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Reliable Transmission in FBMC-Based OTFS
Systems With TF Domain Pilot-Aided Channel
Estimation and Equalization

Ying Wang", Qiang Guo", Jianhong Xiang", Member, IEEE, and Yu Zhong

Abstract—Orthogonal Time Frequency Space (OTFS) mod-
ulation can effectively support high-mobility communication
scenarios. However, Orthogonal Frequency Division Multiplexing
(OFDM) based OTFS suffers from high spectrum leakage. Imple-
menting channel estimation and equalization that simultaneously
supports both OTFS and OFDM also faces challenges. In this
paper, we adopt Filter Bank Multi-Carrier (FBMC) modulation
as an alternative to OFDM and propose a TF-domain pilot-aided
channel estimation and equalization scheme, which can improve
spectrum leakage and enhance compatibility. Specifically, first,
based on the core function of the prototype filter, we choose
the Hermite prototype filter with symmetric properties to con-
struct the FBMC-based OTFS system, enhancing adaptability to
dynamic channels. Second, considering the dynamic characteris-
tics of fast time-varying channels, we construct Bessel fitting or
a priori information-assisted channel extrapolation mechanisms
to achieve accurate tracking of channel parameters. Finally,
we derive the criterion for determining the channel wide-sense
stationarity time interval, which provides a basis for the update
mechanism of prior information. Simulation results show that the
proposed scheme can work robustly on doubly-selection channels.
Compared to classical OTFS, FBMC-based OTFS significantly
improves reliability in high mobility scenarios.

Index Terms—OTFS, channel estimation and equalization,
Bessel fitting, critical wide-sense stationary time interval, doubly
selective channel.

I. INTRODUCTION
EXT-GENERATION wireless communications should
fulfill the demand for ultra-high reliable transmission.

The 3rd Generation Partnership Project has decided to con-
tinue adopting Orthogonal Frequency Division Multiplexing
(OFDM) as the waveform for 5G [1]. Although this decision
is significant for 4G compatibility, it is not the most efficient
technology for next-generation wireless communications. It is
well known that in high mobility communication scenarios,
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channels generally exhibit fast time-varying characteristics
with high Doppler spread. In such high Doppler conditions,
the performance of OFDM degrades [2]. Therefore, Orthog-
onal Time Frequency Space (OTFS) modulation has become
an emerging technology for next-generation communication.
OTFS can fulfill highly reliable wireless transmission for
high mobility scenarios [3], [4]. However, classical OTFS
is regarded as precoded OFDM or a collection of multiple
OFDM signals [5], [6]. Thus, OFDM-based OTFS inherits
some drawbacks from OFDM (e.g., high Out-of-Band (OOB)
emissions). Compared to OFDM, Filter Bank Multi-Carrier
(FBMC) modulation has superior spectral properties and is
more robust in doubly selective channels [7]. We expect
to achieve an orders-of-magnitude improvement in reliability
and optimize other key features by switching the underlying
strategy of OTFS from OFDM to FBMC. However, such a
switch also introduces new challenges, such as an increased
demand for time resources.

Although FBMC-based OTFS may have certain limitations,
its research remains important because its ultra-high reliability
and superior spectral properties exhibit potential use cases. In
this paper, we focus on a pilot-aided channel estimation and
equalization framework integrated in the Time-Frequency (TF)
domain, which is a key component in achieving the ultra-high
reliability of FBMC-based OTFS. It is worth noting that the
proposed scheme is also compatible with classical OTFS (i.e.,
OFDM-based OTES).

A. Related Work

Pishvaei et al. [8] designed and implemented an FBMC-
based OTFS system. In addition, the authors also analyzed the
Bit Error Rate (BER) and spectral efficiency of FBMC-based
OTFS. However, since the focus is on system implementation
and analysis, the authors do not provide implementation clues
for key components (i.e., channel estimation and equaliza-
tion). Deng et al. [9] conducted a systematic survey for
OTFS and its variants. They pointed out that OTFS can
be regarded as an FBMC system with Inverse Symplectic
Fast Fourier Transform (ISFFT) as a precoder. However, the
design of receiver algorithms, pilot schemes, and performance
evaluation under high-mobility channels still lack systematic
investigation. Shafie et al. [6] discussed the coexistence of
OTFS modulation with OFDM-based communication systems
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and proposed an interference cancellation-based channel esti-
mation technique. Channel estimation based on interference
cancellation improves estimation accuracy. However, iterative
solving of the maximum likelihood estimation and linear equa-
tions may lead to excessively high computational complexity.
Specifically, in high Doppler spread or multipath scenarios,
the step of iteration increases with the number of paths
and the maximum Doppler index, leading to a significant
increase in complexity. Chatterjee et al. [10] proposed a Non-
Orthogonal Multiple Access (NOMA) scheme based on OTFS
and developed a unified matrix framework that supports both
OTFS and OFDM, facilitating algorithm development. Com-
pared with traditional schemes, NOMA-based OTFS exhibits
enhanced interference resilience. Liao et al. [11] proposed
a pilot-assisted channel estimation scheme for SIMO-OFDM
systems, which is applicable to generalize channel estimation
in complex multipath environments and distributed antenna
systems. However, the assumption of a quasi-static channel
fails to account for the impact of rapid channel variations.
Raviteja et al. [2] proposed an embedded pilot-aided chan-
nel estimation scheme. For integer and fractional Doppler
shifts, they proposed different symbol arrangement methods
and employed the threshold method for channel estimation.
Although the authors mentioned the existence of an optimal
threshold, the time-varying nature of the channel may cause
the fixed threshold cannot be adapted to the environment.
Liu et al. [12] proposed a Turbo BEM OTFS receiver, which is
suitable for high-mobility communication channels Doppler-
shift or Doppler-spread. However, the BEM order needs to
be dynamically adjusted according to the degree of Doppler
spread. Zhang et al. [4] proposed a cross-domain iterative
OTFS receiver for sparse doubly selective channels, which
alternately performs channel estimation and signal detection in
the TF domain and Delay-Doppler (DD) domain. However, the
performance of the Multi-Response Sparse Bayesian Learning
(MSBL) algorithm is highly dependent on the sparsity assump-
tion of the channel. If the number of multipaths increases or
the sparsity dynamically fluctuates, leading to a significant
increase in the number of non-zero paths, the estimation
accuracy of MSBL will dramatically decrease. Thaj et al. [13]
proposed an iterative Rake decision feedback equalizer for ZP-
OTFS. The authors assume that the channel delay is an integer
multiple of the sampling period. However, in high-resolution
or multipath-dense scenarios, the wireless channel delay is
typically fractional [14]. The assumption of integer delays
may lead to model mismatches. Zhang et al. [15] proposed
low-overhead OTFS transmission with frequency-domain or
time-domain channel estimation. Both frequency-domain and
time-domain channel estimation rely on interpolation algo-
rithms. The time-domain phase shift interpolation assumes that
the channel parameters vary linearly within the interpolation
period, which makes it difficult to accurately track fast-varying
channel parameters. Pilot-assisted Compressed Sensing (CS)
channel estimation is the most popular approach. The reason
is that CS theory can exploit the sparsity of the channel in the
DD domain. For example: CE-BEM [16] and generalized CS
BEM [17] applied to OTFS can effectively improve channel
estimation performance. However, the choice of BEM order
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requires a trade-off between complexity and fitting accuracy.
A too-low order will result in increased estimation errors,
while a too-high order will increase computational complexity.
The CS-based DD domain estimation exploits sparsity to
reduce pilot overhead [18], but at the cost of increased recon-
struction complexity. For example, Wang et al. [19] pointed
out that the reconstruction algorithms in CS involve high-
order matrix operations and hardware-unfriendly nonlinear
functions, making the reconstruction complexity high and
limiting the practical deployment.

Despite being widely regarded as a candidate technology for
6G, OTFS has not yet been adopted in current 5G systems,
which still employ a variant of OFDM [1], [20] with data
symbols mapped in TF domain. Thus, in the early deployment
of 6G OTFS, it is necessary to explore transmission schemes
that coordinate the TF and DD domains, to ensure compati-
bility with hybrid systems, i.e., the coexistence of OTFS and
OFDM. Unlike the work in [12], [16], and [17], we propose
a TF domain pilot-aided channel estimation scheme that does
not require cluster pilots or BEM. In addition, unlike the work
in [4] and [15], our channel estimation and equalization are
performed in TF domain. Extrapolation vectors or matrices are
carefully designed to improve estimation accuracy.

B. Contribution

In this paper, we propose a TF-domain Pilot-Aided Chan-
nel Estimation and Equalization (TF-PA-CEE) framework for
OTFS systems, which is applicable to both OFDM-based
OTFS and FBMC-based OTFS.! The implementation details
of TF-PA-CEE are as follows: data mapping is performed in
DD domain, while pilot insertion and reception processing are
conducted in TF domain, thereby enabling the integration of
OTFS channel estimation and equalization in TF domain. Our
main contributions can be summarized as follows:

e To address the compatibility issues of channel estima-
tion and equalization in hybrid systems, we propose a
TF-PA-CEE framework. The core of the proposed scheme
lies in constructing a channel extrapolation mechanism
based on Bessel fitting or prior information assistance.
The latter can provide higher estimation accuracy. Specif-
ically, first, the channel dataset or the previous frame
channel is used as prior information to calculate the
channel correlation matrix. Second, according to the
orthogonal projection theorem and the obtained chan-
nel correlation matrix, calculate the extrapolation matrix
with a closed-form solution for the pilot positions.
Finally, by weighted summation of the channel at each
pilot position and the corresponding extrapolation matrix
slices, the accurate estimation of the channel in the TF
domain is achieved. Thereafter, TF domain equalization
is performed to achieve time-varying channel distortion
compensation.

e For the critical time interval problem of wide-sense
stationary characteristics in time-varying channels, we
derive a criterion for determining the wide-sense

'The detailed code can be downloaded at https:/github.com/Wang Yeeng/
TF-PA-CEE-for-FBMC-OTFS-master
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stationary interval based on relative channel mean square
error. First, based on the wide-sense stationary uncorre-
lated scattering assumption, we derive the autocorrelation
function of multipath fading in the classical wireless
channel model. Second, by introducing the assumptions
of multipath asymptotics and short-term path delay invari-
ance, we derive a closed-form expression for the channel
frequency response correlation. Finally, by constraining
the boundary conditions of the mean square error, we
derive the theoretical upper bound for the wide-sense
stationary time interval. The upper bound quantifies the
effective period of the previous frame channel, providing
a mathematical criterion for the update mechanism of
prior information in channel estimation.

e We adopt the “Extended Vehicular A” and “TDL-A”
channel models defined in the 3GPP 38.901 standard to
verify the feasibility of the scheme. The results show that
the proposed scheme can work robustly on doubly selec-
tive channels. On the other hand, with almost the same
channel estimation accuracy, the reliability of FBMC-
based OTFS is improved by about an order of magnitude
compared to OFDM-based OTFS.

C. Outline and Notationn

The rest of this paper is organized as follows: Sec-
tion II describes the OTFS system model based on FBMC
and OFDM, including continuous and discrete time models,
channel modeling, etc. Section III introduces the proposed
TF-PA-CEE scheme. Section IV describes numerical results,
including the analysis of the effective time interval for prior
information, Normalized Mean Square Error (NMSE) and
BER evaluation, as well as computational complexity analysis.
The conclusion is drawn in Section V.

Notation: Bold uppercase and lowercase letters denote
matrix and vector, respectively. (-)~', (0%, ()7 and ()7
denote the inverse, conjugate, transpose, and conjugate trans-
pose operations, respectively. diag { A} denotes the extraction
of the diagonal elements of A, while diag{a} denotes the
diagonal matrix with a on its diagonal. vec{-} denotes the
column vectorization operation for a matrix. E{-} denotes
expectation. Iy denotes the N x N unit matrix. The imaginary
unit is denoted as j = v/—1. ® denotes the Kronecker product.
C and R denote the complex and real domains, respectively.

II. SYSTEM MODEL

In the OTFS system, data symbols are placed on the DD
grid. If the system has L subcarriers with a bandwidth of
F and K time symbols with a duration of 7', then the total
bandwidth and total duration are LF' and KT, respectively.
The Quadrature Amplitude Modulation (QAM) data symbols,
dyw €C, ' e N[0 L—-1], ¥ € N[0 K — 1], are arranged on
the DD lattice A = {(Kk—,T, %) } Employing the ISFFT, the
DD-domain symbol djs 4/ is mapped to the TF lattice A+ =
{(kT,1F)}, resulting in the TF-domain symbol z;;, € C, | €
N[0 L — 1], k € N[0 K — 1]. @ can be calculated as

L-1K—-1

ik = \/% S dvwesn (j2r (- 1). @

I'=0 k’=0
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The symbol z;; in the TF domain can be transmitted by
various multi-carrier systems (e.g., OFDM and FBMC, etc.).
Mathematically, the time-domain transmitted signal s (¢) of a
multicarrier system can be expressed as [20], [21], and [22]
L-1K-1
s(t)=Y_ > arp(t—kT)exp(2nlF(t— kT)), ()

=0 k=0
g1,k (t)

where p (t) denotes the prototype pulse (i.e., the prototype
filter), whose time-frequency shifted version g; 1 (t) denotes
the base pulse. The choice of the prototype pulse directly
determines the properties of the multicarrier system. For
example, rectangular pulse of duration 7' is employed in the
OFDM system, which is the TF domain transmitted strategy
for classical OTFS. Note that rectangular pulse is not localized
in frequency, leading to OTFS with high OOB emission. To
reduce OOB emission, we adopt the Hermite pulse, defined as

23]
>

i={0,4,8,}
st. / HQ(i,t)e_tzdt:T’\/Ei!
— 00

. 3)

where the coefficients c¢; can be found in [24]. Hermite pulse
has the same shape in time and frequency, which allows us
to exploit the symmetry to obtain good joint time-frequency
localization. The Hermite pulse determines that the TF domain
transmitted strategy of OTFS is replaced by FBMC. How-
ever, non-rectangular pulses lead to non-orthogonality [25],
which reduces reliability. In addition, when QAM modulation
(complex symbols) is adopted instead of Offset Quadrature
Amplitude Modulation (OQAM) (interleaved transmission of
real symbols), the FBMC fails to concentrate the interference
in the imaginary domain [20]. Therefore, real orthogonality
cannot be satisfied either. To maintain orthogonality in the
complex domain, the TF lattice density needs to be reduced.
Considering the scarcity of low-frequency resources [26], [27],
we do not change the subcarrier bandwidth F' = % but instead
expand the symbol duration to 27'. This means that FBMC-
based OTFS requires more time resources. However, FBMC
does not employ CPs, and by optimizing the prototype pulse,
the loss in spectral efficiency can be minimized.

The time-domain transmitted signal s (¢) passes through a
time-varying multipath channel & (¢, 7), and the received time-
domain signal 7 (¢) is obtained, denoted as

r(t):/Rh(tm)s(t—r)dT—i—n(t), @

where 1 (¢) denotes noise. h (¢, 7) is defined as [28] and [29]

p(t) = VFe 2 (tF)? ciH (i,2y/7tF)

h(t,7) = > ai (1) TS (1 — 7 (), (5)

1
\% Np i=1
where N, denotes the number of multipaths. a; (¢) and 7; (¢)
denote the time-varying attenuation and time-varying delay of
the sth th path, respectively. v; and ¢; denote the Doppler shift
and random phase of the ith path, respectively. J (-) denotes

Authorized licensed use limited to: Harbin Engineering Univ Library. Downloaded on March 20,2026 at 06:54:18 UTC from IEEE Xplore. Restrictions apply.



5398

the Dirac delta function. Projecting the received signal r (t)
onto the base pulse g; ; (t), we obtain the TF domain received
symbol y; ,, € C, denoted as

Y = / r (£) g7 (1) dt. ©)

Note that Eq. (6) corresponds to matched filtering. Therefore,
the receiver can optimize the received base pulses for better
system performance [30]. For example, in CP-OFDM, the
received base pulse removes the CP. In FBMC-based OTFS,
we adopt the same base pulse at the transmitter and receiver.
The received TF domain symbol y; . € C can be converted
to the DD domain by Symplectic Finite Fourier Transform
(SFFT), denoted as

L-1K-1

dy g = \/% Z Z Y1,k €XP (—j27T (kKk - %)) (7

=0 k=0

So far, we have only provided the downlink transmission
process without including channel estimation and equalization.
It is worth noting that in practical applications, the signal
is time discrete. The above continuous-time representation
only provides analytical insights and cannot be physically
implemented. Therefore, we study the discrete-time model and
simplify the representation. According to Eq. (2), the main
characteristic of a multicarrier system is the base pulse. We
sample the base pulse at a rate of f; and stack N, sample
values into a vector to obtain the discrete-time base pulse
gk € CN+*1 In FBMC, the base pulse spans O symbol
periods, where O is called the overlap factor. To ensure correct
sampling, the center of the base pulse needs to be shifted
by OT to align with the reference time point. Therefore,
the time range for sampling is [—%, % +(K-1) T). To
represent the double integral in Eq. (2), we stack all the
discrete basis pulses into matrix G = [go,0," - ,8r—1,Kk—1] €
CNs*LK and stack all the TF domain symbols into vector
x = [zg0," - ,:cL,LK,l]T € CHEX1 According to the rules
of matrix algebra, the discrete transmitted signal s € CN=x1

can be expressed as
s = Gx. ®)

For digital communication systems, h (¢,7) is generally dis-
cretized into a tapped delay line model h (n, m), denoted as

N,
1 z :
h(n,m) = WA E a; (n) dC™Vin/fs £ (m — my),

vV S
©)

where n is the discrete-time index, and m is the discrete delay
index. m; = |7;/fs | is the discrete delay tap position of the
ith path. h (n,m) can be written in the banded time-varying
convolution matrix H € CV+*Ns defined as [20] and [31]

(H]; ; =h(ii—j). (10)
Thus, Eq. (6) can be expressed as
y = G'r = G"HGx +n, (11

where y = [yo.0,- - ,yr_1.k5-1) € CEEX! denotes the
received TF domain symbol. r € C™+*1 denotes the discrete
received signal and n ~ CA/ (0, P,GH G) the Gaussian noise
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= = =OFDM-based OTFS ——FBMC
———Zak-OTFS ~ = =FBMC-based OTFS

201

40+

-60 -

-80 -

Power Spectral Density (dB)

-100

10 20 30 40 50
Normalized Frequency, f/F

Fig. 1. Spectral properties for different systems. For FBMC, we consider the
Hermite prototype filter with O = 4.

with power P,. To further simplify the representation, we let
H = G'HG e CLEXLE Thereby, Eq. (11) can be rewritten
as

y = Hx +n. (12)

Note that the orthogonality is described as GH G = Ik for
both OFDM-based OTFS and FBMC-based OTFS. Applying
ISFFT/SFFT to Eq. (12), we can realize OTFS transmission.
In fact, the multicarrier modulation framework constructed
in Eq. (12) is waveform independent. That is, when the
prototype pulses satisfy the orthogonality condition, Eq. (12)
can be generalized to characterize any multicarrier system.
Thus, the design and implementation of OTFS are no longer
limited to OFDM and can achieve better performance than
classical OTFS. For example, FBMC-based OTFS can inherit
the superior spectral properties of FBMC, see Fig. 1. Notably,
OTFS based on the Zak transform (Zak-OTFS) exhibits a
more compact time-frequency mapping property, which con-
tributes to the suppression of OOB emissions. However, its
spectral convergence performance is still lower than that of
FBMC-based OTFS. On the other hand, the OOB improve-
ment of Heisenberg OTFS is highly sensitive to the choice of
window functions. When a rectangular window is employed,
its power spectral density is identical to that of OFDM-based
OTFS. However, when non-rectangular window functions are
used, although spectral localization is improved, its TF domain
transmission is not traditional rectangular window OFDM, but
rather a multi-carrier systems evolved from OFDM [9]. In
the Heisenburg OTFS shown in Fig. 1, we employed the sinc
function with a Hann window.

III. CHANNEL ESTIMATION AND EQUALIZATION

Although the channel exhibits sparsity in DD domain,
making it suitable for CS-based estimation [32], we chose to
place the pilots and perform channel estimation and equal-
ization in TF domain based on the feasibility of time or
frequency domain estimation. For example, by reformulating
OTES as a precoded OFDM system, channel estimation can be
performed in either time or frequency domain [15]. The well-
known TF-domain estimation method targets Time-Varying
Frequency Responses (TVFR) or channel gains on subcarriers.
However, to address the compatibility issues in hybrid systems,
we investigate and estimate the equivalent TF input-output
relationship matrix H € CEEXLE | gsee Eq.(12). The matrix
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H can characterize all transmission properties. Specifically,
the diagonal elements are approximately equal to TVFR, or
equivalently the channel gain h;j on individual subcarrier
[33], whereas the off-diagonal elements are system-inherent
or channel-induced interference.

A. Pilot Pattern and Mapping

According to the OFDM signal format in Long Term
Evolution (LTE), we consider the diamond-shaped pilot pattern
[34]. That is, the pilots are diagonally distributed in the
time-frequency plane. This pilot pattern provides uniform
coverage in the TF domain, which can reduce extrapolation
errors, making it suitable for high mobility and high-frequency
selective environments.

Assume that [P| and |D| denote the number of pilots and
data, respectively, and that |P| + |D| = LK. Then xp €
CIPIX1 and dp € CIPI*! denote the pilot sequence of TF
domain and the data symbols in the DD domain, respectively.
Note that to estimate the channel information in the time-
frequency domain, the pilot sequence cannot be placed in the
DD domain. The reason is that the ISFFT will destroy the
prior information in the pilots that characterizes the TF-domain
channel. To convert dp € CIPI*1 to the TF domain, we first
arrange the data symbols in the two-dimensional DD domain

k' 4
A = (K—K‘P)T’ (L—LP)F) }, denoted as
f:{dp,|D|x 1} = f:{D,L— Lp x K — Kp}, (13)
where f : {-} denotes the matrix reshaping function. Lp

and Kp are the number of subcarriers and symbols occupied
by pilots, respectively. Then, by performing ISFFT on D €
CL-LrxK=Kp e can obtain the data symbols xp € CIP!x1
in the TF domain, denoted as

xp = vec {ISFFT {D}}. (14)

According to the pilot pattern, we can construct the pilot
mapping matrix C € REEXLE This matrix is not only
used to correctly map the pilot and data symbols in the TF
domain to their corresponding positions, but also to determine
the corresponding basis pulse, thereby optimizing the signal

processing process. C € REEXLE can be calculated as
Civj = le’Pla Vi e {Z |Hz = 1}7 JE [L |PH ’ (15)
Cij=Iip, Vie{illl; =0}, je[[P[+L[P|+|Dl],

(16)

where p is the power offset factor from pilot to data. II €
RELEXT denotes the vectorized pilot pattern. To control the
energy distribution of the pilot and data symbols, we normalize
C € RLEXLK which is expressed as

B C
Ve S [cer),,

Thereby, the time-frequency lattice mapping of pilot and data
symbols can be expressed as

a7

(18)

where x € is the transmitted symbol that contains
both data and pilots. The visualization mapping process for
pilots and data symbols is shown in Fig. 2.

x=C [X'vaD:IT7
(CLK><1
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B. Pilot-Aided TF-Domain Channel Estimation

The Channel of Pilot Position (CoPP) can be obtained by
minimizing the L2 norm, denoted as

hip oy = afg}min Y15 kp — hlp,kpxlp,kpng' (19)

Up kp
We stack all the eTstimated CoPPs in vector flp =
[y ks s i k] € CIP1X1 and obtain the Channel of
Data Position (CoDP) by extrapolation, denoted as

R e
hix =& hp,

where §,; ;. € CIPIX1 denotes the extrapolation vector at the
time-frequency position (I,k). &, € CIPI*x1 depends on
the extrapolation method. For example, linear extrapolation
performs well in flat channel estimation. However, in doubly
selective channels, the time-frequency two-dimensional selec-
tive fading leads to off-diagonal elements carrying significant
interference components that cannot be ignored. This requires
estimating the global matrix, rather than the simplified diago-
nalized vector [20]. Using CoPP, we can estimate H as

P

u— H
Z—'zhl ki» St :' ]21 0= [521,[2}/

(20)

2

—

where & € CLEXLEXIPl denotes the extrapolation matrix.
1=l +kLe[l,LK]and {2 =15+ koL € [1, LK]. When
I =1l =1yand k = k1 = ka, § 40 = & - To obtain
the optimal channel estimate, we consider the orthogonal
projection theorem [35], which states that the estimation error
must be orthogonal to the estimated value. According to the
orthogonal projection theorem, we can obtain

E{(H—ﬂ)ﬂH}zo.

E {HHH} —E {HHH} .

(22)

That is
(23)

Substituting H= Zl 1 thli,ki into Eq. (23), we obtain

1P| #
E{HA"} ~E =
i=1
P )
= ZE {Hhﬁk}aﬁ
=1
P
—H
=2 Rugi B @4
=1
and
B Pl P\ "
E{HAT} =B (Y @i | [ DS,
i=1 j=1
Pl [P
=Y D EE {hl i }Ef
i=1 j=1
Pl [P
S5 I @)
1=1 j=1
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Xp E\,‘P“
=)
S}
@ m& XT' XD] XEC}KXI
) —) D ]
: Z !
oy Clx, x5]
d, eCP
)
= 2
e S @
> e[| T
/ —
—/

Fig. 2. Pilots and data symbols mapping process. PowerB-p is a power
balancer, which can reduce the power difference.

where RH b 2 E {HﬂfI ks } is the cross-correlation matrix
) 77]7; FELZ)

. . . A

between H and the ith estimated component, while R[ﬁp] =

[
E {fulkz fsz ki} is the cross-correlation between the ith and
jth estimated components (which becomes the autocorrelation
when ¢ = j). Therefore, the orthogonality condition between
the estimation error and the estimated value can be rewritten

as
[P [Pl |P]

Z H[hP]E ZZ""RhP Ej{

=1 j=1
For computational
CLKXLEX|P|

(26)

convenience, we reshape = S
. = 272
into 2 € CLK"XIPI. Thus, Eq. (26) can
be rewritten in a compact form, i.e.

27)

According to Eq. (27), € CE*E*xIP| can be calculated as

= RH,flp (Rfm) 717

where Ry; ;€ CH *K*XIP| and Ry € CIPIXIPI According
to Eq. (24) and Eq. (25), the calculat10n of the extrapolation
vector or matrix requires the utilization of channel correlation
information. We provide two methods for calculating channel
correlation information.

1) Bessel Fitting-Based Channel Correlation Matrix: We
assume that the delay 7 and Doppler shift v are statistically
independent. The time-frequency correlation function for the
Jakes model can be defined as [36]

[

(28)

rie (n1 —na) = Jo (mmaxT”l"?) .9

N

raf (I — 1) = sinc (mTmaxF (11 — 12)) (30)

where Jy (-) denotes the zero-order Bessel function. Vpmax
and Ty,,x denote the maximum delay and maximum Doppler
shift, respectively. Note that Eq. (30) provides the frequency
correlation of hy i, while the time correlation can be calculated
as

1 Ng Ng
re (k1 — ks *N*Z

n2=1
(31)

> rae(m—na + (k1 — ko) N).
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Thereby, the time-frequency correlation matrix Ry €

REIEXLE of the vectorized channel h € CLE*1 can be
calculated as
7 (0) 1 (1= K)
Rn = : - :
Ty (K =1) -+ rg,(0)
ray(0)  -oorEp(1=1L)
® L (32)
raf(L—=1) - ras(0)
For the one-tap channel vector h € CL%*1 in the TF domain,

the correlation matrices Ry p, € RISXIPI and Ry, €
RIPI*IPl can be obtained based on the appropriate elements
of Ry, € REEXLK primarily relying on the vectorized pilot
index. Thereby, the extrapolation vector §; . € CIPI*1 can be
calculated as

H
& = |Ronp (Rup) "

i)

(33)

where ¢ = | + kL € [1,LK]. It is worth noting that the
above conclusions only apply to estimating one-tap channels
and cannot estimate channel-induced interference.

2) A Priori Information-Assisted Channel Correlation
Matrix: To estimate the channel-induced interference, we can
utilize the channel dataset as prior information to calculate
the correlation matrix. For example, the dataset used to train
deep learning models [37]. In addition, by transmitting only
one symbol in the first frame (i.e., x+ = 1), we can obtain
the corresponding time-varying convolution matrix H. Then,
by using H as prior information, we can estimate the channel
state for each frame. The effectiveness of the prior information
can be determined according to Lemma 1.

Lemma 1: In the channel model of Eq. (5), assuming that
the upper bound of the mean square error for the multi-carrier
system channel estimation is (, then the effective time interval
between the symbol frame carrying the prior information H
and the symbol frame of the channel to be estimated is
determined by the critical wide-sense stationary time interval
Tmax, defined as

o (Va=a2m)

max — b)
2TV max

(34)

where J; ' (+) is the inverse function of the zero-order Bessel
function and P the channel power. Proof: The proof is
provided in Appendix.

Note that under the strict constraints of Lemma 1, the
desired channel correlation matrix can be directly obtained.
In general, it is desirable for the constraints in Lemma 1 to
be less stringent. That is, under the less stringent constraints
of Lemma 1, Tnax can be sufficiently large. However, in
doubly selective channels, H cannot satisfy the less stringent
constraints. Fortunately, the second-order statistical character-
istics of fast time-varying channels vary slowly [38]. Thus, we
can calculate the desired channel correlation matrix with the
second-order statistic of . Thus, the priori information does
not need to be updated frequently. Note that prior informa-
tion should be updated before the estimator becomes strictly

Authorized licensed use limited to: Harbin Engineering Univ Library. Downloaded on March 20,2026 at 06:54:18 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: RELIABLE TRANSMISSION IN FBMC-BASED OTFS SYSTEMS

invalid. The strict invalid of an estimator can be assessed from
two perspectives: the physical performance boundary and the
theoretical limit.

1) From the physical performance perspective, when (
exceeds the channel power, the estimation results are
completely dominated by noise or errors, and the esti-
mator becomes strictly invalid.

2) From the theoretical limit perspective, when the Cramér-
Rao Lower Bound (CRLB) diverges due to extremely
low SNR or model identifiability issues (for power-
normalized channels, CRLB = ﬁ), parameter
estimation is not theoretically realizable [39].

Assuming that H satisfies the less stringent constraints of
2752
Lemma 1, then Ry (), € CE 571 can be calculated as

i

fr {Ra(gfgﬁ,i gl )" N? 1}

= [ {Rag mp),, Ns X Ni} (35)
f:{G"Rayny),G, LK x LK}
= [ {Rump),, LPK? x 1}, (36)

where Ry = E{Vec {H} vec{H}"
statistic of the time-varying convolution matrix. ¢p is the
vectorized pilot index. Considering all pilot indices, we
can obtain the Ryn, € CL*K*x|P], Notably, unlike in
Run, € (CLZKQX'P‘, the autocorrelation components in
Ry, € CIPIXIPI can utilize prior information, such as noise

power, to enhance estimation accuracy. Ry, € CIPIXIPI is
defined as

} is the second-order

Ru, =E{hphfl}. (37)
When lp; # {p;, [Rn,] Ui b, CAD be calculated as
H H a
[th]fp“efpj = g@pi Hgé?’i (gepj Hgépj)
H
~ (eh,, @8l ) Rau(el, 2 ll) . G9)

When (p; = lp;, [Rn,]

[th]em Api

— Ty { ((GC)T ® gZ,i) Ry ((GC)T ® gg») H}

~,_can be calculated as
é'Pi?Z'PJ

Py
Tl B (39)
where g, = [G]:’Zm. Eq. (38) and Eq. (39) denote the cross-
correlation and autocorrelation of hp, respectively, which
together construct Ry,,, € CIP1*IPI_ Thereby, the extrapolation
matrix £ € CEEXLEXIPI can be calculated as

e {RH,hP (Ru,) ", L2K? x \P|}

— f:{B,LK x LK x |P|}. (40)

By combining the extrapolation matrix and the mathematical
framework of Eq. (21), we can derive the global estimate
of the TF-domain channel matrix H. In addition, relying on
the diagonal dominance of time-frequency doubly selective
channels, the one-tap channels corresponding to each time-
frequency lattice can be extracted directly from the main
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Algorithm 1 The PIA TF-Domain Channel Estimator
Input: R4, flp, C, G and Eilot index {p.
Output: Estimated channel H.
1 # Stage 1: Obtaining the extrapolation matrix.
2fori=1,---,|P| do
3 ge?i — [G]:,E—Pi;
J AR p), No X No} —
4 H
i {Roe(el, @fl)" N2 x 1}
fi{Rump), L°K? x 1} «
5 k2
[ {G"Ra¢ny),G, LK X LK} .
6 for j=1,--- ,|P| do
7 if fpi 75 gpj then
8 gepj — [G]:,f'pj;
[th}@m.lpj -
’ T H T g\
(8,, ©g1n,) R (gem ® gzpj) .
10 else
[th}fmlm -
T H T H A
" tr ((GC) ® ggm) R’H((GC) ® gep,;)
Py
+ 7gﬁ,i 8ip;-
12 end
13 end
14 end

15 # Stage 2 Channel Estimation
16 = «— RH,h’p (th)il,
17 # Compact form of Eq. (21).

8 f {ﬂ,LK x LK} —f: {éﬁp,LZW x 1}.

19 return H.

diagonal elements of the H. For ease of understanding, the
steps of the Priori Information-Assisted (PIA) cross-domain
channel estimation are summarized in Algorithm 1. Note that
although Stage 2 of Algorithm 1 performs computations using
the compact form in Eq. (21), the underlying operations remain
unchanged.

C. Theoretical Performance Analysis

To qualitatively analyze the performance differences of
channel estimation in different domains, we examine the Mean
Squared Error (MSE) of channel estimation in both TF domain
and DD domain. For notational simplicity, we set £ = L2K?>
in the observation model, such that the TF domain channel
is denoted as hyp € C£ and the DD domain channel as
hpp € C~. Moreover, pilot symbols of the same type are
employed in both TF domain and DD domain to ensure
consistency in the comparison.

1) TF-Domain Estimation: The CoPP observation model
(including noise) derived from Eq. (19) can be expressed as:

hp = Shrp +np, np~CN(0,PIp),  (41)

where S € {0, I}WVL is the pilot selection matrix derived
from the pilot mapping matrix C. Thus, Ry n, and Ry, can
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be simply calculated as

Ruhy ~ E{hrrhf} = Ry, S,
Ru, ~ E{hphf} = SRy, S" + P,Ip.

(42)
(43)

Based on the compact form in Eq. (21), the estimated value
of hrp € C£ can be written as

hrr = Ry 87 (SRup S + Pulp) Thp.  (44)

The corresponding MSE is
. 2
ENSE = E{HhTF - hTFH2}

— tr {RhTF ~ Ri, S” (SRn, 87 + PIp) _1SRhTF} .
45)

Given Ry, Eq. (45) achieves the optimal MSE.

2) DD-Domain Estimation: For a fair comparison, we
conduct the analysis under the same observation model. If
there exists a unitary transformation U € C%*% (e.g., the
discrete matrix corresponding to the SFFT/ISFFT) that maps
the TF domain channel to the DD domain, then hpp € C~
can be expressed as:

hpp = Uhyp. (46)
The observation model in DD domain is
flp = SUHhDD—i—np = Dhpp + np. “7n

If the same estimation scheme as in Eq. (21) is adopted, the
estimated channel hpp in DD domain can be written as

hpp = Rnp, D? (DR, DP + PIp) 'hp,  (48)

where Ry, = E{UhTF(UhTF)H} — URm,,U”. We

transform hpp back to the TF domain:
hpporr = Ufhpp. 49)

According to Eq. (48), Rp,,,, = URy,,, U and UUY =1,
we can rigorously prove that leDHTF = flTF, see Eq. (50),
as shown at the bottom of the page.

Thus, the two are exactly equivalent, and the corresponding
MSEs are also the same. This indicates that, given the same
second-order prior Ry, or employing the same channel estima-
tion scheme, the TF-domain and DD-domain estimations are
theoretically equivalent.

3) Possible Differences: Many existing DD-domain estima-
tion schemes exploit the sparsity of hpp (i.e., hpp ~ hy) and
perform sparse recovery using a predefined dictionary. Thus,
the actual observation model becomes:

y: DhDD+n7: = D(hs —|—hr)+n7; ~ Dhs+np, (51)

where h,. is the residual information that is not captured under
the sparsity assumption. If a sparse reconstruction algorithm
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(e.g., BP, LASSO, or OMP) is adopted, the error upper bound
can be expressed as:

HhDD - hDDH2 <ci|h]| +c2[[np]l, (52)
where ¢; and ¢y are related to the RIP condition of D
and the employed sparse recovery algorithm. When ||h,|| is
large (model mismatch) or the condition of D is poor, the
reconstruction error increases.

In addition, if sparse recovery erroneously classifies certain
components as ‘zero’ or incorrectly identifies the support set,
estimation based on this support set can lead to structurally
significant errors. Errors in support set detection are typically
‘discrete and nonlinear’: even a small noise or approximation
error can cause the recovery algorithm to select incorrect
atoms, leading to a dramatic increase in estimation error.
When recursive estimation is employed, the error is amplified
according to the recursion matrix. Let the recursive matrix be
®; then the stepwise error recursion is given by:

err1 = Pey + & (53)
If the spectral radius p(®) > 1, it may lead to error
accumulation or amplification. However, the proposed TF-PA-
CEE scheme performs global extrapolation in one step, thus
avoiding error propagation and chain amplification. Thus, the
performance gain of TF-PA-CEE mainly stems from:

e More effective second-order prior information.

e Reduced error propagation in one-step extrapolation.

e Avoidance of information loss due to improper sparsity
assumptions.

In addition, if the second-order prior is strictly updated
according to Lemma 1, the extrapolation error of TF-PA-CEE
is controllable. Although DD estimation can still be applied
to FBMC-OTFS, the use of prototype filters (e.g., PHYDYAS,
Hermite, etc.) introduces inherent imaginary interference in the
TF domain. When switching to the DD domain, interference
spreads to other DD domain bins, weakening the sparsity of
the channel. In contrast, treating imaginary interference as one
of the transmission properties and employing a TF estima-
tion with OFDM pilot-compatible structures can better adapt
to FBMC-OTFS. Thus, TF-domain estimation is preferable
specifically for FBMC-OTFS and exhibits better consistency
with OFDM-OTFS.

D. TF-Domain Equalization

Since both pilot deployment and channel estimation are
performed in the TF domain, the equalization must be imple-
mented synchronously in the TF domain, which ensures logical
consistency in the signal processing chain. When the one-tap
channel h;j in the TF domain is estimated, simple one-tap

hpprr = URy,, D (DRy,, D" + PIp) hp = U (URy,, U?) US? (SUYURy,, UYSY + P,Ip) hyp

= Riyp S” (SRu,,. S + Pulp) hp = hyp.

(50)
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equalization can be used directly. The one-tap Zero Forced
(ZF) equalization can be written as

E7E = yi/ k. (54)

Note that to maintain the integrity of the signal frame structure,
the equalization operation must preserve the pilot symbols.
The one-tap Minimum Mean Square Error (MMSE) equaliza-
tion [33] can be written as

ykhy 1
2
el + Po £ 550 1/ (14 P/ sl )

~MMSE _
Xy 5 =

(55
The second term of Eq. (55) is a scaling factor that guaran-
tees an approximate unbiased estimation. On the other hand,
according to the model in Eq. (12), the full-block MMSE
equalization can be written as

% = H (HH” + P,R,) 'y, (56)

where R,, = GH G is the noise correlation matrix. Moreover,
Maximum Likelihood (ML) detection is equivalent to

% = argmin [ly — Hx|?, (57)
xES

where S denotes the set of modulation symbols. For high-

order constellations, to reduce complexity, Eq. (44) can be

equivalently implemented using a sphere decoder. The detec-

tion criterion of the sphere decoder can be expressed as

Iy’ - Rx|* < d?, s.t. H=QR, (58)

where y/ = Qfy and d is the search radius. Q and R
denote the unitary matrix and the upper triangular matrix,
respectively, resulting from the QR decomposition of H.
After removing all pilot symbols from the estimated symbol
% € CEEX1 | the estimated data symbols xp € CIPI*1 in the
TF domain can be obtained. Then, by performing the SFFT on
%xp € CIPIX1 we can recover the corresponding data symbols
dp € CIPIX1 in the DD domain. One-tap equalizers, block
equalizers and sphere decoder have different requirements
for channel information. The proposed scheme can directly
provide the required channel information for both, according
to specific demands. Thus, our scheme is more flexible.

IV. NUMERICAL RESULTS

For numerical evaluation, we perform a series of exper-
iments. We assume that all path delays fall within the
continuous interval [0, Ti,ax] and are discretized via uniform
sampling. The Doppler shifts of the paths follow a continuous
Jakes spectrum, i.e., v; = Vpax cos; with 6; ~ U (0,27),
which are also discretized through uniform sampling. Con-
sidering a single-antenna OTFS system, the Doppler shifts
across different subcarriers (or antennas) are approximately
identical. Thus, our experiments neglect the Doppler squint
effect described in [40]. However, The modeling and com-
pensation of Doppler squint under millimeter-wave massive
MIMO conditions will serve as one of important directions
in our future research. Unless stated otherwise, the simulation
parameters are summarized in Table I.
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TABLE I
SIMULATION PARAMETERS
Parameter Name Expression Value
Carrier frequency fe 2.5GHz
Subcarrier spacing F 15kHz
Number of subcarriers per frame L 12
Number of symbols per frame K 14
Number of pilots per frame |P| 12
Total number of parallel frames N¢ 4,8
Total sampling rate 5FL x N {3.6, 7.2}MHz
QAM Constellation / 4,16
Channel model / EVA, TDL-A
Number of resolvable paths / 8, 16
Number of Rayleigh multipaths Np 200
Velocity |4 200km/h, 500km/h

Note that the above key parameters strictly comply with the
technical specifications of 3GPP LTE Release 19 [33]. The
sampling rate is set to 5 times the single-frame bandwidth,
which not only satisfies the Nyquist sampling criterion (twice
the bandwidth) but also aligns with the commonly adopted 3-5
times oversampling practice in engineering implementations.
In OFDM-based OTFS, the cyclic prefix (CP) length is set
to 4.7us, which is derived from the maximum delay spread
(Tmax = 2.3us) of a typical urban channel model with a safety
factor of 2.

In simulation settings, the Doppler shifts follow a continu-
ous Jakes spectrum; thus, the mapping of Doppler shift onto
the discrete Doppler grid is generally non-integer; The delays
of all Rayleigh/Ricean channel paths are uniformly distributed
within the maximum delay spread. Accordingly, the mappings
of the 200 Rayleigh/Ricean paths onto the discrete delay grid
are generally non-integer. This indicates that the energy of
each physical path is distributed across multiple bins in DD
domain instead of being confined to integer grid, which corre-
sponds to fractional delay and fractional Doppler. In addition,
although the system can only resolve finite delay indices,
each index may include multiple physical paths with close
delays which cannot be resolved. According to the central
limit theorem, the large number of irresolvable paths leads
to the channel exhibiting Rayleigh/Ricean fading properties.
Therefore, the 200 Rayleigh multipaths are not individually
resolved in the TF/DD domains, but are equivalently treated
as Rayleigh fading coefficients over finite indices.

A. Analysis of Effective Frame Interval

Lemma 1 reveals the temporal decay law of prior informa-
tion in time-varying channels. The longer the time interval
between two frames, the worse the timeliness (i.e., the
larger the mean square error). For quantitative analysis,
we selected the Doppler shifts v € {10, 40, 300,1400}Hz,
which correspond to mobility velocities of approximately
V € {5, 20,130, 600 }km/h, respectively. Such a parameter set
covers from walking to high mobility scenarios.

Fig. 3a shows the mean square error corresponding to
different frame intervals. From Fig. 3a, we observe that an
increase in the frame interval 7 leads to an increase in
the mean square error. That is, the timeliness of the prior
information deteriorates, resulting in a decrease in the accuracy
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Fig. 3. (a) Frame interval versus mean square error; (b) Mean square error
plot: MSE vs frame interval and Doppler shift.

of channel estimation. On the other hand, low Doppler shift
(v < 40Hz, corresponding to V' < 20km/h) allows us to
adopt a prior information update period of 7 = 4ms. In high-
mobility communication scenarios (v > 300Hz, corresponding
to V > 130km/h), the channel exhibits fast fading characteris-
tics. To ensure the accuracy of channel estimation, the update
period of prior information needs to be shortened to 7 = 1ms.
To simultaneously investigate the impact of frame interval and
fast time-varying characteristics on the effectiveness of prior
information, we treat 7 and v as variables and analyze their
effects on the mean square error.

Fig. 3b shows the mean square error corresponding to differ-
ent frame intervals and Doppler frequency shifts. Based on the
numerical results in Fig. 3b, we can select an appropriate frame
interval to optimize the accuracy of channel estimation under
different channel conditions. It is worth noting that channel
estimation also incorporates CoPP information. We do not treat
the prior information strictly as the channel information of
other frames but rather extrapolate the channel state of other
frames based on its statistical characteristics. Therefore, the
constraints of Lemma 1 can be appropriately relaxed, or the
upper bound of the mean square error can be relaxed to -3dB.
Once the constraints of the Lemma are relaxed, we can adopt
a larger update period.

B. Performance Analysis of NMSE

According to the constraints of Lemma 1, we choose the
update period as 7 = 2ms. To evaluate the accuracy of channel
estimation, we choose the NMSE as the evaluation metric,
denoted as

~ 2
nse = 101 (HH ~H| /jH;, ) LG9
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as a baseline. Specifically, according to Eq. (5), let
hi (tn) = #Naiej@”"it"*“"’?)étmn denote the channel of ith

P
path. Then, the Fisher information matrix of the unknown
parameter {v;, 7;, ©; } is given by:

F,, Fur Fvga
F=|F,, F.; F‘rga R
Foo For Fop
T gah;‘ahj N
vvli g P, ov; 81/j y 1) =1 » 4Vpy
np=1
(60)

The partial derivative of h; (¢
be calculated as

Ohi (tn)

o, /N
Oh; (tn) 1

n) with respect to {v;, 7;, p; } can

a;j2mt, it tels,

aiej(27ruitn+<pi)5/t (61)

aha?‘ ) VN T
GUilln) _ 1 g5ei@mvitatens,
a@l /Np J tn,Ti

where ¢’ -, is the derivative of Dirac delta function. Accord-
ing to the CRLB, the covariance lower bound of the unbiased
estimator for parameter {v;,7;,p;} is Cov ({4, 7, i}) >
F~!. Thus, the variance lower bound of ith path parameter
is given by:

var (7;) > [F 1]i,i
var (7;) > [F~ 1]Np+i,Np+i (62)
var (¢;) > [F']

2Np+i,2Np+i’

Since h; (t,) is a function of the parameter {v;,7;, v;}, we
define all path parameters as:

T
9:[Vi,"',VNP,Ti7"',TNP7(,01',"',§0NP:| (63)

Then, the estimated value of the parameter is 0 = 0+ A6.
By defining h (0) = Zi\fl h; (vi, 75, ©;), the first-order Taylor
expansion of h (6 + A@) can be expressed as:

h (0 + AB) ~ h(8) + Vgh(0)" A6, (64)

where Vg is the parameter gradient, and Vgh(H)TAG can be
calculated as:

Voh(0)' A6

where ||“||,.» denotes the m2-norm of the matrix. For ref- _ Z( ” oh (O)Aﬁ n oh () A@_). 65)
erence, the Cramér-Rao Low bound (CRLB) is provided GVZ or; dyp;
Ny H H H
Covt8) 2 3 (G (7 1o e (5 v i ey 8 oy ) ©9)
- Ny 2 2 2 Ny
NMSEcrrp > (‘ gzl/: [Fil]m + ‘ 32, [Fil]Np—i-i,Np-‘ri Haag?i [Fl]QN,,+i,2Np+i> /Z ”hiHQ' (70)
NMSER ;5 > (H LY ) Hs on [Ffl]Np%NW + s pm H zN,,+i,2Np+i> /S Ishil2
=1 i=1
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Define h 2 [hy (), , he (6)], then

h~h+ JAG, (66)

where J € C£*3Nv is Jacobian matrix, which can be calcu-
lated as

S, { oh oh oh

a{yla"' 7VNp}’ 8{7-17"' 37—1\/'1;}7 a{‘ﬁh 799Np} '
(67)

Thus, the linearized representation of h with respect to the
path parameters can be written as:

8h_ Api.  (68)

- oh oh

81/1‘ 8’7'
Accordingly, the CRLB of the error covariance can be
expressed as Eq. (69), shown at the bottom of the previous
page. Thus, the final lower bound for NMSE can be calculated
as Eq. (70), shown at the bottom of the previous page. To
compute Eq. (70), we map the NMSE to the observable infor-
mation CoPP at receiver. According to Eq. (41), flp = Sh.
Thereby, NMSE@RLB can be calculated as Eq. (71), shown at
the bottom of the previous page.

Note that S% = 85—1}1 Thus, the partial derivative of Sh

K3 d K3
with ith path can be calculated as
0Sh;
W = JQWdlag {t]_, s 7t|'p|} Shl
dSh, ,
= —(Sh; 72
ar (Sh;) (72)
t = jShy,
i

where (Sh;)" is the numerical derivative of the delay with
respect to the sampling time. Thus, the squared norm at the
pilot positions can be calculated as:

on 12 |P| ,
S~ =477 Y 17 (i (lnp s ny )|
v TL'p:l
|P|
oh|?
So—|| ~ S0 (g k)| (73)
v np:l
|P|
oh ||
Sai = Z |h1 (lnP’kn‘P)|2'
v =

Thereby, the CRLB baseline can be obtained through CoPP.
Since the pilot structure has a significant impact on channel
estimation, it is necessary to compare it with other pilot place-
ments to verify the effectiveness of the adopted scheme. To
validate the practicality of the selected pattern, we compared it
with other classical pilot patterns, including comb-type, block-
type, and clustered structures.

Fig. 4a and Fig. 4b show the NMSE performance and spec-
tral efficiency, respectively, under different pilot arrangements.
The results in Fig. 4 show that the Diamond Pilot consis-
tently achieves the best NMSE and spectral efficiency. Block
Pilot only provides continuous estimation support in the time
domain, whereas comb pilots primarily focus on frequency-
domain estimation, resulting in suboptimal performance.
Cluster pilots are unevenly distributed across time-frequency
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Fig. 4. Different pilot arrangements, total symbol frames, total symbol frames
N¢ = 8. (a) NMSE performance. (b) spectral efficiency.
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Fig. 5. NMSE plots for one-tap channel estimation: Bessel fitting method vs
prior information-assisted method. Total number of symbol frames Ny = 8.

resources, resulting in the worst NMSE performance. Note that
the experiments in Fig. 4 are based on the priori information-
assisted method.

Fig. 5 shows the NMSE performance of both methods in
one-tap channel estimation. As shown in Fig. 5, within the
SNR range of [0, 30] dB, the NMSE achieved by the prior-
information-aided method significantly outperforms that of
the Bessel-fitting approach. When Doppler shift is 1.16 kHz
(500 km/h), the NMSE of the priori information-assisted
method is in the range of [-8, -30] dB, while the Bessel-fit
method only reaches [-2, —7] dB. Therefore, we subsequently
focus more on the priori information-assisted channel estima-
tion. In Fig. 4a and Fig. 5, the NMSE of the proposed scheme
exhibits a significant gap from the CRLB in high-SNR. The
reason is that interference dominates in high SNRs, which
causes pilot-based interference estimation to be insufficiently
accurate. Fortunately, interference can be eliminated through
iteration. According to Eq. (11), the interference is described
as the off-diagonal elements of H. Thus, the iterative formula
can be expressed as

YD = () (Iil(i) — diag {ﬁ(l)}) C [XPOA(D]T

st. b = diag {ﬁ(“} . (74)

Since both H® and h® depend on previous estimates, the
strict nonlinear coupling makes it difficult to obtain the closed-
form solution of Eq. (74). We adopt a first-order linearization
approach to characterize error propagation and thereby analyze
the convergence of the iteration. Under the linear approxima-
tion, the update of the iterative error can be approximately
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Fig. 6. Total number of symbol frames /Ny = 8. (a) Iteration step vs. NMSE
for SNR = 30dB. (b) NMSE vs. SNR for no iteration and 4 iterations.

expressed as

E(+D ~ (1 - A@)) E® 4+ ¢, (75)

where E() 2 H() —H and A() = (I:I(i) — diag {N”}) C'.
C’ is a constant matrix related to C, xp and Xp. <@
corresponds to the higher-order residual term. Neglecting ¢(*),
the dominant term is determined by the spectral properties of
I-AO If |[AD]| < 2 and [[I-A®|| < 8 < 1 are valid
for all 4, then the error E(® decreases according to B*. When

the error tends to zero, H(® — diag {fl(i)} can fully charac-

terize the interference. Consequently, the y**1) in Eq. (74)
converges to the received symbols without interference. In
the simulation data, for all ¢, it holds that |‘A(i)|| < 2 and
HI - A‘“H < B < 1. Therefore, Eq. (74) shows a tendency
to converge. Furthermore, replacing y;, i, in Eq. (19) with
yli;',lkp, we can obtain interference-free CoPP information,
which allows for more accurate channel estimation.

Fig. 6a shows the NMSE for different number of iteration
steps at SNR = 30dB. Fig. 6b shows the NMSE versus SNR
for iterated and un-iterated. According to the results shown in
Fig. 6a, we observe that OFDM-based OTFS requires two iter-
ations for the NMSE to stabilize and converge to —33.46dB,
whereas FBMC-based OTFS requires only one iteration. In
particular, all systems achieve a substantial improvement in
estimation accuracy after the first iteration, indicating that
interference induced by the doubly selective channel can
be largely mitigated through iterative processing. On the
other hand, the NMSE performance quickly stabilizes as the
number of iterations increases, indicating that three iterations
are sufficient to achieve a stable NMSE performance, and
further iterations are unnecessary. From Fig. 6, the NMSE
improves by approximately 7 dB for OFDM-OTFS and by
about 2 dB for FBMC-OTES after iteration. Furthermore, after
iterative interference cancellation, OFDM-based OTFS and
FBMC-based OTFS exhibit almost identical channel estima-
tion accuracy.

Due to the insufficient estimation accuracy of the Bessel
fitting-based method observed in preliminary experiments,
the following analysis focuses exclusively on the prior
information-aided approach. On the other hand, the above
results are obtained under the EVA channel model. To enhance
the credibility of the proposed scheme, we provide additional
simulation results based on the more commonly used TDL-A

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 74, 2026

channel model, including different system dimensions, various
user velocities, and different numbers of resolvable paths. It is
worth noting that the resource block size specified in the 3GPP
LTE standard is fixed. Therefore, to ensure that the system
parameters comply with practical application standards, we
adjust the system dimensions by changing the total number
of transmitted symbol frames in parallel. Specifically, we
considered the following scenarios: a 4-parallel frame with 8
resolvable paths at 200 km/h, a 4-parallel frame at 500 km/h,
and an 8-parallel frame with 16 resolvable paths at 500 km/h.
In addition, schemes such as CE-BEM [16], Embedded Pilot-
Aided Channel Estimation (EPACE) [2], and Joint Channel
Estimation and Data Detection (JCEDD) [41] are included in
comparison with the proposed TF-PA-CEE to further validate
its effectiveness.

Fig. 7 shows the NMSE performance of different estimation
methods under various scenarios. According to the results
in Fig. 7, the proposed scheme maintains the same trend
conclusions as the existing schemes over the entire SNR range,
while consistently achieving the best performance. This indi-
cates that the proposed method can maintain stable estimation
performance under different parameter settings. However, in
Fig. 7, the NMSE of TF-PA-CEE sometimes falls below the
CRLB. The reason is that the CRLB is derived from unbi-
ased estimators without assuming any extra prior information,
while in the simulations, second-order statistical priors of the
channel are introduced. Introducing bias by exploiting prior
information (e.g., channel statistics) to achieve NMSE superior
to the unbiased estimation lower bound does not violate the
CRLB theorem but rather results from the biased Bayesian
estimation property [42]. In addition, to evaluate the estimation
accuracy of different schemes under different pilot overheads,
the NMSE versus pilot overhead is investigated at SNR= 10dB,
see Fig. 7d.

A larger pilot overhead provides more available observation
samples, improving the accuracy of channel estimation, but at
the same time reduces the resources available for data trans-
mission. As shown in Fig. 7d TF-PA-CEE outperforms other
comparison schemes across the entire range of overhead. In
the low-overhead region (<10%), its performance advantage
is pronounced, making it highly suitable for communication
scenarios with constrained pilot resources.

C. Performance Analysis of BER

Based on the proposed channel estimation results, we per-
form equalization under two different channel models and
analyze the reliability of the communication link. To eval-
vate reliability, we adopt BER as the performance metric
and compare one-tap equalizers, full-block MMSE equalizer,
sphere decoder, Message Passing (MP) [43] and Expectation
Propagation (EP) [44] detectors.

Fig. 8 shows the BER performance differences of
FBMC-based OTFS under different equalizers. The exper-
iment is performed in the non-iterative channel estimation
framework with 4-QAM constellation mapping scheme. The
results show that, under the same SNR conditions, the sphere
decoder (d = 2) exhibits a significant advantage, with its BER
curve approximately 1-2dB lower than that of EP detector. MP,
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Fig. 8. BER versus SNR for FBMC-based OTFS with different equalizers,
with N¢ = 8. (a) EVA channel at 500 km/h. (b) TDL-A channel at 500 km/h.
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Fig. 9. BER performance with Ny = 8 and 4QAM, (a) Under the EVA
channel; (b) Under the TDL-A channel.

EP, and the sphere decoder all satisfy the BER target threshold
of 10™2 within the SNR range of [15, 30] dB, confirming
suitability for FBMC-OTFS. Further, we extend to the multi-
dimensional performance evaluation of OTFS, specifically
exploring the impact of different multi-carrier mechanisms
and constellation modulation orders on the BER. To eliminate
the impact of equalizer differences on the evaluation results,
we adopt the sphere decoder as the reference receiver and
conduct experiments within an iterative channel estimation
framework.

Fig. 9a and Fig. 9a respectively show the BER gains of
OFDM-based OTFS and FBMC-based OTFS compared to
conventional OFDM and FBMC under the EVA and TDL-A
channel models. The results show that, at a target BER
of 1073, OTFS achieves an SNR gain of approximately
10dB. Moreover, FBMC-based OTFS exhibits superior BER
performance compared to OFDM-based OTFS, achieving an
improvement of approximately one order of magnitude.

Velocity: 500km/h@2.5GHz, EVA Velocity: 500km/h@2.5GHz, TDL-A

—E&—OFDM-based OTFS
—S—FBM sed OTFS
— — —Perfect CST

0 5 10 15 20 25 30 0 5 10 15 20 25 30
SNR (dB) SNR (dB)

(a) (b)

Fig. 10. (a) BER performance under the EVA channel with Ny = 8. (b) BER
performance under the TDL-A channel with Ny = 8.

Furthermore, we investigate the BER performance of
FBMC-based OTFS and OFDM-based OTFS under different
modulation orders. Fig. 10a and Fig. 10b show the BER
performance of OFDM-based OTFS and FBMC-based OTFS
under the EVA and TDL-A channel models, respectively.
The modulation orders are {4,16}-QAM. To avoid graphic
redundancy and enhance visualization, the BER curve of
the original multi-carrier system is selectively removed in
Fig. 10. However, we should keep in mind that the reliability
of original multicarrier systems is lower than that of their
derived OTFS. The results show that FBMC-based OTFS
maintains a stable BER advantage across different modulation
orders.

As shown in the above results, in a high-mobility scenario
(V = 500km/h), FBMC-based OTFS demonstrates a reliability
advantage over OFDM-based OTFS, with an approximately
one-order-of-magnitude improvement in BER performance.
The reason is that the good time-frequency localization of
the Hermite prototype filter effectively reduces the effect of
time-frequency two-dimensional spreading in the doubly selec-
tive channel. Theoretical and experimental analyses indicate
that the reliability of OTFS depends on the time-frequency
joint resolution of the underlying multi-carrier modulation
mechanism. Thus, by optimizing the TF-domain transmission
strategy, OTFS can inherit the interference-resistant capability
of multi-carrier modulation.

D. Analysis of Computational Complexity

In the practical evaluation of channel estimation algorithms,
we consider the analysis of computational complexity. Due
to the insufficient estimation accuracy of the Bessel fitting
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TABLE I
SUMMARY OF COMPUTATIONAL COMPLEXITY

i Calculation of the correlation matrix (updated N, times)

O (3N [P|NJ)

ii Calculating the Extrapolation Matrix and Estimating the CoDP

o (1PP + L2K2 (1P +1P1))

iii Iterative interference cancellation (M steps)

O (M(LK*([P[+ 1) + L3K?))

iv Total complexity

O(Ci+Cii + Ci) = O (N

method in preliminary experiments (NMSE > —10 dB), it fails
to meet the requirements for high mobility scenarios. There-
fore, we exclude the discussion of its complexity. Currently,
we focus on the complexity of a priori information-assisted
extrapolation. Note that we consider the number of complex
multiplications as the metric. According to Egs. (35) - (39), the
dimension for Ry, is N2 x NZ2. Thus, each calculation of the
correlation matrix leads to a complexity of about O (N f) The
correlation matrix calculation for all pilot positions requires a
total of 3|P| times O (NZ). In addition, each update of the
prior information requires recalculating the correlation matrix.
In practical engineering implementation, H is a sparse banded
matrix even though N = (O + K — 1) Nppr is large, with
Nppr denoting the number of FFT points. Thus, R4, is also
sparse. Thereby, the computational complexity of obtaining the
correlation matrix may be lower than O (3 |P| (N2)). Accord-
ing to Eq. (40), the calculation of the extrapolation matrix
involves the inversion of Ry, € CIPIXIPI and multiplication
with R p, € CL X**IP| with computational complexities
O (|P\3) and O (LQKQ\P|2), respectively. According to
Eq. (21), the complexity of estimating CoDP is O (|P| L>K?).
According to Eq. (74), the complexity of each iteration is
O (L?K? + L*K?®), and the complexity of estimating CoDP
is similarly O (|P\ L?K 2). In Table II, we summarize the
complexity of prior information-assisted channel estimation
at each stage. It is worth noting that the frame duration
of OFDM-based OTFS is 1ms per frame, while the frame
duration of FBMC-based OTFS is 2ms per frame. According
to the parameters in Table I, OFDM-based OTFS requires
updating the prior information 3 times, while FBMC-based
OTFS requires updating it 6 times. For iterative interference
cancellation, the number of iteration steps does not exceed
4. Thus, the total complexity of the prior information-aided
channel estimation is approximately O (N;l). Surely, in the
LTE standard, large bandwidths contain L and K large enough
that cannot be ignored. In this case, the total complexity is
O (Ci + Cyi + Chip)-

To visualize the complexity of different schemes, we quan-
titatively analyze it by changing L. Note that in the 3GPP
LTE frame structure, the number of time symbols within
Ims, K = 14, remains constant. Therefore, we keep K
constant and change the number of subcarriers L by increasing
the number of parallel transmission frames. Fig. 11 shows
the complexity of the different schemes. According to the
results in Fig. 11, the proposed TF-PA-CEE method can
reduce computational complexity by approximately 25% com-
pared with JCEDD when iterative interference cancellation
is not performed. Although the complexity of TF-PA-CEE
(with interference cancellation) increases, two iterations are

x10®

———CE-BEM Ite-8

——TF-PA-CEE lte-4

8 [ |[——CS-based OMP Ite-8

——TF-PA-CEE Ite-2
EPACE

6 [ |——JCEDD

——TF-PA-CEE Ite-0

10

No. of CMs

10 15 20 25 30
L — Ny =L/12

Fig. 11. Relationship between the number of Complex Multiplications (CMs)
and the number of subcarriers for different systems.

typically sufficient,see Fig. (6a), and the complexity remains
significantly lower than that of OMP. Its core is performing
interference cancellation through a series of linear oper-
ations with minimal iterations. Although the complexity
increases when iterative interference cancellation is applied,
this comes with a significant performance improvement.
Therefore, we recommend adopting the non-iterative ver-
sion in scenarios with stringent real-time requirements, while
employing the iterative version in performance-prioritized
scenarios to achieve a trade-off between complexity and
performance.

V. CONCLUSION

In this paper, we have constructed an OTFS system based
on FBMC and proposed a TF-PA-CEE scheme. The pro-
posed channel estimation scheme achieves accurate tracking of
dynamic channel parameters by constructing a Bessel fitting
or a priori information-assisted extrapolation mechanism. In
addition, the criterion for determining the channel wide-
sense stationary time interval is derived to assist the prior
information update mechanism. By following the principle
of signal processing consistency, both channel estimation
and equalization are implemented in the TF domain. The
experimental data show that the proposed scheme pro-
vides good NMSE performance in high mobility scenarios.
Compared to classical OTFS, FBMC-based OTFS achieves
an improvement of approximately one order of magnitude
in BER performance, while reducing OOB emissions to
below —50dB.

It is worth noting that the performance analysis in this
paper is based on simulations. In practical implementations,
the following issues should be considered: (1) the multi-
symbol filtering in FBMC-OTFS may result in high processing
latency, and parallel architectures should be optimized to
meet real-time requirements; (2) in high-mobility scenarios,
the rapid variations of doubly selective channels increase the
difficulty of updating prior information, for which adaptive
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tracking algorithms can be considered; (3) hardware factors,
such as power amplifier nonlinearity and quantization errors,
may degrade system performance, and robustness should be
enhanced at the algorithm design stage. The above issues are
essential considerations for the practical implementation of
the proposed scheme, and we plan to address them in future
work.

APPENDIX
PROOF OF LEMMA 1 IN CONTINUOUS TIME MODELING

In the channel model of Eq. (5), the following assumptions
need to be clearly specified: a; (t) follows Rayleigh fading and
the time correlation is determined by the Doppler spectrum;
For a short period of time, 7; (t) ~ 7;(t+ T); The time
variation of the channel is primarily caused by the Doppler
shift v; and the time-varying amplitude a; (¢). The Channel
Frequency Response (CFR) on subcarrier [ can be defined
as

eJ(zmjt-s-w)e—j%ran(t). (76)

e Yan

pzl

The expression H (t, 1) is the Fourier transform of & (¢, 7) with
respect to 7, and the frequency is replaced by [F'. If the time
interval between two frames is 7, then the CFR correlation
can be calculated as

R(T):E{H(t DH*(t+T,0)}

= —ZE{ai

t + 7-)} ej27rw7'

% e—JQTrlF(T,( )—T,(t-‘rT)). (77)
Since 7; (t) = 7 (t + T), R(T) can be simplified as
1
=¥, > Ra) (T) ™7, (78)
i=1

where R, (7) is the autocorrelation function of the
Rayleigh fading for the ¢th path. If the signal undergoes
scattering from Wide-Sense Stationary Uncorrelated Scattering
(WSSUS) environments, then R, ;) (7) depends on the Jakes
spectrum S (v;) [45]. S (v;) is denoted as

1

) |Vz| S Vmax
- (Vi/l/max )
0, otherwise.
(719)
According to the Wiener-Khinchin theorem, R, ;) (7) can be

calculated as

Ro,0) (T) = Ph/

—Vmax

2Ph /Vmax
T Vmax 0

Vmax

S (Vz) ejQﬂwle/i
cos (2mv;T)

1-— (Vi/Vmax )2

dl/l'

(80)
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Assuming that v; follows a uniform angular distribution (i.e.,
Vi = Vmax c0s (0;), where 6; follows a uniform distribution),
then

R,y (T)
2P, /0 €08 (27 Vmax T cos (0;))
1 — cos? (6;)

(—Vmax sin (6;)) d;

TVmax z

2P, (%
= h/ €S (27U imax T cos (6;)) db;

™ Jo
= PyJo (27VmaxT ) -

(81)

Assuming a sufficiently large transmission path (i.e., N, —
00), then R (7) can be calculated as

R(T) = PrJo 2nvmaxT)

lim g el?2mviT
Np—roco N

1 27 .

= P, Jy (27Tl/max7-) — / eJQWTV”‘a" cos(@i)dei
27T 0

= PpJ2 (27VmaxT) - (82)

If H(t 1) is directly used to predict H (t + 7T,l) without
relying on CoPP, then the estimated mean squared error is

EMSE
= E{IH(t+T,l) - H(t,l)|2}
NP
=E Z a; (t + T) @+ T+ o—j2nlFri(t+T)
p =1
2
Zal o 2TVt i) g —j2mlET(t)
1 N
= ]\TE Z (a; (t+T) 2™ T —a; (1))
p i=1

Xej(27ruit+<pi)e—j2ﬂlF7"i(t) ‘2} . (83)

The Eq. (83) can be expanded as

N, N,

EMSE = *E ZZ a; (t+ T) T

p =1 j=1
% (a; (t+T) ™7 —a; (1))
Xej(%(wfuj>t+<w—w>>e—j2ﬂF<n<t>*ﬂ'<t>>}. (84)

—a; (1))

For Vi = j, The autocorrelation of the phase is el = 1.
Under the WSSUS conditions, the interval 7 only affects the
autocorrelation of the gain a; (t), without destroying the inde-
pendence between paths. Additionally, a; (¢) is independent
across different paths and has zero mean value. Thus, for
Vi # j, E{a; (t) a; (t)} = 0. Thereby, the cross terms are
zero. Eq. (84) can be simplified as

€EMSE =

NP
Jép S E{Jas b+ T —ai (1)}
i=1
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N,
= NP;E{MZ (t+ T + i (1)

— 2R {ay ( 4+ T) af ()™ T}

N,
1 p
=—> (1+1-2R(T7))
=2(1-R(T)). (85)
If we require ;s < (, then
R(T) = PLJE (2mvmaxT) > 1 (/2 (86)

Thus, T <
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