i\;l% electronics

Article

Iterative Maximum Ratio Combining Detector for Satellite
Multiple-Input Multiple-Output/Orthogonal Time-Frequency
Space Systems Based on Soft-Symbol Interference Cancelation

Meng Sun 23, Qi Zhang ">34*(, Haipeng Yao 507, Ran Gao °, Jiayuan Li
Xiaohu Li 7, Xiangyu Liu 8, Feng Tian !, Qinghua Tian

check for
updates

Academic Editor: Christos J. Bouras

Received: 22 December 2024
Revised: 19 January 2025
Accepted: 21 January 2025
Published: 27 January 2025

Citation: Sun, M.; Zhang, Q.; Yao, H.;
Gao, R.; Li, ].; Feng, W.; Wang, F; Li, X.;
Liu, X,; Tian, E; et al. Iterative
Maximum Ratio Combining Detector
for Satellite Multiple-Input
Multiple-Output/Orthogonal
Time-Frequency Space Systems Based
on Soft-Symbol Interference
Cancelation. Electronics 2025, 14, 521.
https://doi.org/10.3390/
electronics14030521

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

123, Weiying Feng 7, Fu Wang 1,

10, Yi Zhao 8, Liang Liu ? and Yuqi Wang °

School of Electronic Engineering, Beijing University of Posts and Telecommunications (BUPT), Beijing 100876, China;
sunmeng_2021@bupt.edu.cn (M.S.); little_0@bupt.edu.cn (J.L.); wangfu@bupt.edu.cn (FW.);
tianfeng@bupt.edu.cn (ET.); tiangh@bupt.edu.cn (Q.T.)

State Key Laboratory of Information Photonics and Optical Communications, Beijing 100876, China

Beijing Key Laboratory of Space-Ground Interconnection and Convergence, Beijing 100876, China

Science and Technology on Information Systems Engineering Laboratory, National University of Defense
Technology, Changsha 410073, China

School of Information and Communication Engineering, Beijing University of Posts and Telecommunications
(BUPT), Beijing 100876, China; yaohaipeng@bupt.edu.cn

School of Information and Electronics, Beijing Institution of Technology, Beijing 100081, China;
gaoran@bit.edu.cn

School of Space and Environment, Beihang University, Beijing 100191, China;

fengweiying@buaa.edu.cn (W.E); xiaohuli@buaa.edu.cn (X.L.)

Beijing Institute of Control and Electronic Technology, Beijing 100038, China; Ixy26@bupt.edu.cn (X.L.);
2016010099@bupt.cn (Y.Z.)

Institute of Telecommunication and Navigation Satellites, Beijing 100094, China;

liuliang1945@buaa.edu.cn (L.L.); wangyuqi_its@163.com (Y.W.)

Correspondence: zhangqi@bupt.edu.cn

Abstract: Orthogonal time—frequency space (OTFS) modulation combined with massive
multiple-input multiple-output (MIMO) can simultaneously address the problems caused
by multipath delay, the Doppler effect, and channel fading. To mitigate inter-subcarrier
and inter-symbol interference in satellite—terrestrial MIMO-OTES systems, an iterative
maximum ratio combining detection algorithm based on hard-decision interference cance-
lation (ICH-IMRC) is proposed. The signal detection is iterated by performing MRC on the
interference-canceled received symbols. To mitigate the error spread in the interference
cancelation process, iterative maximum ratio combining detection based on soft symbol
interference cancelation (S-IMRC) is proposed, which is improved based on ICH-IMRC. The
interference cancelation is updated by the expectation of other symbols, and the expectation
and variance of symbols are updated by soft judgment with the posterior probability of
symbols. To improve the detection convergence speed, optimal relaxation parameters are
obtained based on the Sparrow Search Algorithm (SSA). Simulation results show that the
proposed S-IMRC has superior error rate performance compared to the conventional algo-
rithms for satellite—terrestrial MIMO-OTFS systems. Furthermore, the proposed algorithm
is applicable to various satellite channel models and achieves excellent BER for different
orders of orthogonal amplitude-modulated signals and different antenna array sizes.

Keywords: satellite networks; MIMO; OTFS; MRC; SSA

1. Introduction

The 6G mobile communication network achieves seamless global coverage, supports
all emerging full-spectrum applications for the vision of reliable communications, and
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aims for terrestrial and non-terrestrial nodes through the fusion of converged networks
to meet the integration of space, air, ground, and sea [1,2]. As the main part of the space-
based network, LEO satellite communication has the advantages of less influence from
the ground, wide coverage, etc., and is regarded as one of the most promising solutions
to realize the seamless connection among space, air, ground, and sea [3,4]. However,
there are numerous complex situations in LEO satellite mobile communication. The high
movement speed of LEO satellites relative to the ground, complex channel characteristics,
short transit time, and continuously changing elevation angles can lead to problems such
as time-domain non-stationarity, large Doppler spread, and severe fading in LEO satellite
mobile communication channels [5-7].

As an emerging modulation technique, OTFS is able to effectively cope with the delay—
Doppler effect caused by the high-speed movement of LEO satellites through processing
signals in the delay—Doppler (DD) domain, which makes full use of the diversity in the
time and frequency domains [8-11]. For signal detection of OTFS systems, Jia Shi et
al. introduced the fundamentals of the OTFS scheme and discussed the feasibility and
advantages of applying OTFS to LEO-SAT communication. In addition, OTFS-based
LEO-SAT transmission and DD-domain-based orthogonal approximate message passing
detection schemes are proposed to iteratively eliminate the inter-symbol interference effect
and suppress the noise effect in the DD domain [12]. Tharaj Thaj et al. proposed a
nonlinear complexity iterative rake detection algorithm for OTFS modulation based on
the MRC scheme, which reduces complexity by employing a low-complexity single-tap
minimum mean square error (MMSE) equalizer in the time-frequency domain to obtain an
initial estimate of the OTFS symbols [13]. For LEO satellite scenarios, many scholars have
proposed corresponding solutions for signal detection in satellite OTFS systems. Yue Li et
al. proposed a communication and navigation integrated scheme based on OTFS for LEO
satellite communication. The modulated communication signals and dual-code alternating
binary-offset-carrier-modulated navigation ephemeris signals is superposed in the power
domain and the superposed signals are separated using a serial interference cancelation
detector [14]. Tianshi Li et al. proposed an MMSE-based sequential detection algorithm in
a satellite-to-ground channel at sub-6 GHz and millimeter-wave bands with high mobility
using a sequential interference cancelation technique for symbol detection to improve BER
performance [15].

The above algorithms and many other excellent works provide a solid foundation
for single-input single-output (SISO) OTES transceiver design. Considering the massive
multiple-input multiple-output (MIMO) technique with diversity performance, it can ef-
fectively enhance the robustness of the signal [16,17]. Therefore, combining MIMO with
OTES in satellite communication systems is also a technique worth investigating [18-21].
Communication reliability is a key factor in evaluating communication networks [22,23].
To enhance the reliability of the MIMO-OTFS communication system, domestic and foreign
scholars have conducted a lot of research. Xianda Wu et al. proposed a tensor-based or-
thogonal matching pursuit (OMP) channel estimation algorithm by exploiting the channel
sparsity in the DD domain to significantly reduce the complexity of channel estimation [24].
Dan Feng et al. proposed a scheme based on generalized exponential modulation for
MIMO-OTEFS systems to enhance performance and spectral efficiency and also proposed
a two-stage detection algorithm to reduce complexity [25]. Tharaj Thaj et al. proposed a
low-complexity detector for OTFS-MIMO-based systems. The transmitted symbol vectors
received through different diversity branches are linearly combined using the MRC tech-
nique to iteratively improve the ratio of signal to interference plus noise at the output of the
combiner [26]. Ding Shi et al. proposed a channel state information (CSI) capture scheme
for massive MIMO-OTES systems with fractional Doppler to minimize pilot overhead and
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improve the accuracy of the system, incorporating deterministic frequency pilot design
and a channel estimation algorithm [27]. Xuefeng Li et al. proposed a structured sparsity
adaptive matching tracking algorithm for MIMO-OTEFS channel estimation without the
a priori information of channel sparsity K and further proposed an improved SSAMP
algorithm to enhance the channel estimation accuracy and reconstruction speed [28].

To improve the accuracy of signal detection for satellite—terrestrial MIMO-OTES sys-
tems, the iterative maximum ratio combining detection algorithm based on hard-decision
interference cancelation (ICH-IMRC) is proposed. The IMRC detection based on soft-
symbol interference cancelation (S-IMRC) is proposed to mitigate the error propagation
caused by interference cancelation so that the accuracy and reliability of the overall system
can be further improved. The main contributions of the paper are summarized below.

¢ A satellite—terrestrial downlink MIMO-OTFS system is constructed for NTN-TDL-A,
NTN-TDL-B, NTN-TDL-C, NTN-TDL-D channel models under the 3GPP TR 38.811
standard, antenna arrays of different sizes, and different modulation orders.

* Aniterative maximum ratio combining detection algorithm based on hard-decision
interference cancelation (ICH-IMRC) is proposed, which performs signal detection
in the delay—Doppler (DD) domain. In each iteration, interference cancelation is
performed on the symbols followed by MRC detection, and the estimated signal is
output by the hard judgment. Relaxation parameters are introduced for the hard
judgment of the symbols to improve the convergence speed.

*  An iterative maximum ratio combining detection algorithm based on soft-symbol
interference cancelation (S-IMRC) is proposed. The detection symbols are updated
by performing IMRC detection on received symbols that are already interference-
canceled, where interference cancelation is performed using the expectations of the
other symbols. Next, the estimated signal is soft-judged based on maximum-likelihood
estimation. Due to the influence of the relaxation parameters on the BER of the system,
the optimal relaxation parameters are obtained with the Sparrow Search Algorithm
(SSA) to further improve system reliability.

2. MIMO-OTFS System Model and Transmit-Receive Structure

In this section, a scenario model of the satellite—terrestrial downlink based on MIMO-
OTFS is designed. Then, the channel model and the input-output relationship of the signals
for the MIMO-OTFS system are presented.

2.1. MIMO-OTES System Model

Consider a system model based on MIMO-OTFS for satellite-terrestrial downlinks,
as shown in Figure 1, which consists of a LEO satellite network and a receiver network.
As the transmitter, the LEO satellite is equipped with N; antennas. The receiver network
mainly consists of high-speed mobile terminals such as high-speed rail and aircraft. Each
terminal is equipped with N, antennas, where the solid and dotted lines represent the
signals received by the different antennas of the terminal. Within the single-beam coverage
of each antenna for the LEO satellite, the LEO satellite achieves downlink communication
with the terminal. During the transmission process, the signal reflects off of objects such as
buildings on the ground or other high-speed mobile terminals, creating multiple propaga-
tion paths. Multipath propagation includes straight line-of-sight (LoS) propagation paths
(i.e., blue and green straight lines), as well as a collection of delayed and Doppler-shifted
scattered echoes of the transmitted signals (i.e., yellow and violet broken lines). In order to
visually demonstrate the multipath characteristics of the channel model for MIMO-OTFS
systems, a delay—Doppler grid is used to quantify the delay, Doppler shift, and path gain
in the multipath signal. In the delay—Doppler grid, the black boxes indicate the channel
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characteristics between different transmitting antennas and different receiving antennas.
Each colored point in the delay-Doppler grid corresponds to a propagation path repre-
sented by the same colored rays at a given moment in time. The area of the points in the
delay—Doppler grid represents the gain of each propagation path.

LEO Satellite 5 =~
Network_ _’E.\'f ____________

- e o

z

igh speed
rail

—
High speed rail

Figure 1. The system model based on MIMO-OTES for satellite—terrestrial downlinks.

2.2. MIMO-OTFS Transmitter

The transmit signal from the 7n;-th antenna of the LEO satellite is modulated by M,-
QAM to obtain the complex modulated signal X,;, € SMN*1
of modulation orders. The modulated signal X, is placed on a M x N-dimensional 2D

, where M,, denotes the number

delay-Doppler grid to generate OTFS frames in the delay-Doppler domain X4, € SM*N.
M is the dimension of the delay domain and also represents the number of subcarriers. N is
the dimension of the Doppler domain and also represents the number of multicarrier signals.
Inverse Symplectic Finite Fourier Transform (ISFFT) converts each OTFS frame X, ,,, in
the DD domain to the time—frequency domain (TF), and the signal matrix Xy, € SMXN jn
the TF domain can be written as:

th,nt = ISFFT(de’nt) = FMde,nth/ (1)

where Fy; and F% denote the matrices of M-point Discrete Fourier Transform (DFT) and
N-point Inverse Discrete Fourier Transform (IDFT), respectively. The Heisenberg transform
converts the signal Xy ,, in the TF domain to the delay-time (DT) domain, and the signal
matrix in the DT domain Xy ,, € SM*N can be written as:

Xatn, = FyiXefn,- @)

X, is rectangular pulse shaped and vectorized by the transmitter to obtain the time-

c SMle

domain discrete baseband vector s, and can be written as:

H
Snt = ’Uec(Rtdet’nt) - (FN ® Rtx) Xi’lt/ (3)

where Ryy is the transmitting waveform matrix. The transmitter adopts a rectangular
pulse-shaping waveform, and Ry can be characterized by the M-order identity matrix I;.
“®” denotes the Kronecker product. vec(-) denotes the matrix of size M x N transformed
into a one-dimensional vector of size MN x 1.
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In the MIMO-OTFS system, each transmitting antenna transfers different time-domain
signals, and s, € SMN*1 denotes the time-domain signals of the 74-th transmitting antenna.

SMNNle

The total transmit signal xyirp0 € splices the signals from each antenna row by

row and can be written as:

T
T T T
xMIMO:[Sl St St SNy | - (4)

2.3. MIMO-OTFS Receiver

After transmission over the fast time-varying channel, the vector expression of the

received signal in the time domain yyi;p0 € SMNN1 is:

ymimo = hpimoxmimo + nmimo, )

T -
where yyimo = [yil, o yn o, yn ] npmo € SMNNL denotes the additive

Gaussian noise in the time domain with noise power of 02, hypo € SMNN-XMNN: g the

MIMO channel matrix in the time domain, which is expressed as:

h(11) K12 .o h(LN
h(21 K22 ... h@Ny)

hyivo = : : . : , (6)
h(N,,l) h(Nrrz) . h(Nr/Nt)

where h("/") denotes the time-domain channel matrix between the 1;-th transmitter an-
tenna and the 7,-th receiver antenna, which is expressed as:

plngnr
)

)
R(mnr) — Z Cr(;lt/nr)ré:t,nr)A}({Zh”V)’ @)
p=1

where P(") denotes the number of propagation paths between the 1;-th transmitter
antenna and the 7,-th receiver antenna, £, and x, denote the indexes of the delay and

(ne,nr)

Doppler axes for the p-th path on the delay—Doppler grid, respectively, and C,, denotes

the complex channel gain for the p-th path. I"ZZ"""> € SMNXMN and A,&'Z“"’) € SMN*MN

represent the forward cyclic shift matrix and the diagonal matrix, respectively. l";:”n“) and

ng,n
A,(cp‘ ") are expressed as:

rgnf,n,) _ 01><(MN71) 1 i (8)
p Lun-1)  OmN—1)1 | pnsemn

©)

A}({’;t,flr) = diag [ZOIZl’_ . /ZMNfl]

MNxMN’

271
where z = eﬂTN. The effective channel matrix in the DD domain with rectangular pulse as
the received waveform can be expressed as [29]:

plngnr) H
H") = p;l cyr) {(FN QR )T (Fy @ R ) } (10)

(B @) (0 @)

where R,y is the receiving waveform matrix. Corresponding to the transmitter, the receiver
also adopts a rectangular pulse shaping waveform, and Ry, can be characterized by the
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M-order identity matrix I. The effective MIMO-OTES channel matrix in the DD domain

HMIMO ¢ SMNN-xMNN; can be expressed as:

eff

(L1) (L2) . (LN)

ol wlh ik

H'Y H\% e H\.™
Hé\j/fI}MO eff EJff . fff ) 11)

N gy (N2) (NNy)

Hepp' Hegy Hr
According to the inverse process at the transmitter side, the received signal Yj1p0 €
SMN>1 in the DD domain is expressed as:
Ymimo = HY ff MOX mimo + Amimos (12)
T

where Xpyimo = [X1T,- X T, ,XNtT} , Ao = (FN@Ry)n € SMNNL

T
T T T
Ymimo = [Ydd,1 v Yagn, o YadN, } :

3. Iterative Maximum Ratio Merger Detection Based on Symbol
Interference Cancelation

In this section, an iterative MRC algorithm based on hard-decision interference can-
celation (ICH-IMRC) is proposed for satellite— terrestrial MIMO-OTEFS systems. After
interference cancelation of the received symbols at each iteration, MRC detection is per-
formed in the DD domain and the estimated symbols are updated by hard judgment. To
reduce the error propagation of imperfect interference cancelation, the IMRC algorithm
based on soft-symbol interference cancelation (S-IMRC) is proposed. The optimal relax-
ation parameters are obtained based on the SSA to accelerate the convergence speed. The
remainder of this section describes the proposed algorithm in detail.

3.1. IMRC Detector Based on Hard-Decision Interference Cancelation

The MRC receiver maximizes the power of the received signal and improves the
system’s resistance to multipath fading and interference through effective signal combin-
ing and enhancement. Therefore, IMRC detection based on hard-decision interference
cancelation (ICH-IMRC) in the DD domain is proposed.

During MRC detection of the current modulation symbol, other symbols are con-
sidered as interference and cancelation is performed. The detection value ¢; of the i-th
transmitted symbol Xpp10,; obtained by the ICH-IMRC algorithm can be given by the
following equation:

g = effi j=0,j#i  "Teffij ) (13)
Jexgpee]

MIMO MNN;~1 gy MIMO,
H (YMIMO Y T HMI u])

where HAJ/II}MO denotes the j-th column of HA?}MO. i is the hard judgment output of the
j-th modulated symbol. To improve the convergence speed the relaxation parameter w is

introduced to optimize the hard judgment output, which is given by the following equation:
Ui = H((1 = w)u; + wgy), (14)

where H(-) denotes the hard judgement process, i.e., the direct judgement of the received
signal according to its judgement threshold.
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Performing a single MRC signal detection may not achieve sufficient accuracy. IMRC
detection can significantly improve the detection accuracy of received signals by iteratively
estimating the received symbols.

3.2. IMRC Detector Based on Soft-Symbol Interference Cancelation

To reduce the error propagation during the iterative process, an IMRC detector based
on soft symbol interference cancelation (S-IMRC) is proposed. The framework of the S-
IMRC algorithm is shown in Figure 2. The algorithm is performed by achieving IMRC
detection after interference cancelation of the received symbols by using the expectation of
the other symbols. The posterior probability of the symbol is obtained by soft judgment.
The expectation and variance of the soft symbols for the next iteration are then updated by
the posterior probability of the symbol.

Xug  OTFs  |[Xaz  Pulse
Modulation shaping

H;, | Y,
- Y OTFS dd,1
71 7 Demodulation
|

( . )
| Soft symbol S-IMRC } —>ii;
| interference <——
| | cancellation |
|
' |
.
| | Update symbolic Lgsretie |
| | |
| | |
| | |
|

residuals A\;
MRC
Xaz  OTFS | Xtz Pulse Detection Update i
. ] 3 s symbolic .
> Modulation shaping Demodulation ‘ c;‘;,;l:»‘:ﬁ;n —>iu;

iup
Update symbolic
variance 57

¥

|
Y, SSA o
Y_ P Jr OTFS dd2 |
|
! I
I I
! I
I I
: | Symbolic soft
|
! I
\

decision

orrs  [Yaany e 7

Xy OTFS XarXe  Pulse )
Demodulation

Modulation shaping

|
Lr_y,-t»
| Update W — =i,

| MIMO ,'
Figure 2. The framework of the S-IMRC algorithm.

The detection value Ez of the i-th transmitted symbol Xj;7p10,; obtained by the S-IMRC
algorithm can be given by the following equation:

mimoT _ yvMNN;—1 ;rMIMO .

. HPOT (Yao — DI HYOR, ) 15

Gi = Mimol|? ' 1
HHeff,i H

where (Y MIMO — Z]']\i Iai;;lgl Hﬁﬁj}ﬂoﬁ j) achieves symbol-wise soft interference cancelation.

Let X, 1, and o2 denote all the soft symbols, as well as the expectation and variance of the
symbols to be estimated, respectively. The expressions for the expectation u; of the j-th soft
symbol ; are calculated as follows:

ij= Y Pi(a)a. (16)
VacA

where A is denoted as the set of M;-order modulated symbols and a denotes one of the
modulated symbols in A. The expectation ; of soft symbols contains information about all
M,-order modulated symbols A, mitigating the effect of error spreading in interference
cancelation. Therefore, the reliability performance of the S-IMRC detector is improved
compared to the ICH-IMRC detector.
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The a posterior probability P;(a) of the i-th modulated symbol, which is based on the

maximum likelihood estimation, can be expressed as:

Pi(a) o< Pr(Ypmimol % = a, Hyt ') (17)

__ ri(a)
Yvaca pi(a)”

The judgment of the estimated symbol #; is updated by

il; « arg max P;(a), (18)
acA

where p;(a) represents the probability density, which can be expressed as:

pi(a) = exp ((9?, — a)2> ,a €A, (19)

where X; denotes the i-th soft symbol, which introduces the relaxation parameter w to

increase the convergence rate.

%= (1—w)i; + wé;. (20)

And ¢;? represents the variance of the i-th soft symbol ¥;, which can be expressed as:

MNN; [~ ~
o2 — Zizl (X — ”i)z
! MNN;

(21)

The S-IMRC detection effectively improves the accuracy of the system by iteratively

updating the expectation and variance of the symbols and constantly approximating the

true value. The iteration structure of the proposed S-IMRC is demonstrated in Algorithm 1,

where the maximum number of iterations T is indicated.

Algorithm 1 S-IMRC detector

HMIMO

Input: Y1\/HIVIO/ Eff /M/N/ Nr,Nt,(U,T

Output: G

1: Initialization: 4 =0,u=0,t =0, = Yynmo

2: fort =1to T do
3: fori=1to MNN; do

, _ gMIMO3.
4: B+ B Heff’i U;
T
5. A= — @ MIMO
! ‘HMIMOHZ effi
eff,i
NN,
2 _ T ()

Ui = —MNN,
foralla € A do

B+ w(it; — 1;)

pila) = exp( =542 (1 +8,) — a)?)

i\a

% P = 5
10: end for
11: il; < arg max P;(a)

achA
12: Uiup < Lvaca Pi(a)a
13: B+« B+ Hﬁ}f}f}/foﬁi,w
14: U ﬁi,up

15:  end for
16: end for
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3.3. SSA-Based Optimal Relaxation Parameters

The relaxation parameter w has an important effect on the convergence rate, so it
is crucial to find the optimal relaxation parameter w. Considering that the SSA has the
global search capability of fast convergence, the SSA is adopted to seek the optimal slack
parameter w. The SSA model performs a global optimal search by simulating the foraging
strategy of a sparrow population, which contains the explorer, follower, and alerter. Here,
each sparrow represents a relaxation parameter value w.

During each iterative search, the explorer, follower, and alerter are initialized within
the range of relaxation parameters and these parameters are substituted into the S-IMRC
detection algorithm to calculate the BER (i.e., fitness). After sorting according to the fitness,
the follower adjusts the parameters within the safe region to extend the search range
and avoid repeated searches; the alerter monitors the region to prevent falling into local
optimum; and the explorer continuously updates the parameters and calculates the fitness.
The explorer is updated as:

witer+1 — w;ter : exp( o I,mx) lf Ry <S (22)
P w;',t”qLQ-L, if R > S

where iter denotes the number of the current iteration. w; denotes the p-th relaxation
parameter value at the ¢-th iteration. « € [0,1] denotes a random number. I, denotes the
maximum number of iterations. Q denotes a random number obeying a normal distribution.
L denotes a 1 x N-dimensional all-1 vector. R, € [0,1] denotes the alarm value. S € [0.5,1]
denotes the safety threshold. The follower obtains the new relaxation parameter w by
following the explorers with the optimal fitness value, which is updated as follows:

fer el P

) exp| == —F |, i =
w;}ter-‘rl _ Q-exp P fr>2 (23)

iter+1 iter iter+1 + . : P

wy, + ’wp — Wype ‘ AT-L ifp< s

iter+1

where P denotes the total number of relaxation parameters. w denotes the best

best

iter . denotes the current global worst

worst
relaxation parameter value. A represents a 1 x N dimensional vector with each element

relaxation parameter in the current explorers. w

randomly assigned a value of either 1 or —1. The alerter is responsible for monitoring the
region of the relaxation parameter. The expression for updating the alerter is as follows:

1ter 1ter _ 1tgr
witer+1 _ OPt + ﬁ t ) opt 1f fzter > fgpt (24)
p zter+k 1oy st | if fiter = f.
(flfer_fwnrst)"rs’ iter Opt

iter
opt

control parameter. k € [—1,1] denotes a random number, which controls the variation

where w!f] denotes the current global best relaxation parameter value. B denotes the step
of the relaxation parameter value. e represents a very small value that is not zero. The
fitness represents the BER of the system for the corresponding relaxation parameter value.
fiters fworst, fopt denote the current relaxation parameter value’s fitness value, the current
global optimal fitness value, and the current global worst fitness value, respectively.

In each iteration, the relaxation parameter values are updated, and the fitness is calcu-
lated. The optimal relaxation parameter value is obtained based on the SSA by gradually
approximating the optimal solution until the preset stopping condition is satisfied.
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4. Results and Performance Analyses

In this section, the simulation parameters for the LEO satellite downlink MIMO-OTFS
system are presented. The complexity of the ICH-IMRC and S-IMRC algorithms and the
analysis of simulation results are demonstrated.

4.1. Simulation Parameters

In this paper, the channel models are adopted from the NTN-TDL-A, NTN-TDL-B,
NTN-TDL-C, and NTN-TDL-D models in the S-band (2.2 GHz) under the 3GPP TR 38.811
standard [30] and are specifically designed for non-terrestrial network (NTN) scenarios
to accurately represent the LEO satellite—terrestrial signal propagation environment. The
delay, power gain parameters, and fading distribution of the channel models are shown in
Table 1.

Furthermore, the S-band frequency of 2.2 GHz is selected due to its favorable prop-
agation characteristics, including reduced rain attenuation and adequate bandwidth for
LEO satellite—terrestrial communication scenarios. Considering the distance loss and the
communication band, the SNR is set between 0 dB and 18 dB in steps of 2 dB increments,
and the system is simulated sequentially. The size of the antenna array (N;, N;) for MIMO
is (2,2)/(8,8)/(16,16). In OTFS modulation, the number of subcarriers is set to M = 64,
the number of time slots is set to N = 16, and the modulation mode is M, = 4/16-QAM.
The main system model parameters are referenced in Table 2.

Table 1. Parameters of the channel models.

and the satellite’s projection plane on earth, 1

Normalized . Fading
Type Taps Delay Power in [dB] Distribution
NTN-TDL-A 1 0 0 Rayleigh
2 1.0811 —4.675 Rayleigh
3 2.8416 —6.482 Rayleigh
NTN-TDL-B 1 0 0 Rayleigh
2 0.7249 —1.973 Rayleigh
3 0.7410 —4.332 Rayleigh
4 5.7392 —11.914 Rayleigh
NTN-TDL-C 1 0 0.394 LOS path
2 14.8124 —23.373 Rayleigh
NTN-TDL-D 1 0 0.284 LOS path
2 0.5596 —9.887 Rayleigh
3 7.3340 —16.771 Rayleigh
Table 2. Parameter settings in the system model.
Parameters Value
Altitude of LEO satellites, h 1500 km
Velocity of LEO satellites, v 71122 Km/s
Radius of the earth, R, 6370 Km
Working frequency, f. 2.2 GHz
Subcarrier spacing, A f 15 KHz
Bandwidth, B 960 KHz
Frame duration, D 0.00107 s
The elevation angle between the satellite and the terminal, « 50°
The angle between the terminal’s movement direction 40°
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Table 2. Cont.

Parameters Value
Channel signal-to-noise ratio, SNR 0-18 dB

Modulation order, M, 4/16-QAM

Speed of the terminal, v; 500 km/h
Population size for the SSA, P 10
Maximum number of iterations for the SSA, iter .,y 20
Safety values for the SSA, S 0.6
Proportion of discoverers for the SSA, Py, 0.7
Proportion of monitors for the SSA, P, 0.2

4.2. Complexity Analysis

In this section, the computational complexity of the comparison algorithms, the pro-
posed ICH-IMRC, S-IMRC and SSA-based S-IMRC are described, respectively.

To validate the effectiveness of the S-IMRC algorithm, it is compared with the mini-
mum mean square error (MMSE) algorithm, the message passing (MP) algorithm and the
IMRC algorithm. For the computational complexity of the comparison algorithms, the com-
putational complexity of the MP algorithm focuses on updating the maximum-likelihood
probability of each symbol. Therefore, the overall complexity of the MP algorithm is
O( TppMNN,P (t'r)Mn , where Tysp is the maximum number of iterations to perform the
MP algorithm. The computational complexity of the MMSE algorithm is mainly focused
on the operation of the channel matrix, and its complexity is O ((MN Nt)s) . The overall
computational complexity of the IMRC algorithm is O(Tjp;re MNN;), where Typrc is the
maximum number of iterations to perform the MRC algorithm.

For the computational complexity of the proposed algorithms, the computational com-
plexity of ICH-IMRC is mainly symbol-level interference cancelation and hard judgment
with O(TMNN;). The proposed S-IMRC detector mainly includes the computations of
A, B, and P;(a). A; can be updated with the maximum complexity of O(TMNN;) for all
iterations. B can be updated with the complexity of O(TMNN;M,,) for all iterations. At
last, the computations of maximum-likelihood estimation P;(a) are with the complexity of
O(TMNN;M,,). In summary, the computational complexity of S-IMRC is O(TMNN;M,,),
and the computational complexity of SSA-based S-IMRC is O(TMN N;M,iteryqxP).

4.3. Simulation Results and Analysis

Figure 3 presents the NTN-TDL-B channel model in the DD domain for the MIMO-
OTFS system with an antenna array of (8,8) and M x N = 64 x 16 at SNR = 0 dB. The
channel model in the DD domain is presented in the form of a two-dimensional impulse
response, which can describe the path parameters between all the transceiver antennas,
including the number of paths, the path gain, the delay interval, and the Doppler interval.

The fitness curves of the SSA visually demonstrate the convergence effect of obtaining
optimal relaxation parameters. Figure 4 illustrates the convergence trend of the fitness of
the SSA to obtain the optimal relaxation parameters in the S-IMRC algorithm for different
SNRs. The simulation parameters for Figures 4—6 are set as follows: the size of the antenna
array is (8,8), M x N = 64 x 16, the NTN-TDL-B channel model is selected, and the
modulation order is 4-QAM. The fitness of the SSA is inversely correlated with the accuracy
of S-IMRC-based signal detection. As the fitness decreases, the accuracy of S-IMRC-based
signal detection gradually improves, so it can be inferred that the SSA effectively optimizes
the optimal relaxation parameters. In the whole iterative process, the fitness reaches the
minimum value at the ninth iteration and tends to be stable, which indicates that the SSA
has the advantages of fast convergence speed and good stability. With the increase in the
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SNR, the fitness gradually decreases. The S-IMRC algorithm based on SSA optimization
achieves nearly perfect detection at SNR = 8 dB.

3000
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Figure 3. NTN-TDL-B channel model in the DD domain for MIMO-OTFS systems.
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Figure 4. Convergence trend of fitness based on SSA.
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Figure 5. Iterative convergence trend of BER for S-IMRC.

Table 3 demonstrates the optimal relaxation parameter values of the S-IMRC algorithm
obtained based on the SSA for different modulation orders and antenna array sizes.
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Figure 6. BER for different detection algorithms.
Table 3. Optimal relaxation parameter values obtained based on SSA.
Modulation Format/Size of Antenna Array 2,2 8, 8) (16, 16)
4-QAM 0.33 0.31 0.11
16-QAM 0.43 0.42 0.39

Figure 5 illustrates the iterative convergence trend of the BER based on S-IMRC.
With the increase in SNR, the BER of the S-IMRC algorithm decreases gradually. As the
number of iterations increases, the BER of the S-IMRC algorithm decreases rapidly and
then stabilizes. It shows that the S-IMRC algorithm improves the BER performance through
iterative step-by-step optimization. As can be seen overall, the S-IMRC algorithm achieves
the optimal BER after 12 iterations.

Figure 6 illustrates the BER of different detection algorithms for MIMO-OTES systems.
The iteration number of the S-IMRC algorithm is set to 12. In terms of BER performance,
the ranking of different detection algorithms from the best to the worst is as follows: S-
IMRC, ICH-IMRC, MP, MMSE, and IMRC. The S-IMRC algorithm exhibits optimal BER
performance under all SNR conditions. The ICH-IMRC algorithm closely follows with
relatively better overall performance. Following these are the MP and MMSE algorithms,
which show moderate performance. The IMRC algorithm performs inferiorly to the above
algorithms and gives the worst BER for all SNR conditions. When the BER reaches 1072, the
BER performance of S-IMRC is improved by 1.5 dB, 2.7 dB, 8.4 dB, and 13.2 dB compared to
ICH-IMRC, MP, MMSE, and IMRC, respectively. It can be seen that the S-IMRC algorithm
shows excellent signal detection. The reason for this is that soft-symbol interference
cancelation and soft judgment mitigate the effect of error spreading. Moreover, optimal
relaxation parameters are obtained based on the SSA to minimize the BER of the system.

Figure 7 illustrates the BER of IMRC, ICH-IMRC and S-IMRC detection algorithms
for 4-QAM and 16-QAM modulation modes. The solid and dashed lines represent the
4-QAM and 16-QAM modulation modes, respectively. The simulation parameters are set as
follows: the size of the antenna array is (8,8), M x N = 64 x 16, the NTN-TDL-B channel
model is selected, and the iteration number of the S-IMRC algorithm is set to 12. Due to
the various constraints of satellite—terrestrial downlink communications such as channel
conditions, transmit power, hardware complexity, etc., the best balance between spectral
efficiency and system performance needs to be found. Therefore, low- and medium-order
modulation methods (e.g., 4-QAM, 16-QAM) are usually a more practical and reliable
choice. Both the proposed ICH-IMRC and S-IMRC are applicable to different modulation
orders. The S-IMRC detection performance is excellent in both 4-QAM and 16-QAM
modulation, followed by the ICH-IMRC algorithm, and the IMRC algorithm performs
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the worst. The BER of the detection algorithm becomes worse as the modulation order
increases. It reflects that lower-order modulation has better noise immunity under the
same conditions. For the S-IMRC algorithm, the BER for 4-QAM is improved by 8.2 dB
compared to 16-QAM.

::;::v~~’~

107 *o =

103 F ‘e
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IMRC 4-QAM IMRC 16-QAM |
; [*— ICH-IMRC 4-QAM - ¢ ~ICH-IMRC 16-QAM
10 F——S-IMRC 4-QAM = * =S-IMRC 16-QAM

0 2 14 16 18

6 8 10 12
SNR(dB)
Figure 7. BER of different detection algorithms for different modulation orders.

Figure 8 shows the BER of ICH-IMRC and S-IMRC with different channel mod-
els. The simulation parameters are set as follows: the size of the antenna array is (8,8),
M x N = 64 x 16, the modulation mode is 4-QAM, and the iteration number of the S-
IMRC algorithm is set to 12. The solid and dashed lines represent S-IMRC and ICH-IMRC
algorithms, respectively. The effect of different channel models on the performance of
detection algorithms is significant. This is because different channel models have different
multipath effects, delay extension, and Doppler shift characteristics that affect the difficulty
of signal detection. The performance of the channel models from best to worst is as fol-
lows: NTN-TDL-B, NTN-TDL-A, NTN-TDL-D, NTN-TDL-C. Moreover, the ICH-IMRC
and S-IMRC algorithms can be applied to various satellite channel models, demonstrating

broad applicability.
107 ¢
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Figure 8. BER of ICH-IMRC and S-IMRC with different channel models.

Figure 9 demonstrates the BER of the S-IMRC algorithm with 4-QAM and 16-QAM
modulation modes for different antenna array configurations (2,2)/(8,8)/(16,16). The
simulation parameters are set as follows: M x N = 64 x 16, and the iteration number
of the S-IMRC algorithm is set to 12. The solid and dashed lines represent the 4-QAM
and 16-QAM modulation modes, respectively. When the modulation mode is 4-QAM, the
S-IMRC algorithm’s BER for the (16, 16) antenna array improves by 0.83 dB and 12.1 dB
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References

compared to the (8, 8) and (2, 2) antenna arrays, respectively. As the size of the antenna array
increases, the BER decreases significantly and shows better anti-interference capability. The
reason for this is that the transmitted signal propagates through multiple antenna paths,
and the multiple signals are received and combined to effectively improve the SNR and
detection performance.
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Figure 9. BER of S-IMRC with different antenna arrays.
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5. Conclusions

In this paper, the application of an iterative MRC signal detection algorithm based on
interference cancelation is investigated for satellite—terrestrial MIMO-OTFS networks. An it-
erative maximum ratio combining detection algorithm based on hard-decision interference
cancelation (ICH-IMRC) is proposed by performing iterative MRC detection for received
symbols in the DD domain with interference cancelation. To mitigate the error propagation
caused by interference cancelation, the IMRC detection based on soft-symbol interference
cancelation (S-IMRC) is proposed. Simulation results show that the proposed algorithm sig-
nificantly reduces the BER compared with the traditional MP, MMSE, and IMRC algorithms.
Moreover, the proposed S-IMRC algorithm is widely applicable to various satellite channel
models, and it maintains an excellent BER for different orders of quadrature amplitude
modulation signals and different sizes of antenna array configurations, ensuring the high
reliability of communication quality.
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