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Abstract—Orthogonal frequency division multiplexing
(OFDM) based low Earth orbit (LEO) satellite communication
system suffers from severe Doppler shifts, while the Doppler-
resilient affine frequency-division multiplexing (AFDM)
transmission suffers from significantly high processing
complexity in data detection. In this paper, we explore the
channel estimation gain of affine frequency (AF) domain pilot
to enhance the OFDM transmission under high mobility.
Specifically, we propose a novel AF domain pilot embedding
scheme for satellite-ground downlink OFDM systems for
capturing the channel -characteristics. By exploiting the
autoregressive (AR) property of adjacent channels, a long
short-term memory (LSTM) based predictor is designed
to replace conventional interpolation operation in OFDM
channel estimation. Simulation results show that the proposed
transmission scheme significantly outperforms conventional
OFDM scheme in terms of bit error rate (BER) under high
Doppler scenarios, thus paving a new way for the design of
next generation non-terrestrial network (NTN) communication
systems.

Index Terms—Affine frequency domain processing, channel
prediction, long short term memory (LSTM), low Earth orbit
(LEO), non-terrestrial network (NTN).

I. INTRODUCTION

OW Earth orbit (LEO) satellite communication has at-

tracted increasing research attention from both academia
and industry in recent years [1]. Particularly, the inclusion
of non-terrestrial network (NTN) components in the third
generation partnership project (3GPP) release-17 has further
accelerated research and standardization efforts in this area [2].
Compared with conventional terrestrial networks (TNs), NTNs
enable seamless global connectivity independent of geograph-
ical or topographical constraints, making them a key enabler
for ubiquitous communications.

One major challenges in LEO satellite communication lies
in the significant Doppler effect caused by its extremely high
mobility. For instance, at a carrier frequency of 2 GHz, the
maximum Doppler shift can reach up to 48 kHz [2]. How-
ever, current wireless communication systems predominantly
employ orthogonal frequency division multiplexing (OFDM)
technology, which is highly sensitive to high Doppler. The
widely employed solution is to leverage ephemeris information
to pre-compensate Doppler shifts, with the residual Doppler
effect estimated by pilots [2]. However, due to inevitable
inaccuracies in ephemeris data and the limited precision of

pilot-based estimators, it remains challenging to ensure the
communication reliability [3].

As a promising technique against Doppler effects, affine
frequency division multiplexing (AFDM) technology exhibits
superior performance in rapidly time-varying channels [4].
Specifically, AFDM employs the inverse discrete affine Fourier
transform (IDAFT) with tunable parameters to effectively
separate multipath components in the affine frequency (AF)
domain, thereby achieving full diversity gains. In [5] and [6],
the authors investigated the index modulation with AFDM
to improve the communication performance. Furthermore, for
multiple-input—multiple-output AFDM (MIMO-AFDM) sys-
tems, [7] presented a joint data detection and decoding receiver
with sparse graph theory. In [8], the authors investigated a
generalized spatial modulation-aided AFDM (GSM-AFDM)
scheme, demonstrating superior BER performance compared
with conventional AFDM. Moreover, [9] addressed massive
connectivity challenges in high-mobility environments using
AFDM, while [10], [11] and [12] explored AFDM’s potential
in integrated sensing and communication (ISAC), and satellite
communication scenarios, respectively.

Although the aforementioned works have validated that
AFDM enables more accurate acquisition of channel state
information (CSI), it should be noted that to obtain the full
diversity gain, complex data detection is required, resulting
in high processing latency and complexity. Furthermore, com-
pared with OFDM, AFDM also suffers from less flexible mul-
tiple access capability, thus hindering its wide applicability.

In this paper, we explore the strong channel estimation
capability of AF-domain pilot under high mobility to enhance
OFDM transmission in LEO satellite communications. We
firstly study the relationship between the frequency domain
and AF domain representations of the channel, and propose
a novel AF-domain pilot assisted OFDM channel estimation
scheme that fully captures channel characteristics. To address
the rapid CSI variation under high mobility, we exploit the au-
toregressive (AR) property of the channel from the perspective
of difference equations and design a long short-term memory
(LSTM) network leveraging this property. Simulation results
demonstrate that the proposed transmission scheme achieves
significant improvements compared to conventional OFDM
scheme under high Doppler conditions.



II. AF-DOMAIN PILOT AIDED OFDM TRANSMISSION
SCHEME

In this section, we first present the LEO satellite channel
model. Subsequently, we propose an AF-domain pilot em-
bedding scheme for improving OFDM channel estimation by
leveraging the equivalence between AF and time-frequency
(TF) domain CSI.

A. Satellite Communication Channel Model

The LEO satellite-ground communication channel is typi-
cally considered to be time and frequency doubly selective,
with its time-delay-domain channel impulse response (CIR)
expressed as [13]

P—1
hio(t,7) = Y hie ™ it5(r — 1), (1)
i=0
where P is the number of propagation paths, h;, [;, and f;
denote the complex channel gain, the transmission time delay,
and the Doppler shift of the i-th path, respectively.

For an OFDM system with N subcarriers and subcarrier
spacing A f, the frequency-domain channel matrix associated
with k-th OFDM symbol, based on (1), can be derived as [14]

P—1
Hip = Y hi FA,ITVFY, )
i=0
where F is the normalized N-point DFT matrix, Ay, =
diag ([1,e~92fi ... e772mfilN=1)1) is the Doppler shift ma-
trix, II" denotes the cyclic permutation matrix corresponding
to the normalized delay /; with respect to the sampling period
ty = 1/f, = 1/(NAf), and h, ). denotes the time-varying
channel gain given by

th _ hie—jQTrfc/fslie—j27ru1;[(k+1)L+Nk]/N’ (3)

where f. denotes the carrier frequency, v; = N f; denotes the
normalized Doppler shift, and L denotes the length of cyclic
prefix (CP).

Let v; = «; + a; characterize the Doppler effect,
where ; € [—Qmax, ®max] is the integer component while
a; € (—0.5,0.5]. Under high-mobility conditions, fractional
Doppler a; destroys subcarrier orthogonality and spreads en-
ergy across adjacent subcarriers, making single-tone pilots
unable to capture the true channel response. Meanwhile,
the channel varies rapidly from symbol to symbol; hence,
interpolation between pilot symbols becomes unreliable. As a
result, conventional OFDM channel estimation suffers severe
degradation in the LEO satellite system.

B. Doppler-Resilient OFDM Transmission with AF-Domain
Pilot

Unlike conventional OFDM estimation schemes, AF-
domain channel estimation explicitly estimates il,k l;, and
v; for each path and then reconstructs the full channel ma-
trix [13]. This sensing-like procedure yields a more complete
and structurally faithful representation of the channel. Moti-
vated by this, we propose an AF-domain channel estimation
enhanced Doppler-resilient OFDM transmission framework as
follows.

Before presenting the proposed scheme, we first analyze the
doubly selective channel matrix of (1) in the AF domain with
chirp parameters ¢y and co, which is given by [13]

P
Harp i = Y hi kAo, FALT AL TIAZFYAL, (4)
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where A, = diag ([1,e77%7¢ ... ,e’ij(N*l)Q]) is the chirp

modulation matrix, and I'; is an N x N diagonal matrix defined

as
e
Ti(n,n)=
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It is worth noting that when 2N ¢; is an integer and NN is even,
T, =1xn.

To achieve full diversity gain, the chirp parameter ¢; should
satisfy the following condition [15]
2(a’maa: + kv) + 1

Cc1 = IN 3 (6)

where k, is an integer to ensure that different multipath
components are not overlapped as much as possible.

In practical applications, N is typically chosen as an even
number to facilitate the use of the fast Fourier transform (FFT);
hence, 2N ¢; is usually an integer. As a result, I'; simplifies to
I, and the channel matrix in the AF domain can be simplified
as

P
Harp i = Z iLi,k’ACQFAclAfiHliAgFHAg' (7
i=1
By defining the unitary transform matrix T = A.,FA., F,
a relationship between Hgp ;, and Harp 1 can be established

as
Hep p = THHapp 1 T. (8)

This relationship implies that the TF domain CSI can be
obtained from AF-domain CSI. Building upon the insight pro-
vided by (8), the block diagram of AF-domain pilot enhanced
LEO satellite OFDM systems is illustrated in Fig. 1 (shown
at the top of the next page), where the conventional OFDM
pilot symbols are replaced by AF-domain pilots which are
generated by applying the IDAFT to a single-element pilot
in the AF domain. Owing to the properties of the IDAFT,
the resulting time-domain pilot symbols exhibit a constant
modulus, achieving low peak-to-average power ratio (PAPR).
These pilot sequence are placed sequentially at the beginning
of each time slot, providing the basis for channel prediction
at the receiver, which is detailed in the subsequent section.
Specifically, the transmitted time-domain signal per slot can
be expressed as
T c (CNXNsym,
©))
where x,; = [1,...,e27 1 (V=DT denotes the AF-domain
pilot symbols and x4 ; denotes the data symbols. The pilot-
to-data symbol number ratio (P/D ratio), defined as L/S, is
used to quantify the transmission efficiency.

Remark 1. Although

X = [Xp,0s- - Xp,L—1,Xd,0s - -, Xd,5—1]

ephemeris-based Doppler pre-
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Fig. 1. Block diagram of AF-domain pilot embedding enhanced LEO-OFDM system.

compensation is supported at the transmitter side, its
effectiveness is limited by the accuracy of ephemeris
data [16]. According to [2], the residual Doppler shift
can reach up to 1.05 ppm, corresponding to approximately
2100 Hz at a carrier frequency of 2 GHz. Therefore,
additional mechanisms are required to mitigate the residual
Doppler shift at the receiver.

The pilot sequence in the AF domain possesses an AR
structure (as discussed in the next section), which enables the
inference of subsequent received pilot symbols from only a
subset of the observed pilots. This implies that for resource
elements embedded with data symbols, we can infer what
the received symbol would have been if a pilot had been
placed there, allowing us to estimate the corresponding CSI,
effectively creating virtual pilot symbols in the inference pro-
cess. Based on these inferred virtual pilots, channel estimation
is then performed in the AF domain. Subsequently, the TF-
domain channel matrix is reconstructed using the relation in

(8).

III. LSTM-BASED VIRTUAL RECEIVED PILOTS
PREDICTION BASED CHANNEL PREDICTION

In this section, we investigate the design of the pilot pre-
diction module shown in Fig. 1. We first analyze the inherent
AR structure of the received pilot sequence and then propose
a LSTM neural network (NN) for pilot prediction.

A. AR Property of Received Pilot Sequence

To characterize the relationship among received pilot sym-
bols, we assume that the transmitter sends the same pilot x,
on each symbol. After propagating through the P-path channel
described in (1), the k-th received pilot symbols in the AF
domain can be expressed as

P-1
Yo = HappaXp = > hinHixg, (10)
=0

where H; = A, FA,, Ay II"AZFY A Furthermore, the

n-th element of k-th received pilot symbols can be expressed
as

P-1
Yok = 3 ik Hi(n, )%y, (11
=0
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where H;(n,:) denotes the n-th row vector of H;, ¢,,; =
hioH;(n,:)x,, and 6; = 27v;(N + L)/N.

As shown in (11), for any fixed index n, the sequence
{Ypen}(k =0,1,...) is a linear combination of P complex
exponential terms {e=7%*}(i =0,1,..., P —1). It is a well-
established principle that any sequence formed as a finite sum
of exponential terms satisfies a P-th order homogeneous linear
difference equation with constant coefficients. In particular,
the roots of the characteristic polynomial of this difference
equation are {e=7%}(i = 0,1,..., P — 1). Therefore, there
exists a set of constant coefficients {So, ..., Sp_1} such that

Ypk+Pn + BP—1Ypk+P—1,n+ -+ BoYpkn =0, Vk, (12)

which implies that future sample ¥, x4 p can be predicted
from the past P samples {Yp k.ns- - Up k+P—1,n}-

It can be observed that each component of y, ; satisfies a
similar difference equation, implying that a predictive relation-
ship exists for each element. In particular, since the roots of the
characteristic polynomials corresponding to these difference
equations are identical, i.e. {e7%}(i = 0,1,...,P — 1), all
components share the same set of coefficients. Consequently,
the received pilot symbols sequence satisfies a unified P-th
order vector difference equation:

Ypk+P + BP_1Ypk+pP—1+ -+ Boypk =0, Vk, (13)
which can be further transformed as
Yp.ktP = YYpk + -+ YP_1YpktP-1, VK. (14)

Based on (14), the sequence of received pilot symbols
exhibits an AR property, providing the theoretical foundation
for the aforementioned inference of virtual pilot symbols.
Building upon this analysis, we present the following con-
clusion, formally stated as Lemma 1.

Lemma 1. Assume that the transmitter sends the same pilot
symbol x,, on each symbol in the AF domain within the channel
coherence time and bandwidth. The sequence of received pilot
symbols {y, 1} in the AF domain possesses the P-order AR
property described in (14).

Similarly, Lemma 1 can be extended to both TF domain
and delay—Doppler domain. Moreover, the AR property is
not limited to the received pilot sequence; the corresponding
channel matrix also exhibits a similar AR structure. In essence,
the P-th order AR behavior of the received pilot sequence
arises from the inherent AR property of the channel matrix



itself, leading to the following Theorem 1.

Theorem 1. Within the channel coherence time and band-
width, the channel matrix {Hy} possesses the P-order AR
property, which can be expressed as

Hiop=vHy+ - +yp_1Hiip_1, Vk. (15)

In static or low-Doppler scenarios, interpolation between
observed pilot symbols can approximately capture the relation-
ship described in (15). However, as the Doppler shift increases,
interpolation becomes ineffective, leading to significant per-
formance degradation. Motivated by (15), the future CSI can
instead be predicted using the most recent P channel matrices.
Specifically, the AR coefficients v, (k =0, ..., P—1) are first
estimated from the previous P+1 received pilot symbols using
the least-squares (LS) method, expressed as

v= (YY) Yy p, (16)
where 7= [ryoa s 77P—1]T’ and Y = [y]% s 7yk?+P—1]'
Once ~ is obtained, the subsequent channel matrices can
be predicted using (15). However, this classic approach is
inherently unstable due to the following challenges: 1. The
received pilot symbols are corrupted by unpredictable noise,
resulting in unreliable estimation of AR coefficients « 2. The
observed CSI is obtained from channel estimation, which is
subject to inevitable estimation errors. As a result, the ideal
AR relationship in (15) is often poorly satisfied in practice
3. To maintain communication efficiency, it is necessary to
predict as long CSI as possible based on a limited number of
known CSI samples. This requires iterative prediction, during
which prediction errors accumulate over time, resulting in
progressively degraded accuracy for later CSI predictions.

Remark 2. Even under ideal noise-free conditions with per-
fect CSI, numerical simulations show that the difference equa-
tions derived from the above method are unstable according
to the Von Neumann criterion. This lack of numerical stability
indicates that the approach is not robust and, therefore, cannot
be considered a reliable algorithm. Nonetheless, Lemma 1
still uncovers an inherent relationship among adjacent channel
matrices, which motivates us to adopt a data-driven prediction
strategy using deep learning (DL).

B. LSTM-based Pilot Prediction Module Design

Although the model-driven channel predictor derived from
Theorem 1 does not yield accurate or numerically stable
channel predictions, we therefore turn to a data-driven DL
approach.

Here, we adopt a pilot symbol prediction scheme based on
Lemma 1, i.e., the virtual pilot symbol scheme introduced in
Section II, instead of directly predicting the channel matrix
according to Theorem 1. The reason is that symbol-level
prediction is affected only by noise, whereas matrix-level pre-
diction is simultaneously impacted by both noise and channel
estimation errors. Owing to the strong ability of the LSTM net-
work to capture dependencies among elements in sequence, an
LSTM-based architecture is adopted for sequence-to-sequence
prediction, as illustrated in Fig. 2 (shown at the top of the next

page).

To be specific, the dependencies among received pilot sym-
bols are exploited for future symbol prediction, and consists
of three key modules: a Re-concatenation Module, a Multi-
layer LSTM Encoder Module, and a Liner Decoder and
Re-mapping Module.

1) Re-concatenation Module

To adapt complex-valued input data for real-valued NN
operations, each pilot symbol is transformed into a real-valued
vector by concatenating its real and imaginary parts, i.e.,

ar = [Re (ypr) ", Im (yp1)" 7. (17)

Subsequently, the vector series {ay, ..., ag+g—1} of length
is used as the input to the multi-layer LSTM network. Note
that the input length @ should satisfy the condition implied
by Theorem 1 as follows:

Corollary 1. Within the channel coherence time and band-
width, the prediction length () must be greater than or equal
to the multi-path number P.

2) Multi-layer LSTM Encoder Module

The encoder consists of multiple stacked LSTM layers that
model the dependencies among pilot symbols. Each LSTM
layer contains () LSTM cells, with each cell containing a
hidden state h;, and a cell state Cg, enabling the network to
capture both short-term and long-term correlations. The use
of multiple LSTM layers enhances the model’s capability to
extract higher-level features and improves prediction accuracy.
The hidden state hy; of the final LSTM layer summarizes
the dependencies of the entire input sequence and serves as
the extracted feature vector for subsequent prediction. The
corresponding operation can be expressed as

hy1 = LSTM(a,_q41,...,ax) € C*', (18)

where R denotes the dimension of the hidden state, and
LSTM(-) represents the nonlinear mapping implemented by
the LSTM network.

3) Decoder and Re-mapping Module

The feature vector hg; captures the dependencies among
the input symbols, which are then utilized by the decoder
to predict future symbols. Specifically, the decoder is imple-
mented as a fully connected network (FCN) that performs
prediction based on the extracted feature vector hy,;. The
FCN remaps hj; to ensure dimensional consistency with
the predefined prediction length, thereby generating the sub-
sequent feature sequence. The corresponding process can be
formulated as

{art1,... aprmt = FCN(hy11),

where M denotes the prediction length, and FCN(-) denotes
the linear transformation realized by the FCN.

Finally, the prediction result {aj1,...,a5+a} is recon-
structed into complex-valued predicted pilot symbols from the
real-valued outputs, which can be expressed as

19)

Yor =ag(l:N)+1j-a(N +1:2N). (20)
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Fig. 2. Structure of LSTM-based prediction module.

TABLE I

SIMULATION PARAMETERS
Parameter Value
Subcarrier number N =64
Carrier frequency fe=2GHz
Subcarrier spacing Af =30 kHz
Total number of paths P=3
Maximum normalized delay | lyax = 3
Power delay profile [0 -4.675 -6.482] dB
Fading distribution Rayleigh

4) Training Strategy

The proposed predictor is trained offline, where observations
ay of AF-domain pilot symbols are generated under various
channel conditions through simulations to guarantee general-
ization. The network parameters ® are optimized using the
minimum mean square error (MMSE) criterion, with the loss
function is defined as

J(©) = E{|lay, — ax[3},

where a; denotes the predicted pilot symbol, and a; denotes
the real pilot symbol.
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IV. NUMERICAL RESULTS

In this section, the effectiveness of the proposed scheme is
evaluated via Monte Carlo simulations. To fit the reality, we
utilize the 3GPP NTN time delay line (NTN-TDL) channel
model [17], and the key simulation parameters are summarized
in Table I. In addition, each slot consists of 12 OFDM symbols
with a pilot-to-data symbol number ratio of 1:2 (i.e., 4 pilot
symbols and 8 data symbols), and the simulation is performed
over more than 1000 slots. Based on the simulation results
reported in [2], [18], the residual Doppler shift after pre-
compensation is approximately 2100 Hz. Accordingly, in this
paper, the normalized residual Doppler shift is limited to the
range of [—0.1,0.1]. For AF-domain channel estimation, the
algorithm presented in [19] is employed.

We first evaluate the bit error rate (BER) performance
versus the pilot symbol signal-to-noise ratio (SNR), as shown
in Fig. 3. In this figure, “TF-domain pilot, Interpolation”
represents the conventional OFDM transmission scheme, “AF-
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domain pilot, Interpolation” denotes the proposed scheme
without prediction, “TF-domain pilot, LSTM-prediction” rep-
resents the OFDM scheme enhanced with an LSTM-based
channel predictor, while “AF-domain pilot, LSTM-prediction”
corresponds to the proposed scheme equipped with LSTM-
based channel prediction. The above scheme without pre-
dictor employ the CP-based Doppler shift estimation and
compensation scheme at the receiver to mitigate the effects
of Doppler [20]. As illustrated, the proposed schemes sig-
nificantly outperform the conventional TF-domain pilot based
OFDM transmission method under the same SNR conditions.
This improvement arises because the AF-domain channel es-
timation based on (8) effectively captures the ICI components
that are typically neglected in conventional frequency-domain
estimators. However, in the high-SNR region, both TF-domain
and AF-domain pilot based schemes without channel predic-
tion exhibit an error floor, primarily caused by interpolation
errors under high Doppler shifts. In contrast, the LSTM-
based predictor eliminates this error floor by leveraging the
AR property of the received pilot symbols to achieve more
accurate prediction. As the SNR increases, the performance
of the proposed prediction scheme approaches that of the
“Perfect CSI, Baseline”. In comparison, the OFDM scheme
with predictor deviates more, as the impact of ICI becomes
increasingly non-negligible. It is also observed that at low
SNRs, the LSTM-based scheme performs worse than the
interpolation-based one. This is mainly because the NN was
trained at high SNR, resulting in weaker robustness under
noisy conditions. Nevertheless, the overall performance of the
proposed scheme remains superior to the conventional OFDM
system, and improving its robustness at low SNR will be a
key focus in our future work.

As a step further, Fig. 4 illustrates the BER performance
under different pilot-to-data symbol number ratios, demon-
strating the inherent trade-off between spectral efficiency and
BER performance. As observed, schemes with a higher ratio
achieve better BER performance compared to those with
a lower ratio. This improvement arises from longer input
sequences and shorter prediction horizons in virtual pilot and
channel prediction, allowing the network to learn more accu-
rate temporal dependencies and enhance prediction accuracy.
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However, this improvement comes at the cost of reduced
spectral efficiency, as more resources are allocated to pilot
transmission rather than data.

V. CONCLUSION

In this paper, we proposed an enhanced OFDM transmission
scheme for high-mobility LEO satellite communications by
incorporating AF-domain processing and LSTM-based chan-
nel prediction. To mitigate the severe Doppler effects, we
established the relationship between the affine frequency and
conventional frequency domains and designed an AF-domain-
based pilot based TF-domain channel estimation method.
Moreover, by exploiting the AR property among adjacent
channels, we proposed an LSTM-based predictor to reduce
interpolation errors and alleviate the problem of outdated CSI.
Simulation results verified the effectiveness of the proposed
framework, demonstrating its strong potential for practical
deployment in LEO satellite communication systems.
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