 1,2,4 and the GMM-SBL method
was evaluated for Koger € {1,2,4}. These values were
selected to cover K = 1, which corresponds to a single
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SNR (dB)

(a) NMSE vs SNR for different pilot overhead.
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(b) NMSE vs SNR for different No. of snapshots L.

Fig. 3: Analysis of proposed GMM-SBL algorithm with different parameters.
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Fig. 4: Impact of DD grid resolution on GMM-SBL channel estimation performance.

Gaussian prior (commonly used in channel modeling). Fur-
thermore, K = 2 represents the simplest Gaussian mixture
case, and K 4 allows the examination of a higher-
order mixtures. The mixture weights (px), mean (ux) and
variances (o7) are chosen to yield balanced component
contributions along with well-separated clusters, thereby
identifying the number of clusters K to be the central
objective. As observed in Fig. 5a, Kyye = 1, Kol = 1

corresponds to the standard single Gaussian prior, which is
equivalent to the baseline assumption in SBL.

In particular, when the underlying channel follows a
two-component mixture (K, = 2), the proposed GMM-
SBL with Kpo4 = 2 achieves approximately 13% NMSE
reduction at 0 dB and nearly 18% at 5 dB compared
to conventional single Gaussian SBL (K041 = 1). For
more heterogeneous channels (K = 4), the improvement
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Fig. 5: Analysis of the proposed GMM-SBL algorithm with clustered channel.

becomes more pronounced; at 0 dB, the NMSE reduction
exceeds 35% relative to the single Gaussian SBL baseline.
When the true channel distribution is unimodal (K = 1),
the single Gaussian configuration (K04 = 1) achieves the
lowest NMSE among the evaluated models, while higher or-
der mixture configurations result in only minor performance
variation. These results demonstrate that the performance
gain of the proposed GMM-SBL framework arises from
improved statistical alignment between the assumed prior
and the underlying channel distribution.

The improved performance for Ko = 2, can be at-
tributed to the enhanced flexibility to capture variations in the
channel coefficient distribution that are not well represented
by a single Gaussian. By contrast, Kpod = 4 leads to a
slight degradation due to over-parameterisation. For K, =
2, the matched case with K041 = 2 yields the best NMSE,
since the estimator correctly reflects the underlying two-
component Gaussian mixture. Here, K041 = 1 underfits by
imposing a single-Gaussian approximation, while Koge1 = 4
redistributes weights across unnecessary components and
introduces estimation noise. For Ky, = 4, the estimator
with Kode1 = 4 best aligns with the four-component prior,
while Kio4e1 = 2 provides a reasonable approximation by
grouping components, and Kyogel = 1 shows consistently
higher NMSE, especially at low SNR. Overall, fixing K = 2
represents a robust and computationally efficient compro-
mise; it exactly captures the two-component case, while
remaining sufficiently expressive for unimodal and higher-
order mixtures, thus generalising well across practical sparse
CSI estimation scenarios in OTFS systems, making K = 2
the most suitable choice for our work.

VOLUME ,

E. Effect of Mixture Configurations

To explore the full potential of the GMM-SBL algorithm, we
further tested diverse scenarios having channel distributions
following different Gaussian mixtures, as described in Table
4. Specifically, four representative cases having K = 4
are examined to span well-separated, partially overlapping,
variance-differentiated, and outlier-dominated conditions, by
suitably choosing their mean and variance.

As depicted in Fig. 5b, in Case A, the best performance
is achieved, since well seperated means and small variances
ensure minimal overlap, enabling the estimator to identify
the correct channel taps with high precision. In Case B, a
moderate degradation is observed because, closely spaced
means cause interference between taps within each pair. Case
C is the most challenging one, having the worst performance,
because identical means and differing variances produce a
distribution that resembles a single dominant cluster at low
SNR, forcing the estimator to purely rely on variance-based
separation. Finally, Case D highlights noise sensitivity with a
loss in performance since infrequent, high-amplitude channel
taps are difficult to detect under noisy conditions, but become
recoverable at higher SNR.

Table 4: Parameterisation of GMMs for Channel Generation

Case GMM Description Mixture Weights py
A Well-Separated 0.25, 0.25, 0.25, 0.25
B Clustered Gaussian 0.25, 0.25, 0.25, 0.25
C GMM with Uneven Component 0.4, 0.1, 0.4, 0.1]

Weights
D Gaussian Mixture with Outlier [0.7, 0.15, 0.1, 0.05]

11
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Table 5: Computational Complexity of GMM-SBL

Operation Complex multiplications Complex additions
Formation of
Ay = K(NEJV[TNU + Ng) K(NI?MTNU + N;’)
2 H
oI+ Q' Q2
Update of u; i -
% KLN} KLN,(N, — 1)

Ui rk =A T

Posterior mean

b = Th Qs KLM,N,(N, +1)

KLM,N,(N, —1)

Diagonal covariance

KM.N,N? KM.N,N?

Hyperparameter
updates
(T, )

KM.N,(L+1) K(L—1)(1+ M,N,)

F. Computational Complexity and Pilot Overhead

It can be observed from Table 5 that the per-iteration
complexity scales linearly with the maximum delay and
Doppler support (M., N,) and with the mixture order K,
while the cubic term arises from the inversion of covariance
matrices of dimension N, x N,,. Therefore, the computational
burden depends primarily on the pilot dimension NV, and the
sparse DD grid parameters (M., N, ), rather than on the full
OTFS frame size (M, N). Since typically M, < M and
N, < N, the effective inverse problem dimension remains
significantly smaller than the full OTFS grid. Additionally,
for the configurations considered in this work (N, = 80,
K = 2), accurate estimation performance is achieved without
requiring excessive pilot dimensions or high mixture orders,
resulting in moderate computational complexity.

Further, computational cost in the work is a justified
trade-off, because GMM-SBL learns a data-driven, multi-
modal prior that captures complex channel structures. Con-
sequently, GMM-SBL achieves significantly lower NMSE
and BER, providing robust performance even in low-SNR
regimes.

The proposed method inserts pilots directly in the TD,
giving a pilot overhead of o = M]ffvﬁ With the pa-
rameters of Table 2, this evaluates to about 0.0725. For
context and fair comparison to the proposed method, both
DD and TF domain pilot schemes from existing SBL-based
CSI estimation are considered. A DD domain pilot scheme
without guard symbols and with approximate overhead of
app ~ NNz ¢ giscussed in [14]. Although efficient,
this expression depends on (N, M), therefore leading to
enhanced pilot overhead in highly dispersive channels. A TF
domain pilot scheme proposed in [8] gives atgp = NJX’]’VP.
Although this scheme avoids dependency on (N,, M), it
requires M N,, pilot symbols and involves additional lin-
ear transforms and structured matrix operations for pilots,
leading to increased receiver and transmitter complexity. By
contrast, the proposed TD scheme transmits only N, raw
pilot symbols, avoids any DD guard interval, and yields a
direct input—output relationship for sparse DD domain CSI
recovery, thereby providing a simpler transceiver structure
and a lower effective pilot overhead.

VI. Conclusions

To enhance the channel estimation performance of OTFS
systems, a GMM-SBL framework was proposed, which
exploits the essential DD domain sparsity, while significantly
improving statistical modeling using a mixture prior. A
unified EM algorithm jointly refines mixture weights and
diagonal variances directly from the raw TD pilot observa-
tions. The framework incorporates key innovations such as a
hierarchical prior structure that readily adapts to both simple
and complex channel conditions through learned mixture
components. It also provides a practical implementation
using rectangular pulse shaping with flexible pilot place-
ment, which eliminates DD guard interval requirements,
substantially reducing overhead while preserving spectral
efficiency. The estimated CSI is subsequently utilised in
an LMMSE detector for reliable data detection. Moreover,
our theoretical analysis has established sparsity guarantees
for the proposed mixture priors, while the Oracle-MMSE
and BCRLB benchmarks derived provide rigorous perfor-
mance references. Comprehensive simulations across diverse
channel conditions, including single-Gaussian and multi-
component mixtures with varying parameters, demonstrate
consistent and substantial improvements in both estimation
accuracy and detection reliability over the state-of-the-art
sparse methods.

Appendix A

Proof of Theorem 1

For each component k, the Gaussian prior p(h | z=k) =
CN(0,T';) has zero mean along with diagonal covariance.
For each such component, there exists a constant C' > 0
such that:

1
|2

M:N,
eN.Ty) < - ] (36)
r=1

The mixture prior is a convex combination of these compo-
nents:

K K
1
p(h) => pi p(h | 2=k) < (Z Pk0k> : TRE
k=1 k=1 r=1 r
M:N,o K
—_— . h =
C H TR where (' ’;ka’k 37

Appendix B

Proof of Theorem 2

Let R = {r,;}~, denote the observed snapshots. For k €
{1,..., K} assume component priors

p(h ‘ k) = CN(07 Fk)7 Fk = dia‘g(’}/k,la v 7’Yk,M¢Nu)a

and mixture weights pg, with Zszl pr = 1. Define respon-
sibilities at EM iteration ¢ by

® . Ok () = pi) p(ry | k5T
=P ( | rPJ) - K (t) (t) )
25:1 Py p(rpi | 4 r, )

(38)
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where the Gaussian marginal is

p(rpi | k) = CN(0, 0’1+ QL Q7). (39)
Let the conditional posterior under component & for snapshot
ibe ph|ry k) =CN(w; s, Xk) where p; ., Xy repre-
sents the a-posteriori mean and covariance, after substituting
T < T'j, the M-step yields

L
Z z(,tlz(|Mi,k,r|2 + [Zk]rr)
(f+1) =1

,Yk; r L 9 (403)

t+1) (t)

=7 Z (40b)

To prove this, let the complete data for the snapshot ¢

be p(rpi,h,k) = p(rp,; | h)p(h | k) pi. Only the prior

p(h | k) and the mixing weight p; depend on T'y and p,
respectively. Thus, the EM functional at iteration ¢ is

(t B L K ® 7]\/171\/1,
QUUTL}p) =D Y mi = D logs
r=1

1=1 k=1
M, N,
Vv R . -
_ Z h| p,7,7k5|:| | ]+10gpk +C, (41)
r—1 Vie,r

where C'is independent of I';, and p. By using the identity
Enjr, o [r ] = |ti g [” + [Baer (42)

we isolate the scalar function of vy,

2
g ik T+ 2’7"7”
ri Vkr = 7le<10gry ke "u’vk7| [ k] )

Yie,r
We differentiate Qk,r with respect to 7y, and set it to zero:
L
0Qk,r _ Z (t)< 1 |Ni,k,r 24 [Ek]rr) -0
Mk Ve, Ver

i=1
Upon multiplying both sides by 7,377” and rearranging, we
obtain

7’(;;}-1) (t) Z,/T(t) |Ni,k,r|2 + [Ek]rr)a

=1
which yields (40a).
To update p retain only the p-dependent part of Q®) in

41): .
Z Zw Y log py..

=1 k=1
Then introduce the Lagrange multlplier B for Zszl pr =1

and form A(p, 8) = QY + B( S5, pr.—1). Differentiating
with respect to pg ylelds

67A _ ZiL:1 )

L
ik 1 (t)
pr. Pk B ; K
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= 1 for every ¢, the double sum equals
1/L and therefore p(H_ ) =

Since S5, )
L hence we have -1/ =
L% @), which is (40b).

Appendix C
BCRLB under GMM Prior
Let the dictionary be € CNr*(M+No) and the DD domain
channel be h € CM-NvX1 With L TD pilot snapshots
{r,:}f, under additive noise n¥ ~ CN(0,0°1), the
Bayesian Fisher information matrix (FIM) decomposes as
in [33]

J = Jdata + Jpriora (4‘3)
where, Jqata = #QH €2 represents the data Fisher informa-

tion matrix, while Jio, denotes the contribution from the
prior, which can be derived as follows.

Assume a K-component complex Gaussian mixture prior

K K
= > pCN(,, Th), pr>0, > pr=1, (44)
k=1 k=1
where py, are the constant mixture weights. Let us define the
local weights as

Pk CN (py,, T'r) = wr(h) —

Then differentiation of the mixture log-density yields the
Hessian identity:

wi(h) = (45)

=

Villogp(h)] = > we(h) | - ;!
k=1

Ty (b= ) (b — ) T

where we have

—b(h)b(h)?. (46)

Plh— )] 47)

= Zwk(h)[_
k=1

Taking the negative expectation with respect to p(h) yields
the prior Fisher information matrix as follows:

Jprior = -

K
Ey[Vilogp(h)] = En| > w(h) T} ']
k=1

_Eh{zwk

+ Eh[b(h)b(h)H]. (48)

For K = 1, (48) reduces to J,ior = I';'. The total
Bayesian information matrix is then obtained by substituting
(48) into (43), giving

J = Lo+ Joior

Y(h — py) (h — py) I‘;l}

(49)
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Then the BCRLB of the average MSE is expressed as
MSE(h) > t(J71) = tr(%ﬂHﬂ + Jprior] ’1). (50)

For K > 1, the expectations in (48) do not admit
closed-form solutions and are therefore approximated us-
ing Monte—Carlo simulation. In practice, L i.i.d. draws
h® ~ p(h) are generated, and the local weights wy(h(*)
are evaluated for each sample, and the resultant per-sample
contributions are averaged to form an empirical prior Fisher
information matrix, Jpior, Which is then substituted into (50)
to obtain the BCRLB.
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