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Abstract—Affine Frequency Division Multiplexing (AFDM)
has shown great potential in high-mobility communication sce-
narios. However, efficient pilot design and low-complexity re-
ceiver algorithms remain challenging. In particular, conventional
subcarrier-embedded and superimposed pilot schemes often suf-
fer from excessive guard interval overhead and interference be-
tween pilots and data symbols. To overcome these limitations, this
paper introduces a novel time-domain block-type pilot structure
that enables effective pilot-data separation while reducing the
overhead of guard intervals. Building on a parametric bilinear
model derived from a time-domain basis expansion model (BEM),
we propose a joint channel estimation and signal detection
framework for AFDM systems. To facilitate the implementation
of this framework with high computational efficiency, we develop
a low-complexity sampling-based Expectation Propagation (EP)
algorithm, which leverages Dirac mixture sampling approxi-
mations to simplify the computation of intractable integrals
in bilinear message passing. Through benchmark comparisons
with the Genie-aided bound and other established algorithms in
both channel estimation and data detection, simulation results
demonstrate the effectiveness of the proposed algorithm.

Index Terms—Affine frequency division multiplexing, joint
channel estimation and signal detection, basis expansion model,
expectation propagation, parametric bilinear inference.

I. INTRODUCTION

S communication technologies evolve toward the next
generation, the introduction of higher frequency bands
[1] and high-mobility scenarios such as Unmanned Aerial
Vehicle (UAV) communications, Vehicle-to-Everything (V2X),
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and integrated Space-Air-Ground-Underwater (SAGU) net-
works [2] has led to increasingly severe doubly selective chan-
nels [3]. These channels are characterized by both significant
multipath propagation and Doppler shifts. Such challenging
propagation conditions have exposed the limitations of conven-
tional waveforms like Orthogonal Frequency Division Multi-
plexing (OFDM), which perform well in low-mobility, Sub-6
GHz environments. Consequently, the development of novel
waveforms such as Orthogonal Time Frequency Space (OTFS)
[4] and Affine Frequency Division Multiplexing (AFDM)
[5], which support robust transmission over time-frequency
selective channels, has attracted growing research interest.

A. Related work

Among the emerging waveform candidates, affine frequency
division multiplexing (AFDM) has recently gained increasing
attention. As a chirp-based multicarrier modulation scheme,
AFDM not only provides robust error performance, but also
exhibits notable advantages in embedded pilot-based channel
estimation [5]. Compared to the two-dimensional guard in-
tervals required in delay-Doppler (DD) domain modulation
schemes like OTFS, AFDM requires fewer guard intervals
and thus provides higher spectral efficiency [6]. Benefiting
from the flexible selection of dual-chirp parameters, AFDM
can adapt to channel variations by tuning the chirp parameters
at the transmitter and receiver sides. As a result, AFDM
exhibits strong potential for achieving full path diversity
[5] and equal signal-to-interference-plus-noise ratio (SINR)
transmission [7]. Beyond error performance, the adjustable and
extensible chirp parameters in AFDM can be leveraged for
various purposes: grouping pre-chirp signals and introducing
index mapping to embed additional index information [8];
reducing the peak-to-average power ratio (PAPR) in multi-
carrier systems by selecting appropriate pre-chirp parameter
sets based on the affine-frequency-domain signal [9]; and
serving as cryptographic keys to enhance secure communi-
cation between legitimate transceivers [10]. In the context of
emerging requirements for next-generation standards, AFDM
shows great potential in three key areas: first, when integrated
with sparse code multiple access, it supports outstanding
massive connectivity in high mobility channels [11]; second,
its distinctive chirp subcarrier structure enables superior per-
formance in integrated sensing and communication [12], [13];



and third, AFDM has demonstrated robust performance in non-
terrestrial network (NTN) scenarios, such as aeronautical and
land-mobile satellite channels [14].

Accurate channel estimation and signal detection consti-
tute a crucial part of practical communication systems and
pose significant challenges, particularly under high-mobility
conditions. To address this, [5], [15] present multiple pi-
lot embedding algorithms in the affine frequency domain.
These algorithms exploit the path resolvability of the affine-
frequency-domain channel for channel estimation and intro-
duce guard intervals to mitigate interference between pilots
and data symbols. [16] proposed two low-complexity detection
algorithms in the affine frequency domain, which closely ap-
proaches the performance of the minimum mean square error
(MMSE) equalizer. Building on this, [7] further explored the
equivalence between MMSE equalization in the time domain
and the affine frequency domain, and proposed a time-domain
iterative equalization scheme with low complexity. To further
improve spectral efficiency, [17] introduces a superimposed
pilot embedding scheme that eliminates guard intervals by
overlaying high-power pilots directly onto data symbols in
the affine frequency domain. However, the absence of guard
intervals inevitably results in severe interference between
pilots and data, necessitating multiple iterations of interfer-
ence cancellation. As a result, the achievable performance is
constrained by residual interference [18].

The aforementioned studies on channel estimation and sig-
nal detection in AFDM systems generally follow a loose cou-
pled design, where the estimated channel is directly provided
to the detector or used for interference cancellation. These
algorithms do not fully exploit the exchange of soft informa-
tion between estimation and detection stages, which can be
crucial for improving overall performance in complex channel
conditions. As a result, joint channel estimation and signal de-
tection techniques have attracted increasing attention in high-
mobility scenarios, particularly when the channel estimation
overhead is constrained due to a limited number of pilot
symbols and short guard intervals, and further improvements in
receiver performance are required. Such techniques have been
explored in various waveform designs, including OFDM [19],
faster-than-Nyquist multicarrier signaling [20], OTFS [21],
[22], and AFDM [23]. By formulating the system model as a
bilinear inference problem, these approaches utilize advanced
message-passing algorithms, including variational Bayesian
inference [24], parametric bilinear generalized approximate
message passing (PBIGAMP) [25], and parametric bilinear
Gaussian belief propagation (PBiGaBP) [26], to enable data-
aided channel estimation and iterative signal recovery. Never-
theless, these algorithms often suffer from high computational
complexity, which becomes particularly pronounced when the
number of subcarriers is large, posing practical implementation
challenges.

B. Motivation and Contributions

In both the subcarrier-embedded and superimposed pilot
schemes discussed above, guard interval overhead and mu-
tual interference between pilots and data remain significant

challenges. This naturally raises the question: Can one design
a pilot arrangement that introduces minimal guard intervals
while still effectively separating pilots from data to prevent
mutual interference?

To explore this question and enhance the receiver perfor-
mance of AFDM systems with low complexity, we investigate
a novel pilot arrangement along with a joint channel estimation
and signal detection framework for AFDM systems. The main
contributions of this work are as follows:

Inspired by the narrower band structure of the time-
domain channel matrix compared to its affine-frequency-
domain counterpart, we propose a block-type time-
domain pilot arrangement to reduce channel estimation
overhead. We further compare the pilot arrangement
schemes in both domains and analyze their respective
transmission efficiencies.

We introduce a time-domain channel approximation
based on the basis expansion model (BEM) to achieve
a compact parametric representation of the AFDM time-
domain received signal. Building upon this, we formulate
a parametric bilinear inference problem and construct a
corresponding factor graph to enable efficient inference
within the JED framework.

Leveraging the expectation propagation (EP) rule, we
derive the message update rules and approximate the
intractable integrals arising in the bilinear model using
Dirac mixture sampling, which serve as an efficient
approximation of Gaussian distribution. Based on this, we
develop a sampling-based EP (SEP) algorithm for JED in
AFDM systems.

Through numerical simulations, we verify the effective-
ness of the time-domain pilot arrangement and bench-
mark the proposed SEP algorithm against existing base-
lines. The SEP algorithm achieves performance close to
the state-of-the-art PBiGAMP, exhibiting only a slight
gap to the genie-aided bound in terms of normalized
mean squared error (NMSE) and bit error rate (BER),
while maintaining lower computational complexity than
PBiGAMP.

C. Organization and Notation

The rest of the paper is organized as follows. Section II
reviews the basic concepts of AFDM, DD channels, and the
basis expansion model (BEM), which serve as the foundation
for the proposed pilot arrangement and transceiver system
model introduced in Section III. Section IV presents the
joint channel and data estimation scheme within the SEP
framework. Simulation results for the proposed algorithm are
provided in Section V. Finally, conclusions are drawn in
Section VI.

We use b to denote a scalar, b a vector, and B a matrix. Iy,
and Oy denote the N N identity matrix and zero matrix,
respectively. ()™ represents the conjugate transpose, and ()"
denotes the n-th power. D(B) returns a vector composed of
the diagonal elements of the matrix B. The notation [b]y
means taking the modulo operation of b with respect to N.
The notation bbc and dbe means taking the floor operation
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Fig. 1: The time-frequency representation of AFDM and

OFDM subcarriers.

applied to the value of b. By;.jy represents the element in the
i-th row and j-th column of matrix B, and b(i) represent the
i-th element of vectors b.

II. PRELIMINARIES

In this section, we review the basic concepts of AFDM,
the delay-Doppler-based channel representation, and the BEM
used for channel approximation.

A. AFDM

AFDM introduces a novel approach to multicarrier mod-
ulation by employing chirp-based waveforms that spread in-
formation across both time and frequency dimensions. Unlike
conventional systems such as OFDM, where each subcarrier is
confined to a fixed frequency bin, AFDM modulates data using
chirp-like subcarriers that evolve over time and frequency
simultaneously. This structural distinction endows AFDM with
superior resilience to interference and fading. Fig. 1 illustrates
the distinct time-frequency representations of AFDM and
OFDM subcarriers.

The core innovation of AFDM lies in its adoption of the
Discrete Affine Fourier Transform (DAFT) and its inverse
(IDAFT), which extend the conventional Fourier transform
by incorporating two chirp parameters, C; and Cy. These
parameters introduce controlled quadratic phase variations in
both the time and frequency domains. The transmitted signal
S in the time domain is obtained by applying the IDAFT to
the data vector X 2 CN 1, as described by the following
expression:

<t
Xpn n(m); m=0;1;:::;N  1; (1)

n=0

1
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where 7n(m) = ei2 (@n**+&mn+cam®) preprecents the chirp
orthogonal basis functions of IDAFT, and ¢; and C;, represent
the two chirp parameters that determine IDAFT and DAFT.

Note that the expression in (1) can be written in matrix
form as s = AHx 2 CN 1, where A" 2 CN N s the
IDAFT matrix and A is the DAFT matrix. The matrix A can
be computed using the diagonal matrices ¢, and ,, as
well as the discrete Fourier matrix F:

A= F ¢ ()

where ¢ =diag(e 2 °*:n=0;1;:::;N 1) 2CN N,
and F 2 CN N can be efficiently computed using FFT. Com-
pared to FFT, DAFT requires 2N extra complex multiplication
operations which results in a slight increase in complexity.
Due to the unitary property of DAFT, the IDAFT can be
represented as
A l=paH= CHlFH H. 3)

Co
In the AFDM receiver, the DAFT is applied to convert the
time-domain signal back to the affine frequency domain,
enabling further signal processing such as demodulation or
equalization.

B. Channel

The channel response can be characterized using the DD
representation as follows.

i) ( i); “4)

where Np,n denotes the number of propagation paths, and h;,
i, and ; represent the complex path gain, delay, and Doppler
shift associated with the i-th path, respectively. Within the
geometric coherence time, the physical propagation paths are
assumed to remain time-invariant, implying that the associated
delay and Doppler parameters ( j; j) are constant over the
considered time interval.
To facilitate practical implementation, the DD coordinates
( i; i) are typically mapped to normalized delay and Doppler
taps. Specifically, the corresponding delay tap lj and Doppler
tap f;j for the i-th path can be determined based on the system
bandwidth B and subcarrier spacing f as follows:
i=B i i 2[0;Imax];
fi= 7}; i 2 Tax: Tmax]: &)
We assume that each Doppler shift follows the Jakes spec-
trum, ie., j = f.vcos( j)=c, where f; denotes the carrier
frequency, Vv is the terminal speed, C is the speed of light,
and ; is uniformly distributed as ; U[ ; 1. For typical
parameters f; = 6 GHz, v = 550 km/h, and f = 15 kHz,
the resulting Doppler tap satisfies jfijj  0:2. To accommodate
higher carrier frequencies, the subcarrier spacing in 5G NR
is designed as an integer multiple of 15 kHz. Moreover, in
wideband systems, the time resolution is sufficiently high
such that fractional delay taps can be approximated by integer
values. Therefore, in the sequel, we consider doubly selective
(underspread) channels characterized by integer-spaced delay
taps and fractional Doppler shifts, with each Doppler tap
satisfying jfij < 0:5.
For a transmission block of length N with a cyclic prefix
(CP) !, the matrix H, 2 CN N can be expressed as

— li .
H = hi & (6)
i=1
! Analogous to the CP used in OFDM, the AFDM system introduces a

chirp-periodic cyclic prefix (CCP). Under the conditions that N is even and
2Ncy € Z, the CCP is equivalent to the conventional CP.
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Fig. 2: AFDM baseband transmission framework with time-domain pilot arrangement.

where
the diagonal Doppler shift matrix, and
cyclic shift matrix, deﬁnezd as:

1) represents
N 2 CN N g the

3
0 0 1
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C. Basis expansion channel model

Both the superimposed pilot scheme [17] and the single-
subcarrier pilot embedding scheme [5] are typically designed
under the assumption that each delay tap is associated with a
single dominant Doppler component. This idealized sparsity
facilitates path-wise channel estimation and is particularly
suited for open environments with well-separated scatterers.
However, such models fail to capture the complexity of rich-
scattering scenarios, such as V2X, where each delay tap may
encompass multiple Doppler components [18], [27].

To overcome this challenge, we leverage a BEM approach
that describes these overlapping paths at the same delay tap
using basis functions. Specifically, the contribution of each
path to the overall signal is modeled as a weighted sum
of orthogonal basis functions, enabling a more compact and
efficient representation of the time-varying channel character-
istics.

Among various BEMs, the discrete prolate spheroidal basis
expansion model (DPS-BEM) is particularly attractive due to
its time-concentrated and band-limited basis functions [28].
For a given sequence length N, the DPS is defined as the
eigenvectors of matrix 2 CN N given by:

d= i ®)
where the matrix elements are given by
sin[2 (a  b)fL.x=N
(ab) = 2 ( ) ] ;b2 F1;:::;Ng: (9)

@ b

The eigenvalue ; 2 [0;1] quantifies the energy con-
centration ratio within the specified Doppler bandwidth
[ Fiax; Fmax]- The dominant eigenvectors are typically selected
for channel modeling. Therefore, the I-th delay tap correspond-
ing path in (6) can be expressed as a weighted superposition
of D dominant DPS sequences, as follows:

< X
h = hiD( )= Pra g+ 1
itli=I d=1

bi; (10

where D is the basis dimension determined by D = d2f e+
1, 2 CN P denotes the matrix consist of basis expansion
function ¢, by = [by:1; ;b.p]T 2 CP 1 is the corre-
sponding coefficient and 2 CN ! is the model error. Due
to the negligible modeling error of the BEM, we omit it in
subsequent analyses for the sake of analytical tractability.

III. SYSTEM MODEL WITH TIME-DOMAIN PILOT
ARRANGEMENT

Based on the AFDM signal and channel model presented
in Section II, we propose a transmission framework with
time-domain pilot arrangement and compare it with its affine-
frequency-domain counterpart.

A. Tranceiver design

Fig. 2 illustrates the proposed AFDM baseband transmission
framework with time-domain pilot arrangement, departing
from conventional affine-frequency-domain chirp subcarrier
pilot arrangements [5].

At the transmitter, Zadoff-Chu (ZC) sequence pilots and
AFDM-modulated time-domain data blocks are alternately
structured with guard intervals. The composite signal frame
is defined as:

(1)

So = [Scp; Sp; Scep; Sp; Scp; Spl;



where the components of the composite signal frame are
detailed as follows:

ZC Pilots:

Spy =€ 1 NEDIe =0 LN 1 (12)

represent identical ZC sequence pilots placed at both ends
of the data block. The root index is coprime to the pilot
length Np.

AFDM-Modulated Data:

sp = Afx 2 cNo 1. (13)

where X denotes the symbol sequence generated by
mapping the input bit stream onto an M-ary constella-
m 10. The vector Sp
represents the time-domain signal obtained by applying
the inverse DAFT matrix AH to x.

Guard Intervals:

_ i2 c1(N2+2Nng).
SCCP(NCP"'ncp) - SD(ND+nCp)e ! 1(No p)’

SCP(Nep+ng) = SP(Np+ng)s Nep = Nep; 5 15 (14)

represent the CCP [5] for data and the CP for pilots,
respectively. To mitigate inter-block interference between
pilots and data, the cyclic prefix length should satisfy
Ncp
Due to the identical pilot design, the first CP can be regarded
both as the CP of Sp and as the CP of the subsequent composite
signal S = [Sp;Sccp;Sp;Scp;Sp] 2 CN 1. After removing
the first CP from Sp, the received signal corresponding to S
passing through a doubly selective channel with additive white
Gaussian noise (AWGN) can be expressed as:

Imax-

r=H;s+n; (15)

where r 2 CN 1 represents the received signal, and n 2
CN 1 is complex-valued AWGN with n CN(0; 21\).
Assuming that the transmission duration of Sg does not exceed
the geometric coherence time, the delay and Doppler shifts of
the channel paths are considered invariant. Under this assump-
tion, the time domain channel matrix H; can be expressed as
described in (6).

By further removing the guard interval between the pilot and
data, the pilot and data can be considered mutually orthogonal.

The subsampled received signal can then be expressed as:
3 2 3 2 32 3 2

e Vipr Hp O 0 Sp Nrp
4rD5=4VDI’5 ,4 0 Hp 0 54SD5+4nD5;
rp Vrpr 0 0O Hgrp sp Ngp

(16)
where
Vir = [Ing: One (N NS
Vb = [Ony, (Np+Nep)s INo s ONp (Np+Nep) ]
Vre = [Ony (N Nyt INGTS (17)

denote the corresponding subsampling matrices. Due to the
properties of AWGN, time-domain subsampling does not af-
fect the noise distribution. Therefore, the noise components of
NLp, Np, , and Ngp are assumed to follow N CN(0; 21y;,),
n CN(O; 2In,)and n CN(O; 2lp;,), respectively.

B. Comparison of time-domain and affine-frequency-domain
pilot arrangement

Fig. 3 compares the time-domain and affine frequency-
domain pilot arrangement schemes, highlighting their struc-
tural differences.

In the time-domain approach, guard intervals are inserted
between adjacent blocks along the time domain, placing
pilot symbols outside the data blocks to facilitate channel
estimation [29], [30]. In contrast, the affine-frequency-domain
arrangement distributes guard intervals across subcarriers, em-
bedding both pilots and data symbols within the same block.

The guard intervals serve to prevent mutual interference
between pilot and data symbols. Accordingly, the required
guard interval lengths, denoted by Q; and Q,¢, depend on the
effective bandwidths (i.e., the number of non-zero elements)
of the equivalent channel matrices in the time and affine-
frequency domains, respectively.

To illustrate the differences of these equivalent channels, we
first recall that the time-domain equivalent channel matrix fol-
lows a similar form to that in (6), while the affine-frequency-
domain counterpart is given by:

N N |
Hy = hiH; = hiA ,{.DAH;
i=1 i=1

(18)

where H;j corresponds to the i-th propagation path. The entries
of H; can be explicitly expressed as:

Hi(a;b) = %ejl\l%(canhz bli+c2Np(a? bZ))Ti(a;b); (19)
where
Tiay = '\b(le j,\,%(a b+F; +2Npcali)n
n=_0
e j2 (a b+fi+2Npcyli) 1 (20)

= o 12 (@ b+f+2Npeal )Ny 1

Under a fractional Doppler shift condition where jfjj < 0:5,
the term Tj(a;py is effectively non-zero only within a localized
region centered at b = [a + locj]n,, spanning approximately
2ky + 1 entries [5]. Here, loci = [2Ncyli]ln,. Ky denotes a
predefined sensitivity threshold introduced by the fractional
Doppler shifts, and the notation [ ]n, represents the modulo-
Np operation.

For illustration, we consider a simplified example involving
16 16 equivalent channel matrices in both the time-domain
and affine-frequency-domain under a two-path DD channel,
as depicted in Fig. 3. In the affine-frequency-domain case
(with ky, = 2), dark-colored regions highlight the central non-
zero entries of Hj whereas the light-colored regions represent
the energy leakage range caused by fractional Doppler shifts.
As observed from the figure, the time-domain channel matrix
is sparse and concentrated near the main diagonal, which
reflects the limited delay spread of the channel. Consequently,
the corresponding guard interval Q; only needs to span this
delay spread in order to suppress inter-block interference. In
contrast, the affine-frequency-domain channel matrix demon-
strates a broader dispersion of non-zero elements, stemming
from the joint delay-Doppler effect inherent in the AFDM



Fig. 3: Comparison of pilot arrangement schemes in the time and affine-frequency domains. (‘P’: pilot symbol; ‘0’: guard
interval in the affine-frequency-domain; ‘D’: data symbol; ‘CP’, ‘CCP’: guard intervals in the time-domain).

system. This results in a larger effective bandwidth and thus
necessitates a longer guard interval Q, to avoid interference
between pilot and data symbols.

Moreover, due to the alternating arrangement of pilot and
data blocks, every two short frames share a single pilot sym-
bol. This design further improves spectral efficiency. As the
number of consecutively transmitted short frames K increases,
the spectral efficiency is further enhanced due to the amortized
overhead of the pilot symbol. By jointly considering the CCP,
guard intervals, and pilot overhead, we introduce the metric of
transmission efficiency, defined as the ratio of the data payload
length to the total transmission length. For the time-domain
scheme, the transmission efficiency is given by:

Np (K DNp

= (21
T K(Np +3Q +2Np) T K(Np+2Qc+Npy V)
As K ¥ 1, we have
Np _
v Np +2Q¢ + Np~ (22)

where Q; = Ncp = Imax-
As a comparison, the transmission efficiency of the affine-
frequency-domain scheme is given by

Np  2Qsf 1< Np .
Np + Q; Np + Q +2Qu + 1

where Qur = (2ky + D)(Imax +1) 1.

Accordingly, under the large-K transmission assumption,
the time-domain scheme can be approximately considered
to achieve higher transmission efficiency as long as Np <
(4ky + 1)(Imax + 1): To satisfy the condition for a non-
underdetermined estimation problem, we recommend choosing
the pilot length Np such that Imax+1  Np < (4ky+1)(Imax+

= (23)

1). This flexible design range enables a balanced trade-
off between channel estimation accuracy and pilot overhead,
and offers improved transmission efficiency over the affine-
frequency-domain pilot arrangement. The effectiveness of both
schemes under different transmission efficiency settings is
further evaluated in the simulation section.

IV. SEP-BASED JOINT ESTIMATION AND DETECTION

Building on the transmission design introduced in the
previous section, we present a joint channel estimation and
data detection framework based on the time-domain BEM
model, including the construction of a factor graph and the
derivation of the SEP algorithm, along with a discussion of
its performance and implementation aspects.

A. Parametric bilinear problem

By jointly considering the BEM in (10) and time-domain
subsampling in (17), the time-domain channel matrix corre-
sponding to the data block can be reconstructed as
I

diag (Vohi) N,
1=0
1>
diag(Vp b)) N,
1=0
> K . |
= br;adiag(Mp ¢) Ny
1=0 d=1

X
> bq Hq;

a=1

Hp

(24)

where Hq = diag (Vp q) LID’ d=[glp and I= 3 .



