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Abstract—The recently-developed reconfigurable intelligent
surfaces (RISs) are capable of improving the coverage of space-
air-ground integrated networks (SAGINs), where the signals can
be reflected in the desired direction without relying on power-
thirsty radio-frequency (RF) chains. However, in the face of the
substantially increased Doppler frequency, the classic orthogonal
frequency-division multiplexing (OFDM) becomes inadequate in
supporting RIS for the following reasons.Firstly, the detrimental
doubly-selective fading leads to inter-symbol interference (ISI)
and inter-carrier interference (ICI), which result in error floors
for OFDM operating in the time-frequency (TF) domain. Sec-
ondly, it is far from trivial to configure RIS based on the
time-varying fading channels. Thirdly, the interpolation-based
TF-domain channel estimation methods become impractical for
the high-Doppler and high-dimensional RIS systems. Against
this background, in this paper, we propose the powerful two-
dimensional orthogonal time frequency space (OTFS) modulation
for RIS-aided SAGINs, which transforms the time-varying fading
encountered in the TF-domain to the time-invariant fading in the
delay-Doppler (DD) domain. More explicitly, first of all, for the
first time in the literature, we devise the DD-domain channel
model of RIS assisted SAGINs in the face of doubly-selective
fading. Secondly, in order to facilitate the RIS configuration in
the DD-domain,we propose to create “virtual” Doppler frequencies
that guide the phase changes at the RIS, even though the RIS phase
rotations do not suffer from Doppler effects. Thirdly, we conceive
an attractive DD-domain RIS channel estimation method that
can support both OFDM and OTFS, where the TF-domain
interpolation is eliminated. Our simulation results demonstrate
that the proposed DD-domain RIS configuration and channel
estimation methods for both OFDM and OTFS are capable
of mitigating the error floors encountered in the TF-domain.
Furthermore, our simulation results confirm that OTFS-based
RIS-assisted SAGIN systems are capable of outperforming their
OFDM counterparts and exhibit excellent performance across a
wide range of SAGIN channel parameters including the Ricean
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K factor, Doppler frequency, delay spread, coverage distance and
carrier frequency.

Index Terms—Reconfigurable intelligent surface, orthogonal
time frequency space modulation, space-air-ground, channel
estimation, high-mobility, double-selectivity, inter-symbol inter-
ference, inter-channel interference, orthogonal frequency-division
multiplexing, unmanned aerial vehicle, internet of vehicles.

I. I NTRODUCTION

The fledgling 6G system is envisioned to rely on space-
air-ground integrated networks (SAGINs) [1]–[7], which will
extend the wireless broadband dividend to a global scale.
The International Telecommunication Union (ITU) estimates
that only 63% of the world’s population have Internet access,
despite the fact that almost 88% have already been covered by
the terrestrial 4G/5G systems [8]. Furthermore, the numberof
Internet-of-Things (IoT) connections has surpassed that of the
non-IoT links in 2020, and it is expected that 30 billion IoT
devices will have to be connected all over the world by the
end of 2025 [9]. However, the operational 4G/5G networks
only cover about 20% of terrestrial ground and 5% of the
ocean. The time has come for SAGINs to support pervasive
broadband services as part of the critical global infrastruture.
To make SAGIN a reality, new revolutionary technologies
are required for overcoming some of the critical deployment
issues.First of all, the operational cellular networks have not
been designed for supporting high-mobility vehicles, suchas
satellites, planes, unmanned aerial vehicles (UAVs) as well
as trains [10]–[12]. Explicitly, the accurate near-instantaneous
knowledge of channel state information (CSI) is essential
for supporting wireless links, but the CSI becomes quickly
outdated in high-mobility scenarios.Secondly, the base station
(BS) often has excessively short periods of visibility for high-
speed vehicles, planes and satellites. In order to alleviate the
extra capital expenditures (CAPEX) and operating expenses
(OPEX) of more BSs, the idle devices are often activated
for relaying signals between the source and destination in
the context of cooperative communications [13]–[15], which
inevitably imposes additional delay and power consumption.
Thirdly, the safety operations of SAGIN applications are of
pivotal importance. However, for example, during the maneu-
vering of an aircraft, the line-of-sight (LoS) may be blocked
by the aircraft fuselage, which is also known as the airframe
shadowing effect [16]–[19]. This is hazardous because the
aircraft may have travelled thousands of meters with a blocked
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control link. Furthermore, the terrestrial shadowing for vehi-
cles, the railway cuttings for high-speed trains [12] and the
unfavourable satellite elevation angles [11] may all lead to the
diminished LoS.Finally, the current 4G/5G modulation of or-
thogonal frequency-division multiplexing (OFDM) is primar-
ily designed for mitigating the inter-symbol interference(ISI)
in time-invariant frequency-selective scenarios [13]. However,
often detrimental doubly-selective fading is encounteredin
the high-mobility SAGIN scenarios, where the substantially
increased Doppler frequency leads to inter-carrier interference
(ICI) that damages the OFDM’s subcarrier (SC) orthogonality.

Against this background, the recently-developed reconfig-
urable intelligent surfaces (RISs) [20]–[22] have been pro-
posed for improving the coverage of SAGINs without building
new BSs, as surveyed in the first section of Table I. The RIS
consists of a dense population of passive elements, which
reflect the impinging signal to the desired direction without
using radio-frequency (RF) chains, hence eliminating boththe
signal processing delay and the power-consumption of relay
nodes. We note that as shown in Table I, the existing RIS
assisted SAGINs in the open literature aremostly limited to
the simplified assumption of single-carrier transmission in
idealistic time-invariant flat fading channels. To elaborate,
firstly, the sum-rate of RIS assisted Internet-of-Vehicles (IoV)
was optimized in [23] based on statistical CSI that includes
both LoS strength as well as the angle-of-departure/arrival
(AoA/AoD). This study was also extended to security outage
probability optimization [24], to multi-user scenarios [25]
and to IoV schedulling [26].Secondly, in the context of
RIS-assisted railway systems, the sum-rate optimization was
performed based on both full CSI [27] and statistical CSI [28].
Thirdly, the existing RIS assisted UAV communication systems
in stationary scenarios have considered energy-efficiencyopti-
mization [29], UAV trajectory [30] as well as altitude optimiza-
tions [31] plus non-orthogonal multiple access (NOMA) [32].
Fourthly, for the case of moving UAVs, RIS-aided decode-
and-forward cooperative UAV schemes were proposed in [33],
and the related optimization scenarios include TeraHertz (THz)
[34], secrecy rate [35] and UAV-aided IoV designs [36].Fi-
nally, a range of RIS assised satellite communication systems
have been conceived in [37]–[40], where an ON/OFF-based
time-domain (TD) channel estimation technique is conceived
in [38].

At the time of writing, the existing RIS assisted SA-
GIN systems generally rely on the classic RIS channel
estimation methods that are conventionally designed for
stationary terrestrial scenarios, as seen in the second section
of Table I, which may be classified into the following four
main categories.First of all, the LoS based schemes of [41]–
[44] configure the RIS purely based on the deterministic LoS
knowledge of positioning.Secondly, the partially active ar-
rangements of [45]–[47] harness a small number of RF chains
in order to estimate a fraction of the RIS links. Then the full
channel knowledge is recovered by using compressive sensing
and deep learning tools.Thirdly, the ON/OFF based least
square (LS) schemes of [48], [49] successively estimate the
RIS-reflected links one by one without interference, while the
LS and the minimum mean squared error (MMSE) methods

of [50]–[52] activate all of the RIS elements based on the
classic DFT matrix, so that the direct link and all reflected
links become orthogonal.Fourthly, the channel estimation
overhead can be further reduced by grouping the adjacent
RIS elements [48], [59], [60], by compressive sensing [61],
[62], deep learning [63] and matrix factorization [53]–[56].
For multi-user RIS systems, a novel three-phase channel
estimation method was proposed in [49], which exploited the
commonality of the BS-RIS link shared by all users. All of
the above RIS channel estimation methods are designed for
time-invariant fading channels.

In the face of the doubly-selective fading of SAGIN
shown in the third section of Table I, the associated spatial-
domain (SD), TD, and frequency-domain (FD) correlations
encountered in RIS-assisted UAV systems are modelled in
[57], where the RIS configuration is performed based on
the idealistic assumption of full CSI knowledge, while the
associated waveform and channel estimation technique are
not specified. As a further advance, OFDM for RIS-assisted
vehicular communication systems in doubly-selective fading is
proposed in [58], where the RIS configuration is based on the
statistical CSI, while TD and FD interpolation-based channel
estimation methods are conceived in order to estimate the time-
varying frequency-selective TF-domain fading channels.

In recent years, the two-dimensional orthogonal time fre-
quency space (OTFS) modulation [64]–[66] has attracted sub-
stantial research interests as a benefit of its superior perfor-
mance over OFDM in doubly-selective fading channels. More
explicitly, OTFS modulates the information symbols in the
delay-Doppler (DD) domain instead of the conventional time-
frequency (TF) domain [67]–[69]. On one hand, by invoking
the symplectic finite Fourier transform (SFFT), the OTFS
symbols are spread over the entire TF-domain, which offers
the potential of exploiting the full channel diversity [70]–[72].
On the other hand, the OTFS transforms the time-varying
TF-domain fading model into time-independent DD-domain
representation of the channel parameters, including the fading
gain, Doppler frequency and delay of each resolvable propa-
gation path. As a result, the DD-domain channel estimation
[73], [74] no longer suffers from time-varying ISI in the
TD or from the Doppler-induced ICI in the FD, rendering
a truely robust delay-resilience and Doppler-resilience for
SAGIN applications. Low-complexity equalization techniques
have been proposed for OTFS in [75], [76]. Furthermore,
by exploiting the sparsity of the DD-domain fading matrix,
message passing (MP) detectors are conceived in [77]–[79].

In summary, the classic OFDM operating in the TF-domain
becomes inadequate in supporting RIS assisted SAGINs for
the following reasons:

I) System Modelling:The detrimental doubly-selective fad-
ing leads to ISI in the TD and ICI in the FD, which
inevitably result in error floors for OFDM relying on
subcarrier orthogonality.

II) RIS Configuration: It is far from trivial to instanta-
neously feed back the control signals and configure the
RIS based on the time-varying frequency-selective TF-
domain fading channels.
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TABLE I: State-of-the-art RIS-assisted SAGIN systems.
Scenarios Waveform RIS configuration Channel model Channel estimation Related publications

Chenet al.
[23]

Car Single-carrier
Sum rate optimization
based on statistical CSI

Time-invariant
flat fading

Not specified

[24] maximized security outage probability
for RIS-assisted IoV; [25] extended to
RIS-assisted multi-user IoV; [26] jointly
optimized IoV scheduling and RIS con-
figuration.

Xu et al.
[27]

Train Single-carrier
Sum rate optimization
based on full CSI

Time-invariant
flat fading

Not specified
[28] performed sum rate optimization
based on statistical CSI.

Diamantiet
al. [29]

Stationary
UAV

Single-carrier
Energy-efficiency opti-
mization based on full
CSI

Time-invariant
flat fading

Not specified

[30] jointly optimized trajectory and RIS
configuration; [31] optimized the altitudes
RIS-carrying UAVs; [32] optimized UAV
trajectory for RIS-assisted NOMA.

Yang et al.
[33]

UAV Single-carrier
RIS and decode-and-
forward optimization
based on full CSI

Time-invariant
flat fading

Not specified

[34] maximized sum rate based on full
CSI in THz; [35] maximized secrecy rate
based on full CSI; [36] invoked RIS to
assist UAV-aided IoV.

Tekbiyik et
al. [37]

Satellite Single-carrier
Max-SNR based on full
CSI

Time-invariant
flat fading

Not specified

[38] performed ON/OFF-based TD
channel estimation; [39] proposed RIS-
carrying UAV for enhancing satellite link;
[40] optimized sum rate for RIS-assisted
satellite communication based on full
CSI.

Han et al.
[41]

Stationary
terrestrial

Single-carrier
Max-SNR based on sta-
tistical CSI

Time-invariant
flat fading

LoS knowledge

[42] conceived hybrid beamforming at the
BS based on LoS; [43] invoked discrete-
phase RIS; [44] conceived RIS-assisted
joint localization and communication.

Taha et al.
[45]

Stationary
terrestrial

Single-carrier
Max-SNR based on full
CSI

Time-invariant
flat fading

Partially active RIS
with compressive
sensing

[46] extended to multi-carrier systems;
[47] investigated the RIS hardware archi-
tecture using minimum active elements for
channel estimation.

Yang et al.
[48]

Stationary
terrestrial

OFDM
Max-rate based on full
CSI

Time-invariant
freq.-selective

ON/OFF-based FD
channel estimation

[49] extended to multiuser; [50], [51] in-
voked DFT-based RIS pattern; [52] incor-
porated BS beamforming.

He et al.
[53]

Stationary
terrestrial

Single-carrier Random configuration
Time-invariant

flat fading
ON/OFF-based with
matrix factorization

[54] extended to multiuser MIMO; [55],
[56] invoked parallel factor decomposi-
tion channel estimation; [49] exploited the
commonality of the BS-RIS link shared by
all users.

Xiong et
al. [57]

UAV Not specified
Max-SNR based on full
CSI

Doubly-
selective

Not specified

Xu et al.
[58]

Car, UAV OFDM
Max-SNR based on sta-
tistical CSI

Doubly-
selective

FD/TD domains inter-
polation

This work SAGIN
OTFS,
OFDM

Max-SNR based on sta-
tistical CSI

Doubly-
selective

DD-domain without
interpolation

FR1: 4000 ns
FR2: 800 ns

FR1: 600 ns
FR2: 250 ns

FR1: 15 kHz
FR2: 60 kHz

FR1: 15 kHz
FR2: 120 kHz

FR1: 60 kHz
FR2: 960 kHz

FR1: 240 kHz
FR2: 3840 kHz

FR1: 480 kHz
FR2: 7680 kHz

FR1: 30 kHz
FR2: 240 kHz

Speed
Distance

Ricean K

300 m
100 mph

Vehicle−to−Vehicle
500 m
Train

336 mph

Low Earth Orbit

FR1: 4000 ns
FR2: 800 ns

671 mph

Civial Aviation
10 km 20 km

Mach 3

Supersonic UAV

FR1: 600 ns
FR2: 250 ns

Hypersonic UAV

Mach 12
20 km

FR1: 400 ns
FR2: 120 ns

2000 km
Mach 25

FR1: 100 ns
FR2: 40 ns

KSD = −3 dB

KSR = −3 dB

KRD = 3dB

∆f

τmax

KSD = −3 dB

KSR = −3 dB

KRD = 3 dB

KSD = 3 dB

KSR = 3 dB

KRD = 6 dB

KSD = −3 dB

KSR = −3 dB

KRD = 6 dB

KSD = −3 dB

KSR = −3 dB

KRD = 6 dB

KSD = 2 dB

KSR = 2 dB

KRD = 6 dB

Fig. 1: Summary of the SAGIN (worst-case) scenarios considered in this paper.

III) Channel Estimation: The high-complexity interpolation-
based TF-domain channel estimation techniques become
impractical and inaccurate for the high-Doppler and high-
dimensional RIS assisted SAGIN systems.

Against this background, in this paper, we propose to
facilitate OTFS-based RIS-assisted SAGINs, which aim for
transforming the time-varying TF-domain RIS-reflected fading
channels to the time-invariant DD-domain, where the follow-
ing open problems are solved for the first time in the literature,
as highlighted in Table II:

I) System Modelling:How to model the DD-domain RIS-

reflected fading channels?
II) RIS Configuration: How to configure the RIS in the DD-

domain?
III) Channel Estimation: How to facilitate the DD-domain

RIS channel estimation?

In more detail, the novel contributions of this work are as
follows:

I) System Modelling: We propose to model the doubly-
selective fading channels of RIS-assisted SAGINs in both
the TF-domain and DD-domain, whereboth OFDM and
OTFS can be supported in a unified platform. Further-
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TABLE II: State-of-the-art RIS channel estimation techniques.
RIS modelling Doubly-Selectivity OTFS Upgrade

Channel estimation Passive Both Both Freq Time DD DD DD Support
methods RIS direct and LoS Selectivity Selectivity domain domain domain both

reflected and channel RIS con- channel OFDM
links NLoS model figuration estimation and OTFS

Han et al. [41] LoS knowledge
√ √ √

Tahaet al. [45]
Compressive sensing

deep learning
√

Yang et al. [48] ON/OFF-based LS
√ √ √ √

Wanget al. [49] ON/OFF-based LS
√ √ √

Jensenet al. [50] DFT-based LS
√ √

Zhenget al. [51] DFT-based LS
√ √ √ √

Nadeemet al. [52] DFT-based MMSE
√ √ √

You et al. [60] DFT-based LS
√ √

Chenet al. [62] Compressive sensing
√

Ma et al. [63] Deep learning
√ √

He et al. [53] Matrix factorization
√

Liu et al. [54] Matrix factorization
√ √ √

Xu et al. [58] MMSE in FD/TD
√ √ √ √ √

This work DD-domain
√ √ √ √ √ √ √ √ √

more, the salient SAGIN characteristics considered in this
paper are summarized in Fig. 1, which take into account
the most challenging SAGIN propagation conditions in
vehicle-to-vehicle (V2V) scenarios, in high-speed trains
operating in railway cuttings [12], the airframe shadowing
effect of airplanes and UAVs [16]–[19] as well as the un-
favourable elevation angles of the low earth orbit (LEO)
satellites [11]. We will demonstrate that the proposed
DD-domain RIS configuration and channel estimation
methods are capable of achieving reliable performance
across a wide range of SAGIN channel parameters.

II) RIS Configuration: In order to configure the RIS in the
DD-domain, we propose to define the time-varying RIS
phase rotations by the equivalent time-invariant phase
parameters and the equivalent “virtual” Doppler frequen-
cies, which are created to guide the phase changes
at the RIS, even though the RIS phase rotations do
not experience Doppler effects. In this way, the RIS is
configured to tune the phase and Doppler differences
between the direct link and the RIS-reflected links in
the DD-domain, so that the LoS power is maximized
at the destination. The proposed RIS configuration opts
for relying on the statistical CSI as widely assumed in
[25], [41]–[44], [80]–[83], which eliminates the need for
performing CSI estimation at the RIS.

III) Channel Estimation: As a further advance, we conceive
a DD-domain RIS channel estimation technique that
can be invoked by both OFDM and OTFS, wherethe
TF-domain interpolation is eliminated. This new DD-
domain signal processing technique coneived for RIS
systems facilitates the following breakthroughs:

- The proposed DD-domain RIS configuration and
channel estimation techniques can support both
OFDM and OTFS, wherethe error floors observed
in their RIS counterparts operating in the TF-
domain are mitigated.

- The proposed DD-domain RIS operations are capa-
ble of substantially improving the performance of
SAGINs across a wide range of SAGIN channel
parametersincluding the Ricean K factor, Doppler
frequency, delay spread, coverage distance and car-
rier frequency.

- Our simulation results demonstrate that the proposed
OTFS aided RIS assisted SAGIN systems are ca-
pable ofsubstantially outperforming their OFDM
counterparts in terms of BER, achievable rate and
coverage distance.

The following notations are used throughout the paper. The
operations(·)∗ and (·)H denote the conjugate of a complex
number and the Hermitian transpose of a complex matrix,
respectively. The notationsln(·) andexp(·) refer to the natural
logarithm and natural exponential functions, respectively. The
notations p(·) and E(·) represent the probability and the
expectation, respectively, whilea ∈ CN×1 refers to a complex-
valued vector of size(N × 1), andA ∈ Cc×d denotes thatA
is a complex-valued matrix of size(c × d).

This paper is organized as follows. The TD and DD channel
modelling of RIS assisted SAGINs is conceived in Sec. II. The
optimization of RIS reflection coefficients is formulated and
solved in Sec. III. Our bespoke channel estimation techniques
are proposed in Sec. IV, while our simulation results are
presented in Sec. V. Finally, our conclusions are offered in
Sec. VI.

II. TD AND DD CHANNEL MODELLING OF RIS ASSISTED

SAGINS

A. General Modelling Notations

In this paper, a single antenna is used both at the source
and at the destination, which minimizes the CSI estimation
overhead in the high-mobility scenarios considered. We note
that as the numbers of antennas is increased at the BS and/or
the user, the channel estimation scheme conceived in this
paper can be directly applied using an ON/OFF pattern of
antennas. However, this results in an excessive pilot overhead
for high-dimensional RIS links that grows with the number of
antennas, which is not preferred in high-mobility scenarios.
Furthermore, to elaborate a little further on the scenarios
considered in Fig. 1, these scenarios are associated with very
different distances, speed, Ricean K factor and maximum
delayτmax. The source-destination (SD), source-RIS (SR) and
RIS-destination (RD) links are assumed to be more sparse
in the 5G mmWave frequency range 2 (FR2) than in FR1
[5], [10]–[12]. The subcarrier spacing (SCS)∆f in Fig. 1 is
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TABLE III: OFDM and OTFS notations.
TD FD DD

Transmitter sn,m sn,m es[k, l]

Fading hn,m,l hn,m
ehpω

kp(nM+m−lp)

MN

Receiver yn,m yn,m ey[k, l]

specifically chosen for the sake of supporting effective DD-
domain channel estimation.

For the OFDM and OTFS representations, the TD, FD and
DD notations follow the generic rules exemplified in Table III.
An OTFS frame may also be viewed as an Inverse SFFT
(ISFFT) precoding applied toN consecutive OFDM symbols
havingM subcarriers. The TD signal received in the face of
doubly-selective fading is modelled as [64]–[66]:

y(t) =
∫ ∫

h̃(τ, ϑ)s(t − τ)ej2πϑ(t−τ)dτdϑ + v(t)|t= nT
M

= n
M∆f

,

(1)
whereτ andϑ refer to the delay and Doppler frequency, while
s(t) and v(t) denote the TD transmitted signal and additive
white Gaussian noise (AWGN). The corresponding OFDM
symbol period isT = 1

∆f
, where∆f refers to the subcarrier

spacing (SCS). The DD-domain fading gain in (1) is expressed
as:

h̃(τ, ϑ) =
∑P−1

p=0 h̃pδ(τ − τp)δ(ϑ − ϑp)|τp=
lp

M∆f
,ϑp=

kp
NT

.

(2)
On one hand, when the maximum delay exceeds the sampling
period, i.e. we haveτmax > T

M
, frequency-selectivity is

encountered, which imposes ISI in the TD. It is assumed in
(2) that a total ofP resolvable paths of the DD-domain fall
into L time delay line (TDL) taps in the TD, i.e. we have
τp =

lpT

M
=

lp
M∆f

, where lp ∈ [0, L − 1]. On the other
hand, when the maximum Doppler frequencyfD becomes
comparable to the SCS∆f , time-selectivity is encountered,
which imposes ICI in the FD. It is assumed in (2) that the
component Doppler frequencies are all substantially lowerthan
the overall bandwidth, i.e. we have{ϑp << M∆f}P−1

p=0 , so

that h̃pe
j2πϑpn

M∆f still remains near-constant over a sampling
period of T

M
, but varies forn = 0, · · · ,M−1 within an OFDM

symbol periodT . Upon sampling in the DD-domain, the time-
varying frequency-selective fading can be uniquely represented
by the time-invariant parameters of fading gainh̃p, Doppler
indexkp and delay indexlp. The relationship between the TD
and DD fading representations seen in Table III is expressed
as:

hn,m,l =

P−1∑

p=0

h̃pω
kp(nM+m−lp)
MN b(kp, lp)|l=lp , (3)

where ω
kp(nM+m−lp)
MN = exp(j

2πkp(nM+m−lp)
MN

) and hn,m,l

models thel-th TDL tap for the m-th sample in then-
th OFDM symbol, while we haveb(kp, lp) = 1|l=lp or
b(kp, lp) = 0|l=lp for the cases that thep-th DD-domain
resolvable path falls into thel-th TDL tap, or otherwise,
respectively. This implies that the DD-domain representation
allows us to separate the propagation paths experiencing the
same delay, hence attaining a higher degree of freedom in
channel modelling. Nonetheless, it is worth noting that the
off-the-grid paths associated with fractional delay and Doppler
indices may induce interference, which can be mitigated by
appropriate windowing at the transmitter and receiver in order

to enhance the channel sparsity in the DD-domain [69]. Fur-
thermore, it is proven in [66] from first principles that the DD-
domain interferences induced by the fractional indices become
negligible, given sufficient time duration and bandwidth, which
is the general assumption of this paper.

B. Large-Scale Path Loss and Small-Scale Fading Modelling

The path loss (PL) and small-scale fading parameters are
summarized in Table IV. The PL of each link is given by [5],
[84]–[89]:

PL= −10γ log10(d) − 20 log10

(
4π

λ

)
+ Ge = 10 log10 Γ dB,

(4)
whereγ denotes the PL exponent (PLE). The effective antenna
gain is formulated as(Ge = 4πAe

λ2 ), where Ae refers to
the antenna aperture of the transmitter or the receiver, while
fc and λ = c

fc
refer to the carrier frequency and the

wavelength, respectively. The distanced is evaluated in real-
time based on the coordinates of the source(xS , yS , zS), of
the RIS (xR, yR, zR) and of the destination(xD, yD, zD).
For example, the distance of the SD link is evaluated by
[dSD =

√
(xS − xD)2 + (yS − yD)2 + (zS − zD)2]. The non-

logarithmic PL is given byΓ, which is updated based on
the distance. In summary, the PL of (4) is a function of
distance and carrier frequency/wavelength, which allows us
to examine the performance of RIS-assisted high-mobility
systems in different frequency bands. Specifically, assuming
the same PLE for the SR and RD links asγSRD = γSR = γRD,
the overall PL of the cascaded source-RIS-destination channel
is given by ΓSRD = ΓSRΓRD ∝ 1

(dSRdRD)γSRD . This implies
that under generic far-field propagation conditions, the RIS-
reflected links suffer from severe PL that is inversely propo-
tional to the product of the segment distances [90]–[92].

For small-scale fading, the LoS path is always associated
with l = 0, while the NLoS paths are randomly distributed
over Li TDL taps for i = SD/SR/RD. The LoS and NLoS
powers are determined by the Ricean K factorKi for i =
SD/SR/RD. The maximum Doppler frequency is given by
f i

D = vifc

c
for i = SD/SR/RD, wherec, fc and vi refer

to the speed of light, carrier frequency and the vehicular
speed, respectively. The RIS is assumed to be comprised of
R passive reflecting elements, where a uniform planar array
(UPA) is adopted. The RIS phase rotations are also assumed
to be time-varying asαn,m = [α1

n,m, · · · , αR
n,m]T , where we

have the constant-envolope constraint of{|αr
n,m| = 1}R

r=1.
Nonetheless, we note that due to the passive nature of RISs,
the same phase rotation of each RIS element will be applied
to all the channel impulse response (CIR) taps in the TD or
equivalently to the channel frequency response (CFR) of all
SCs in the FD. In other words, the RIS phase rotations can be
time-varying but remain strictly non-frequency-selective. As a
result, in this work, we opt for configuring the RIS based on
statistical CSI, which will be elaborated on in Sec III.

C. The Source-Destination (SD) Link

For the SD link, there areP SD DD-domain resolvable paths
associated with the maximum delay ofτSD

max. The TD and DD-
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TABLE IV: Key model parameters of RIS-assisted system.
Source-Destination (SD) Link Source-RIS (SR) Link RIS-Destination (RD) Link

Distance dSD = dSR = dRD =p
(xS−xD)2+(yS−yD)2+(zS−zD)2

p
(xS−xR)2+(yS−yR)2+(zS−zR)2

p
(xR−xD)2+(yR−yD)2+(zR−zD)2

PLE γSD γSR γRD

PL ΓSD=(dSD)−γSDą 4π
λ

ć
−2100.1(GTx

e +GRx
e ) ΓSR=(dSR)−γSR ą

4π
λ

ć
−2 100.1GTx

e ΓRD =(dRD)−γRDą
4π
λ

ć
−2100.1GRx

e

Ricean factor KSD KSR KRD

LoS power KSD

KSD+1

KSR

KSR+1

KRD

KRD+1

NLoS power 1

(KSD+1)

1

(KSR+1)

1

(KRD+1)

Max. Doppler fSD
D fSR

D fRD
D

Max. Delay τSD
max τSR

max τRD
max

LoS offset fSD
D cos(φSD

0 ) fSR
D cos(φSR

0 ) fRD
D cos(φRD

0 )

LoS AoA φSD
0 = arctan

yS−yD
xS−xD

φSR
0 = arctan

yS−yR
xS−xR

φRD
0 =arctan

yR−yD
xR−xD

RIS AoA θAoA
R =arccos

zS−zR
dSR , ϕAoA =arctan

yS−yR
xS−xR

RIS AoD θAoD
R =arccos

zD−zR
dRD , ϕAoD =arctan

yD−yR
xD−xR

domain fading representations of thel-th TDL tap of them-th
TD sampling period within then-th OFDM symbol is given
by:

hSD
n,m,l =

P SD−1∑

p=0

h̃SD
p ω

kSD
p (nM+m−lp)

MN b(kSD
p , lp)|l=lp , (5)

for 0 ≤ l ≤ LSD−1. More explicitly, for the NLoS associated
with 1 ≤ p ≤ P SD−1, the time-invariant gaiñhSD

p is generated
based on the complex Gaussian distribution with zero mean
and a variance of 1

(KSD+1)(P SD−1)
. The NLoS delay indices

{lp}P SD−1
p=1 are randomly generated within[0, LSD − 1], where

we haveLSD = ⌈τSD
maxM∆f⌉. The Doppler indices{kp}P SD−1

p=1

are randomly generated over the range of[−kSD
max, k

SD
max],

where the maximum index is given bykSD
max = ⌈fSD

D NT ⌉.
Furthermore, the LoS path associated withl = lp = 0 and
p = 0 is given by:

hSD
n,m,0 =

√
KSD

KSD + 1
ω

kSD
0 (nM+m)

MN , (6)

where the LoS fading gaiñhSD
p of (5) associated withp = 0 is

simply given bỹhSD
0 =

√
KSD

KSD+1
, while the LoS Doppler index

is given bykSD
0 = ⌈fSD

D cos(φSD
0 )NT ⌉. The angle between the

LoS and the direction of movement is evaluated by(φSD
0 =

arctan yS−yD
xS−xD

).
As a result, the signal received from the direct SD link is

modelled in the TD and DD-domain as follows:

ySD
n,m=

LSD−1∑

l=0

hSD
n,m,lsn,m−l=

P SD−1∑

p=0

h̃SD
p ω

kSD
p (nM+m−lp)

MN sn,m−lp ,

(7)
where we haveb(kSD

p , lp) = 1 for all theP SD resolvable paths.

D. The Source-RIS (SR) Link

The SR link hasP SR resolvable paths and a maximum delay
of τSR

max. Similar to (5), the NLoS path for ther-th RIS element
(1 ≤ r ≤ R) is modelled by:

hSRr

n,m,l =
P SR−1∑

p=0

h̃SRr
p ω

kSRr
p (nM+m−lp)

MN b(kSRr
p , lp)|l=lp , (8)

for 0 ≤ l ≤ LSR− 1, where the NLoS power of{h̃SRr
p }P SR−1

p=1

is updated to 1
(KSR+1)(P SR−1)

. The ranges for the delay
and Doppler indices are given bylp ∈ [0, LSR − 1] and

kSRr
p ∈ [−kSR

max, k
SR
max], respectively, where we haveLSR =

⌈τSR
maxM∆f⌉ and kSR

max = ⌈fSR
D NT ⌉. Furthermore, based on

the azimuth and elevation AoAs ofθAoA = arccos zS−zR

dSR and
ϕAoA = arctan yS−yR

xS−xR
at the RIS, the LoS paths associated

with l = lp = 0 andp = 0 are given by:

hSRr

n,m,0 =

√
KSR

KSR + 1
ω

k
SRr
0 (nM+m)

MN × [aUPA(θAoA , ϕAoA)]r.

(9)
For the UPA havingRy andRz elements on they andz axes,
the array response is given by:

aUPA(θ, ϕ) = [1, · · · , exp
{
j 2π

λ
d [ry sin θ cos ϕ + rz sin ϕ]

}
,

· · · , exp
{
j 2π

λ
d [(Ry − 1) sin θ cos ϕ + (Rz − 1) sin ϕ]

}
]T ,

(10)
where we have[1 ≤ ry ≤ Ry], [1 ≤ rz ≤ Rz)] and
(R = RyRz), while (d = λ

2 ) denotes the antenna spacing.
Based on (9), the LoS fading gaiñhSRr

p of (8) associated with

p = 0 is now given byh̃SRr

0 =
√

KSR

KSR+1
[aUPA(θAoA , ϕAoA)]r.

Moreover, the LoS Doppler index in (9) is given by
kSRr

0 = ⌈fSR
D cos(φSRr

0 )NT ⌉, where the angle is(φSR
0 =

arctan yS−yR
xS−xR

).
Following this, the signal received at ther-th RIS element

is modelled in the TD and DD-domain as follows:

ySRr
n,m=

LSR−1∑

l=0

hSRr

n,m,lsn,m−l=

P SR−1∑

p=0

h̃SRr
p ω

kSRr
p (nM+m−lp)

MN sn,m−lp ,

(11)
where we haveb(kSRr

p , lp) = 1 for all the P SR resolvable
paths.

E. The RIS-Destination (RD) Link

The RD link hasP RD resolvable paths associated with the
maximum delay ofτRD

max. The NLoS model of the RD link
hRDr

n,m,l is the same as (8) for the SR link, where the superscript
of SR is replaced by RD. Furthermore, based on the azimuth
and elevation AoDs of(θAoD = arccos zD−zR

dRD ) and (ϕAoD =
arctan yD−yR

xD−xR
), the LoS model of the RD link is formulated

as:

hRDr

n,m,0 =

√
KRD

KRD + 1
ω

kRD
0 (nM+m)

MN × [aUPA(θAoD, ϕAoD)]r.

(12)
The LoS fading gain is given by h̃RDr

0 =√
KRD

KRD+1 [aUPA(θAoD, ϕAoD)]r, while the LoS Doppler

index is given bykRDr

0 = ⌈fRD
D cos(φRDr

0 )NT ⌉. Furthermore,
upon applying the time-varying RIS phase rotations, the
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signal received at the destination from ther-th RIS element
is expressed as:

yRDr
n,m =

∑LRD−1
l=0 hRDr

n,m,lα
r
n,m−ly

SRr

n,m−l

=
∑P RD−1

p=0 h̃RDr
p ω

kRDr
p (nM+m−lp)

MN αr
n,m−lp

ySRr

n,m−lp
,

(13)
where we haveb(kRDr

p , lp) = 1 for all the P RD resolvable
paths.

F. Received Signal Modelling
Based on (7), (11) and (13), the received TD signal is

formulated as:

yn,m =
PLSD−1

l0=0 hSD
n,m,l0

sn,m−l0 + vn,m

+
PR

r=1

PLSR−1
l1=0

PLRD−1
l2=0 αr

n,m−l2
hSRr

n,m−l2,l1
hRDr

n,m,l2
sn,m−l1−l2

=
PL−1

l=0 hn,m,lsn,m−l + vn,m,
(14)

where vn,m refers to the AWGN associated with a zero
mean and a variance ofN0. The total number of TDL taps
is L = max(LSD, LSR-RD), where the RIS-reflected links
impose an increased number of multipaths associated with
LSR-RD = LSR+LRD−1. The equivalent TD fading that models
the composite direct and RIS-reflected fading channels is given
by:

hn,m,l=

8

<

:

hSD
n,m,l+

PR

r=1h
SR-RDr
n,m,l , 0≤ l≤min(LSD−1, LSR-RD−1),

hSD
n,m,l, LSR-RD ≤ l ≤ L − 1, if L = LSD,

PR

r=1 hSR-RDr
n,m,l , LSD ≤ l ≤ L − 1, if L = LSD-RD.

(15)
where the cascaded RIS-reflected fading is:

hSR-RDr

n,m,l =
∑

∀l1+l2=l α
r
n,m−l2

hSRr

n,m−l2,l1
hRDr

n,m,l2
. (16)

Similarly, the received DD-domain signal is expressed as:

yn,m =
∑P SD−1

p0=0 h̃SD
p0

ω
kSD

p0
(nM+m−lp0

)

MN sn,m−lp0

+
∑R

r=1

∑P SR−1
p1=0

∑P RD−1
p2=0 αr

n,m−lp2
h̃SRr

p1
h̃RDr

p2

× ω
kRDr

p2
lp1

MN ω
(kSRr

p1
+kRDr

p2
)(nM+m−lp1

−lp2
)

MN sn,m−lp1
−lp2

+ vn,m.
(17)

It is of vital importance to transform the time-varying RIS
phase rotationsαr

n,m to the corresponding DD-domain repre-
sentation, which will be presented in the next section.

III. O PTIMIZATION OF RIS REFLECTION COEFFICIENTS

A. RIS Configuration in the TF-Domain
The time-varying RIS phase rotations are strictly non-

frequency-selective [48], [51], [58], where the same set ofRIS
phase rotations will be applied to allM SCs or equivalently
to L TDL taps. Therefore, the RIS optimization problem may
be formulated in the TD and FD as:

max{αr
n,m}R

r=1

PL−1
l=0 |hn,m,l|

2 = max{αr
n,m}R

r=1

PM−1
m=0 |hn,m|2,

subject to|αr
n,m| = 1, ∀r = 1, · · · , R.

(18)
The CFRshn,m of (18) are obtained by the FFT of the

CIRs hn,m,l of (15), which will be further elaborated on
in Sec IV. This problem is non-convex due to the constant
modulus constraint, which can only be suboptimally solved
by the successive convex approximation (SCA) technique in
the FD [48]. The SCA obtains a stationary point at the cost
of polynomial complexity in terms ofM andR. Furthermore,

the RIS configuration based on (18) requires instantaneous
CSI knowledge of both the LoS and NLoS paths fed back
through the control link, which is impractical in time-varying
SAGIN applications. As a remedy, we seek the RIS reflection
coefficients that maximize the dominant LoS tap as seen
in [48], [58], which is shown to have neglible performance
difference with respect to the SCA algorithm. In summary,
the low-complexity RIS configuration based on statistical CSI
is formulated by:

max{αr
n,m}R

r=1
|hn,m,0|2,

subject to|αr
n,m| = 1, ∀r = 1, · · · , R,

(19)

where the LoS of (15) is given by:

hn,m,0 = hSD
n,m,0 +

R∑

r=1

αr
n,mhSRr

n,m,0h
RDr

n,m,0. (20)

Based on this, the RIS configuration in the TD is given by
[48], [58]:

αr
n,m =

hSD
n,m,0

(
hSRr

n,m,0h
RDr

n,m,0

)∗

∣∣∣hSD
n,m,0

(
hSRr

n,m,0h
RDr

n,m,0

)∗∣∣∣
. (21)

B. RIS Configuration in the DD-Domain

For the time-varying frequency-selective fading model, the
general rule for transforming the TD representation to the DD-
domain representation ishn,m,l → h̃pω

k(nM+m−l)
MN , where we

have the time-invariant̃hp, Doppler indexk and delay index
l. Similarly, for the time-varying non-frequency-selective RIS
phase rotations, we propose the following TD to DD-domain
transformation:

αr
n,m = α̃rω

kRISr (nM+m)
MN , (22)

which is associated with a time-invariant phaseα̃r and a
virtual Doppler indexkRISr . We note that the RIS itself does
not suffer from the Doppler effect, hence the nominal “virtual”
Doppler index. Moreover, the RIS is non-frequency-selective,
i.e. it cannot be tuned for different TDL taps, hence we have
no delay index. Based on (22), the RIS can now tune the
phase and Doppler differences between the SD link and the
RIS-reflected links in the DD-domain. In other words, the
time-varying RIS configuration is simplified to setting the two
time-invariant parameters of̃αr andkRISr .

Therefore, the RIS-reflected link of (16) may be represented
in the DD-domain as:

hSR-RDr

n,m,l =
∑

∀lp1
+lp2

=lα̃
rh̃SRr

p1
h̃RDr

p2

× ω
(kRDr

p2
+kRISr )lp1

MN ω
(kSRr

p1
+kRDr

p2
+kRISr )(nM+m−lp1

−lp2
)

MN .
(23)

This facilitates the simplified DD-domain representation of the
received signal model of (17):

yn,m =

P−1∑

p=0

h̃pω
kp(nM+m−lp)
MN sn,m−lp + vn,m, (24)
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RIS Controller

RIS

Control link

vBS

TF-Domain:

DD-Domain: {eαr, kRISr }R
r=1

{{{αr
n,m}R

r=1}∀m}∀n

Fig. 2: Schematic illustration of the RIS configuration in the TF and
DD domains in RIS assisted vehicular communication systems.

where the composite direct and RIS-reflected DD-domain
fading channels are expressed as:

h̃p = h̃SD
p b(kSD

p , lp)

+
∑R

r=1

∑
∀lp1

+lp2
=lp

α̃rh̃SRr
p1

h̃RDr
p2

ω
(kRDr

p2
+kRISr )lp1

MN

× b(kSRr
p1

, lp1
)b(kRDr

p2
, lp2

),
(25)

while the Doppler index and delay index are given by:

kp =

{
kSD

p , b(kSD
p , lp) = 1,

kSRr
p1

+ kRDr
p2

+ kRISr , b(kSRr
p1

, lp1
)b(kRDr

p2
, lp2

) = 1.

lp =

{
lSD
p , b(kSD

p , lp) = 1,
lp1

+ lp2
, b(kSRr

p1
, lp1

)b(kRDr
p2

, lp2
) = 1.

(26)
Finally, based on the discussions in Sec. III-A, the low-

complexity RIS configuration of (21) based on statistical CSI
in the TD may be transformed to the DD-domain as follows:

kRISr = kSD
0 − kSRr

0 − kRDr

0 , ∠α̃r = ∠h̃SD
0 − ∠h̃SRr

0 h̃RDr

0 ,
(27)

where the LoS Doppler indices and the time-invariant gains
are defined in (6), (9) and (12).

C. Comparison between RIS configurations in the TF and DD
domains

The schematic illustration of the RIS configuration is por-
trayed by Fig. 2 for a vehicular communication system. The
control information on RIS configuration can be conveyed by
a separate link, such as Bluetooth, and the associated time
duration has negligible impact on the data rate compared to
the pilot overhead, as assumed in [48]–[52]. As portrayed
by Fig. 2, the TF-domain RIS configuration based on (21)
requires instantaneous feedback on the time-varying RIS phase
rotations {{{αr

n,m}R
r=1}∀m}∀n based on the time-varying

fading channels{{hSD
n,m,0}∀m}∀n, {{{hSRr

n,m,0}R
r=1}∀m}∀n and

{{{hRDr

n,m,0}R
r=1}∀m}∀n. By contrast, the DD-domain RIS con-

figuration based on (22) only requires the pair of time-
invariant DD-domain parameters of{α̃r, kRISr}R

r=1 optimized
by (27), which substantially reduced the feedback complexity
and overhead.

It is worth noting that the RIS configurations of (21) and
(27) in the TF and DD domains rely purely on the LoS paths,
which are assumed to be known by the BS, as assumed in [25],
[41]–[44], [80]–[83]. The statistical CSI of LoS paths include

positioning-related path loss, AoA/AoD as well as the vehic-
ular velocity, which can be obtained by the global positioning
system (GPS) that is essential for SAGIN applications. As a
result, channel estimation for RIS configuration at the RIS is
avoided, but full CSI estimation for both LoS and NLoS is
still needed for the composite direct and RIS-reflected links
for the sake of signal detection at the destination node, which
will be detailed in Sec. IV.

D. The Number of Paths is Increased by RISs

The deployment of RIS naturally increases the number of
paths. Explicitly, in the TD, the set of resolvable TDL delays
is given by:

{l0}∀l0∈[0,LSD−1] ∪ {l1 + l2}∀l1∈[0,LSR−1],∀l2∈[0,LRD−1], (28)

where ∪ refers to the union of two sets. As discussed in
Sec. II-F, the RIS-reflected links generate an increased number
of paths associated with an increased range for the delay index
l ∈ [0, L − 1], where the maximum delay of the RIS-assisted
system is given byL = max(LSD, LSR + LRD − 1).

Furthermore, in the DD-domain, the set of resolvable paths
is represented by:

{(kSD
p0

, lp0
)}∀p0∈[0,P SD−1]

∪{(kSRr
p1

+kRDr
p2

+kRISr , lp1
+lp2

)}∀p1∈[0,P SR−1],∀p2∈[0,P RD−1],
(29)

which substantially increases both the Doppler index range
and the delay index range. The Doppler index range becomes
[−kmax, kmax], where the maximum Doppler index is given by
kmax = kSR

max + kRD
max + kRIS

max, while the maximum RIS Doppler
index of (27) is given bykRIS

max = kSD
max + kSR

max + kRD
max. The

maximum Doppler indices for the SD, SR and RD links are
defined in Secs. II-C, II-D and II-E, respectively. The delay
index range is given byl ∈ [0, L−1] as seen in TD. Therefore,
the total number of resolvable paths in the DD-domain may be
expressed asP SD ≤ LSD(2kSD

max + 1) without RIS andP SD ≤
L(2kmax + 1) with RIS.

In order to demonstrate this, Fig. 3 portrays the numbers of
resolvable paths in the TD and DD-domain for a RIS-assisted
high speed train communications system (Scenario Train in
Fig. 1) versus the maximum delayτmax and RIS size in the
5G FR1 S-band (2.6GHz) and FR2 K-band (26GHz). More
explicity, Fig. 3(a) and Fig. 3(b) demonstrate that the RIS
increased the number of paths in the TD from the range of
[0, LSD − 1] without RIS to [0, L − 1] with RIS, which is
substantially lower than the increase in the DD-domain from
P SD ≤ LSD(2kSD

max + 1) without RIS toP SD ≤ L(2kmax + 1)
with RIS. Fig. 3(c) and Fig. 3(d) further demonstate that owing
to the fact that the non-frequency-selective RIS phase rotations
do not impose extra delay for increasingR, the number of
paths has only been substantially increased in the DD-domain
for both the S-band associated withP i = 2Li and K-band
havingP i = 0.6Li.

IV. OTFS WAVEFORMS AND CHANNEL ESTIMATION

Based on the TF- and DD-domains representation of RIS
channel modelling of Sec. II and the RIS configuration of
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(a) PS-OFDM based OTFS
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y[n, m] y[n, m] ỹ[k, l]s̃[k, l] s[n, m] s[n, m]

(b) OFDM based OTFS

Fig. 4: The schematics of OTFS based on pulse-shaped OFDM (PS-OFDM) using bi-thogonal pulses [64], [70], [77] and OTFS based on
OFDM using rectangular pulses [67], [74], [77].
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Fig. 3: The numbers of path in the TD and DD-domain for the
RIS-assisted train system (Scenario Train in Fig. 1) with respect to
maximum delayτmax and RIS size at 5G FR1 S-band (2.6GHz) and
FR2 K-band (26GHz).

Sec. III, the OTFS waveforms and channel estimation tech-
niques are introduced in this section. The schematics of OTFS
based on pulse-shaped OFDM (PS-OFDM) using bi-thogonal
pulses [64], [70], [77] and OTFS based on OFDM using rect-
angular pulses [67], [74], [77] are portrayed by Fig. 4, which
are detailed in Sec. IV-A and Sec. IV-B, respectively. The
channel estimation techniques conducted in the FD, TD and
DD-domain are conceived for OFDM and OTFS in Sec. IV-D,
which are compatible with 4G/5G OFDM infrastructure.

A. OTFS Based on Pulse-Shaped OFDM

The schematic of PS-OFDM based OTFS [64], [70], [77] is
shown in Fig. 4(a), which is equivalent to ISFFT precoded
PS-OFDM spanning overM SCs andN OFDM symbol
durations. First of all, the OTFS transmitter modulates a total
number of NM PSK/QAM symbols in the DD-domain as
{{s̃[k, l]}N−1

k=0 }M−1
l=0 . The ISFFT is performed at the transmitter

as:

s[n,m] =
1√
NM

N−1∑

k=0

M−1∑

l=0

s̃[k, l]ωnk
N ω−ml

M . (30)

Following this, the continuous-time Heisenberg transformis
invoked at the transmitter as:

s(t) = 1√
M

∑N−1
n=0

∑M−1
m=0 s[n,m]gtx(t − nT )

× ej2πm∆f(t−nT )|
t=

n(M+Mcp)+m

M
T≈nT+ m

M
T
,

(31)

where Mcp is the length of the cyclic prefix (CP), while
gtx(t) refers to the transmit PS filter. Under the condition that
Mcp << M , (31) may be expressed in discrete-time as:

s[n,m] =
1√
M

M−1∑

m=0

s[n,m]gtx(
m

M
T )ωmm

M = s′[n,m]gtx(
m

M
T ).

(32)
where we haves′[n,m] = 1√

M

∑M−1
m=0 s[n,m]ωmm

M =
1√
N

∑N−1
k=0 s̃[k,m]ωnk

N . The received signal of (1) spanning
over N OFDM symbol durations is extended as:

y(t) =
∫ ∫ ∑P−1

p=0 h̃pδ(τ − τp)δ(ϑ − ϑp)s(t − τ)

× ej2πϑ(t−τ)dτdϑ + v(t)|
t= nM+m

M
T, τ= l

M∆f
, ϑ = k

NT

,

(33)
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which may be expressed in discrete-time as1:

y[n,m] =

P−1∑

p=0

h̃pω
kp[nM+m−lp]
MN s[n,< m− lp >M ]+v[n,m],

(34)
where the composite direct and RIS-reflected links in the DD-
domain are expressed in the same way as in (24). The OTFS
receiver invokes the Wigner transform formulated as:

y(t, f) =

∫
g∗rx(t′ − t)y(t′)e−j2πf(t′−t)dt′|t=nT,f=m∆f ,

(35)
wheregrx(t) refers to the receiver PS filter. The continuous-
time representation of (35) may be expressed in discrete-time
as:

y[n, m] = 1√
M

PN−1
n′=0

PM−1
m′=0 g∗

rx

“

(n − n′)T + m′

M
T

”

y[n′, m′]

× ω
−m[(n′−n)M+m′]
M

= 1√
M

PN−1
n′=0

PM−1
m′=0

PP−1
p=0 g∗

rx

“

(n′ − n)T + m′

M
T

”

ehp

×s[n′, < m′ − lp >M ]ω
kp[nM+m′−lp]
MN ω

−m[(n′−n)M+m′]
M + v[n, m].

(36)
Let us assume that the ideal transmitter and receiver PS filters
have the following cross-ambiguity function exhibiting the bi-
orthogonal property:

Arx,tx=
R

g∗
rx(t′ − t)gtx(t′)e−j2πf(t′−t)dt′| t = nT + m

M
T,

t′ = n′T + m′

M
T,

f = m∆f + k
NT

= δ[n]δ[m] for k ∈ [minp kp, maxp kp] and l ∈ [minp lp, maxp lp].
(37)

Then the Wigner transform of (36) may be extended as (38),
where we havey′[n,m]=

∑P−1
p=0 h̃pω

kp(nM−lp)
MN s′[n,<m′−lp>M

] + v[n,m]. Finally, the SFFT at the receiver leads to the
following input-output relationship for the OTFS waveform
expressed by (39), wherẽs[< k − kp >N , < l − lp >M ]
and ỹ[k, l] refer to the modulated symbols and the received
symbols both in the DD-domain. The AWGN term in the
DD-domain ṽ[k,m] = 1√

N

∑N−1
n=0 v[n,m]ω−nk

N has the same
distribution characteristics as the TD AWGN in (24).

B. OTFS Based on OFDM

The ideal bi-orthogonal waveform of (37) is not always re-
alistic in practice. Therefore, the OFDM-based OTFS concept
based on practical rectangular waveforms is proposed in [67],
[74], [77], which is portrayed in Fig. 4(b). More explicitly,
following the ISSFT of (30), the transmitter performs IDFT
as:

s[n,m] =
1√
M

M−1∑

m=0

s[n,m]ωmm
M =

1√
N

N−1∑

k=0

s̃[k,m]ωnk
N .

(40)
Upon obtaining the received signal of (34), the receiver
performs DFT formulated as:

y[n, m] = 1√
M

PM−1
m=0 y[n, m]ω−mm

M

= 1√
M

PM−1
m=0

PP−1
p=0

ehps[n, < m − lp >M ]ω
kp[nM+m−lp]

MN ω−mm
M

.

(41)

1We note that with a slight abuse of notation,yn,m, sn,m and vn,m of
(17) in TD are represented asy[n, m], s[n, m] andv[n, m] in line with the
OTFS representations in this section.

Finally, the SFFT at the receiver leads to the following input-
output relationship of (42).

We note that (42) is derived under the assumptions that the
CP length is smallMcp << M and a CP is inserted for each
OFDM duration for the sake of compatibility with the existing
OFDM infrastructure. If a single CP is added to the entire
OTFS frame, the TD circular convolution of (34) becomes
MN-periodic according to:

y[n,m]=
∑P−1

p=0 h̃pω
kp[nM+m−lp]
MN s[<nM+m−l>MN ]+v[n,m].

(43)
As a result, the input-output relationship of (42) becomes:

ỹ[k, l]=
∑P−1

p=0 h̃pT̃ (k, l, kp, lp)s̃[<k−kp>N , <l−lp>M ]+ ṽ[k, l],
(44)

where the DD indices based phase rotations are defined as:

T̃ (k, l, kp, lp)=

{
ω

kp(<l−lp>M )
MN , l ≥ lp

ω
−(k−kp)
N ω

kp(l−lp)
MN =ω−k

N ω
kp(<l−lp>M )
MN , l < lp

.

(45)

C. OFDM and OTFS in Matrix Form

The input-output relationship of the OTFS waveforms of
(39), (42) and (44) may all be expressed in the following
matrix form:

ỹ = H̃s̃ + ṽ. (46)

The κ-th element inỹ ∈ CMN×1 is given by ỹκ = ỹ[k, l],
where we havek = ⌊ κ

M
⌋ and l = κ − kM . Similarly, the

κ-th elements iñs ∈ CMN×1 and ṽ ∈ CMN×1 are given by
s̃κ = s̃[k, l] and ṽκ = ṽ[k, l], respectively. The DD-domain
fading matrix H̃ ∈ CMN×MN is time-invariant and sparse,
where the non-zero elements are given byH̃κ,ι = h̃pω

−kplp
MN

associated withι = M× < k − kp >N + < l − lp >M

for OTFS based on PS-OFDM of (39). Similarly, we have
H̃κ,ι = h̃pω

kp(l−lp)
MN and H̃κ,ι = h̃pT̃ (k, l, kp, lp) for OTFS

based on OFDM using the symbol CP of (42) and frame CP
of (44), respectively.

Based on (46), the MMSE detector [75], [76] may be
formulated as̃z = (H̃HH̃ + N0IMN )−1H̃H ỹ. Furthermore,
based on exploiting the sparsity of̃H, a range of MP detectors
are conceived in [77]–[79]. Similarly, for the OFDM regime,
a total number ofNM PSK/QAM symbols are modulated in
the TF-domain as{{s[n,m]}N−1

n=0 }M−1
m=0 , and the TD received

signal model of (34) may be expressed in matrix form as:

y = Hs + v, (47)

where H is modelled based on TD fadinghn,m,l =∑P−1
p=0 h̃pω

kp(nM+m−lp)
MN b(kp, lp)|l=lp . In the face of double-

selectivity, the TD fading matrixH is no longer circulant, and
hence the MMSE detection may be performed in the TD as
z = (HHH + N0IM )−1HHy. The MP detectors can also
be conceived based on the sparsity ofH following the same
philosophy of [77]–[79], where there areL non-zero CIR taps
on each row and column ofH. Considering that the number
of resolvable pathsP is substantially increased by deploying
RISs, we invoke the MMSE detector for both the OFDM and
OTFS systems for the sake of fair comparison.
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y(t, f) = 1√
M

PN−1
n′=0

PM−1
m′=0

PP−1
p=0g

∗
rx

“

(n′−n)T+m′

M
T
”

gtx(
<m′−lp>M

M
T )ω

−[(m′−m)N−kp][(n
′−n)M+m′]

MN

× ehps′[n′,<m′−lp>M]ω
[(m′−m)N−kp][(n

′−n)M+m′]

MN ω
kp[nM+m′−lp]
MN ω

−m[(n′−n)M+m′]
M + v[n, m]|n=n′,m=m′

= 1√
M

PM−1
m′=0

PP−1
p=0

ehps′[n,<m′−lp>M]ω
kp(nM−lp)

MN ω−mm′

M +v[n, m] = 1
M

PM−1
m=0 y′[n, m]ω−mm

M ,

(38)

ey[k, l] = 1√
MN

PN−1
n=0

PM−1
m=0 y[n, m]ω−nk

N ωml
M =

PP−1
p=0

ehpω
−kplp
MN es[< k − kp >N , < l − lp >M ] + ev[k, l], (39)

ey[k, l] = 1√
MN

PN−1
n=0

PM−1
m=0 y[n, m]ω−nk

N ωml
M =

PP−1
p=0

ehpω
kp(l−lp)

MN es[< k − kp >N , < l − lp >M ] + ev[k, l]. (42)
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(d) TD OFDM

Fig. 5: Examples of the DD-domain fading matrix of (46) and the TD-domain fading matrix of (47), where we haveN = 3, M = 3 and
[kp, lp] = {[1, 0], [−2, 1], [2, 1]}.

In order to better understand the input-output representa-
tions, let us consider a simple example of an OTFS system
having N = 3 and M = 3 operating at Ka-bandfc = 38.5
GHz and using a SCS of∆f = 30 kHz. The vehicle speed is
assumed to be 540 km/h and hence the associated maximum
Doppler frequency is given byϑmax = 19.25 kHz. The
fading hasP = 3 resolvable paths associated with indices of
[kp, lp] = {[1, 0], [−2, 1], [2, 1]}. As a result, the DD-domain
fading matrices for PS-OFDM-based OTFS, OFDM-based
OTFS with symbol/frame-wise CP are presented in Figs. 5(a),
(b) and (c), respectively, while the TD-domain fading matrix
for OFDM is shown in Fig. 5(d). It can be readily seen in
Fig. 5 that the DD-domain fading matrix̃H is time-invariant
and sparse, where there areP non-zero elements on each
row and each column. Furthermore, the fading matrixH̃ in
Fig. 5(a) has a favourable block-wise circulant structure,where
the non-zero fading taps associated with the same indexp are
shifted in position on each row, but are associated with the
same phase rotation. However, for the fading matrixH̃ in
Figs. 5(b) and (c), the phase rotations of the non-zero fading
taps on each row are determined by their specific delay and
Doppler indices. This will impose extra requirements for the
channel estimation techniques discussed in the next section.

D. Channel Estimation for OFDM and OTFS

A suite of FD and TD interpolation-based channel estima-
tion techniques were conceived in our previous work [58] for
RIS using OFDM in doubly-selective fading, which are char-
acterized in Figs. 6(a) and (b), respectively. More explicitly,
the pilot spacing in the FD requiresNFD

PS ≤ M
L

, so that at least

(b) Time Domain (TD) CSI estimation

CSI estimation
(c) Delay−Doppler (DD) Domain(a) Frequency Domain (FD) CSI estimation

Time

Frequency
Pilot Guard Data

· · · · · ·
≥ L

· · ·
· · ·
· · ·

...

...

...

· · ·
· · ·
· · ·

· · ·
· · ·
· · ·
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· · ·
· · ·
· · ·
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· · ·
· · ·
· · ·

· · ·
· · ·
· · ·
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· · ·
· · ·
· · ·

...

...

...

· · ·
· · ·
· · ·

· · ·
· · ·
· · ·

...

...

...

≥ P

≤ M
L

Fig. 6: Schematic illustration of FD, TD and DD-domain channel
estimation techniques.

NFD
p = M

NF D
P S

≥ L pilots are inserted at the SC indices of

m′ ∈ {0,NFD
PS , 2NFD

PS , · · · , (NFD
p − 1)NFD

PS }. The first step
of the FD channel estimation technique of Fig. 6(a) follows
a “horizontal comb”, where the MMSE interpolation is per-
formed based onNw pilot observations that are associated with
the OFDM symbol indicesn′ ∈ {n− ⌊Nw−1

2 ⌋N TD
PS , · · · , n−

N TD
PS , n, n + N TD

PS · · · , n + (Nw − 1 − ⌊Nw−1
2 ⌋)N TD

PS }. The
estimated FD CFR at them′-th subcarrier of then-th OFDM
symbol is given by:

ĥn,m′ = (wFD
n,m′)H y̌

FD
n,m′ = eFD

n,m′(CFD
n,m′)−1y̌

FD
n,m′ , (48)

where the MMSE filter’s input vectořy
FD
n,m′ ∈ CNw×1 stores

the Nw pilot observations, while the MMSE filter’s weights
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are given by(wFD
n,m′)H = eFD

n,m′(CFD
n,m′)−1. Owing to the

time-varying nature of the TF-domain fading, the elements in
eFD

n,m′ ∈ C1×Nw and CFD
n,m′ ∈ CNw×Nw are evaluated by the

correlation functions as[eFD
n,m′ ]p = ΥFD(n − np,m

′ − mp),
[CFD

n,m′ ]p1,p2
= ΥFD(np1

− np2
,mp1

− mp2
) for p1 6= p2 and

[CFD
n,m′ ]p,p = ΥFD(0, 0)+N0, where the RIS fading correlation

functionΥFD(·) is modelled in [58]. Following the “horizontal
comb” interpolation of (48), the “vertical comb” interpolation
is performed for then-th OFDM symbol as follows. TheL
TDL taps are obtained by performingNFD

p -point IDFT on

theNFD
p estimated{ĥn,m′}∀m′ of (48), and then the full FD

fading estimation is obtained by performingM -point DFT on
theL TDL taps. In summary, the MSE of the FD MMSE filter
of (48) is given byσ2

MSE = 1 − eFD
n,m′(CFD

n,m′)−1(eFD
n,m′)H .

The above FD interpolation method still relies on the
subcarrier orthogonality for the “vertical comb” operation,
which may suffer from error floor as the Doppler frequency
is substantially increased in SAGINs. In order to mitigate
this problem, the TD interpolation-based channel estimation
technique of Fig. 6(b) directly inserts a dirac delta impulse-
based CP in the TD as:

s0,m =

{
ρTD

p , m = 0
0, m = ±1,±2, · · · ,±N TD

guard
, (49)

where the power of the pilot impulseρTD
p aims for ensuring

that the transmission power obeys
∑

∀m |s0,m|2 = 2N TD
cp + 1,

while the zeros in (49) are refered to as guard intervals in
Fig. 6(b). Following the TD convolution between the impulse-
based pilot CP and the TDL taps, the CIRs are estimated one
by one without interference, under the condition ofN TD

guard ≥
L. Following this, MMSE-based interpolation is performed in
the TD in order to obtain the estimated TD CIR for them-th
data-carrying sample of then-th OFDM symbol as follows:

ĥn,m,l = (wTD
n,m,l)

H y̌TD
n,l = eTD

n,m,l(C
TD
n,m,l)

−1y̌TD
n,l, (50)

where the MMSE filter’s input vectory̌TD
n,l ∈ CNw×1

stores theNw pilot observations on thel-th TDL tap from
Nw CPs of theNw neighbouring OFDM symbols, while
the MMSE filter’s weights are given by(wTD

n,m,l)
H =

eTD
n,m,l(C

TD
n,m,l)

−1. The elements ineTD
n,m,l ∈ C1×Nw and

CTD
n,m,l ∈ CNw×Nw are evaluated by the TD correla-

tion functions as [eTD
n,m,l]p = ΥTD

l ((n − np)M + mp),
[CTD

n,m,l]p1,p2
= ΥTD

l ((np1
− np2

)M + mp1
− mp2

) for p1 6=
p2 and [CTD

n,m,l]p,p = ΥTD
l (0) + N0. The detailed evaluations

on the TD correlation functionsΥTD
l (·) can be found in [58].

Similarly, the MSE of the TD MMSE filter of (50) is given
by σ2

MSE = 1 − eTD
n,m,l(C

TD
n,m,l)

−1(eTD
n,m,l)

H .
In stark contrast to the time-varying TF-domain fading, the

DD-domain fading is time-invariant, which no longer needs
the high-complexity interpolation operations. More explicitly,
the DD-domain channel estimation technique is portrayed in
Fig. 6(c), where a dirac delta impulse is transmitted in the
DD-domain based on (46) as:

s̃κ =





ρDD
p , κ = κp

0, κ = κp ± 1, κp ± 2, · · · , κp ±NDD
guard

s̃[k, l], otherwise
,

(51)

(a) (b)
KSD = KSR < KRD

fSD

D = fSR

D , fRD

D = 0 fSD

D = fRD

D , fSR

D = 0

KSD < KSR = KRD

Fig. 7: Schematic illustration of two mobility scenarios exemplified
by train: (a) RIS is attached onto the vehicle; (b) RIS is stationary.

where the power of the pilot impulseρDD
p aims for maintaining

the constant OTFS frame power ofMN . The guard interval
has to obeyNDD

guard≥ P . Thanks to the guard interval, based on

(46), theκp-th column ofH̃ is estimated by the pilot impulse
without interference by:

ˆ̃
hκ,κp

= ỹκ/s̃κp
. (52)

The complete fading matrix̃H may be recovered based on the
input-output relationship of the OTFS waveforms of (39), (42)
and (44). The number of pathsP may be estimated based on
a detection threshold ofT , where the signals received within
the guard interval that are associated with a higher power than
T are considered to be non-zero elements. In summary, the
associated MSE of the single-tap equalization is simply given
by:

σ2
MSE = E(|h̃κ,κp

− ˆ̃
hκ,κp

|) = N0/ρDD
p . (53)

V. PERFORMANCERESULTS

A. Simulation Scenarios and Parameters

The RIS assisted SAGIN scenarios and parameters shown
in Fig. 1 are considered in this paper. For the sake of fair
comparison, we adoptM = 64 andN = 32 for both OFDM
and OTFS, where the 5G system’s scalable numerology of
SCS=2µ × 15 kHz associated with non-negative integersµ is
invoked [5], [10]–[12]. The simulations are conducted in the li-
censed 5G NR bands, namely the UHF-band (0.8GHz), L-band
(1.5GHz), S-band (2.6GHz) and C-band (4.7GHz) of FR1 as
well as K-band (26GHz) and Ka-band (28.5GHz) of FR2. The
resolvable paths are assumed to be more sparse in FR2 than
in FR1. For the channel estimation techniques, the parameters
of the FD and TD schemes seen in Figs. 6(a) and (b) can
be found in [58]. For the DD-domain channel estimation, an
entire OTFS frame is dedicated to estimating the substantially
increased number of paths in the RIS system. In this way, both
OFDM and OTFS are supported, and the estimation threshold
is set toT = 3

N0
.

Furthermore, the mobility scenarios of RIS are exemplified
by train communication in Fig. 7, where the RIS is either
attached to the vehicle or being stationary on the ground.
Moreover, the PL parameters that pertain to distances, antenna
gain and PLE are exemplified in Table V. More explicitly, first
of all, the BS coordinate is set to be(xS , yS , zS) = (0, 0, 0)
and the user coordinate is initialized for different scenarios as
summarized in Table V. The RIS is assumed to be deployed
at 1 meter away from the user, i.e. we havexR = xD − 1,
yR = yD andzR = zD. Secondly, the achievable antenna gain
is given byGe = 4πAe

λ2 , where the antenna apertures at the
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TABLE V: Summary of path loss parameters initialized for the SAGIN scenarios of Fig. 1.
Scenarios User (xD, yD, zD) BS apertureABS

e User apertureAuser
e SD PLEγSD

Car (300, 1, 1) 80 cm2 40 cm2 3.64
Train (500,−2, 1) 80 cm2 40 cm2 3.51
Airplane (200, 100, 10000) 16 dm2 1.6 dm2 3.02
Supersonic UAV (2000, 1000, 20000) 16 dm2 1.6 dm2 2.95
Hypersonic UAV (20000, 10000, 20000) 16 dm2 1.6 dm2 2.91
Low Earth Orbit (100000, 10000, 2000000) 60 cm radius 60 cm radius 2.65

BS and user are exemplified for different SAGIN scenarios
in Table V. Thirdly, the PLE of the RIS-reflected link is
assumed to beγSRD = 2.0, while the PLEs of the direct
SD link are exemplified for different SAGIN scenarios in
Table V. We note that the PL parameters are fixed to the
specific values summarized by Table V at first so that we can
investigate the effects of all other factors, including channel
estimation, RiceanK factor, delay and Doppler in Sec. V-B,
Sec. V-C, Sec. V-D and Sec. V-E. The effect of varying the
PL parameters will be further investigated in Sec. V-F.

B. RIS Channel Estimation Results

Fig. 8 investigates the effect of vehicular speed on channel
estimation, where the train scenario of Fig. 1 is considered,
while the mobility scenario of Fig. 7(a) is assumed.First of
all, Figs. 8(a)-(c) demonstrate that substantial performance
improvements are achieved by using RIS with as few asR = 4
independent reflecting elements.Secondly, Fig. 8(a) shows
that the FD channel estimation technique suffers from error
floors at 200 mph, which is further deteriorated at 400 mph
and 600 mph as seen in Fig. 8(b) and Fig. 8(c), respectively.
This is expected indeed, because the FD channel estimation
of Fig. 6(a) relies on SC orthogonality, which is corrupted
by the increased Doppler frequency.Thirdly, the TD channel
estimation technique is shown to perform well at 200 mph in
Fig. 8(b), but error floors start to emerge at 400 mph and
600 mph, as seen in Fig. 8(b) and Fig. 8(c), respectively.
This is due to the fact that the MMSE-based TD interpolation
requires lower pilot spacing at higher Doppler frequencies,
which can no longer be satisfied when the pilot spacing is
reduced to the minimum of the size of a single OFDM symbol.
Finally, it is strongly evidenced by Figs. 8(a)-(c) that the DD-
domain channel estimation is capable of providing reliable
performance at different vehicular speeds. This is due to the
fact that the fading representations in the DD-domain are time-
invariant, which no longer requires any interpolation, as long
as the intrinsic system characteristics remain unchanged.

In order to further justify our motivations, Fig. 9 portrays
the performance of the channel estimation methods that are
designed primarily for stationary scenarios, which include
using LoS only, using the DFT pattern of [50]–[52] and using
the ON/OFF pattern of [48], [49]. It can be seen in Fig. 9
that in the face of doubly-selective fading, the TF-domain
channel estimation methods without interpolation all suffer
from error floors even at a modest vehicle speed of 200
mph. By contrast, the TD and FD interpolation-based channel
estimation techniques as well as the proposed DD-domain
channel estimation method summarized in Sec. IV-D exhibit
improved performance results, as evidenced by Fig. 9.

The effect of the SCS∆f is investigated in Fig. 10 in the
context of RIS-assisted supersonic UAV systems (Scenario

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

-20 -15 -10 -5 0 5 10 15 20 25 30 35

Pt (dBm)

LoS only, no interpolation
DFT, no interpolation
ONOFF, no interpolation

Perfect CSI
FD CSI estimation
TD CSI estimation
DD CSI estimation

OFDM, M=64, N=32, fc=2.6 GHz, f=15 kHz
K

SD
=K

SR
=2dB,K

RD
=6dB, max=4 s,200 mph

fD
SD

=fD
SR

=778 Hz, fD
RD

=0 Hz

P
i
=2L

i
, i=SD/SR/RD, RIS(R=4)

RIS assisted systems

Fig. 9: Effect of TF-domain interpolation:BER results of RIS-
assisted train system (Scenario Train in Fig. 1) using OFDM, where
the TF-domain channel estimation methods without interpolation
including using LoS only, using DFT pattern [50]–[52] and using
ON/OFF pattern [48], [49] are compared to the methods presented
in Fig. 8(a).

Supersonic UAV in Fig. 1), where the DD-domain channel
estimation technique is invoked for the OTFS waveforms.
First of all, Fig. 10(a) demonstrates that given the maximum
Doppler frequency of8894Hz, the SCS of∆f = 15kHz is
sufficient for all OTFS waveforms in the absence of both RIS
and channel estimation.Secondly, Fig. 10(b) demonstrates that
an increased∆f = 30kHz is required for supporting the RIS
system, due to the fact that the deployment of RIS extends
the Doppler index range, as discussed in Sec. III-D.Thirdly,
Fig. 10(c) demonstrates that for realistic DD-domain channel
estimation, the SCS of∆f = 15kHz is no longer sufficient
for the OTFS waveforms based on OFDM. This is due to
the fact that the effective range of Doppler frequencies is
given by [−fSD

D , fSD
D ], which leads to ambiguities for Doppler

index localization, when we havefSD
D > 1

2∆f . Nonetheless,
Fig. 10(c) also evidences that the OTFS based on PS-OFDM
using the idealistic bi-orthogonal waveform is not affected,
thanks to the favourable block-wise circulant structure of
its fading matrix H̃, as discussed in Sec. IV-C. Therefore,
fourthly, the increased SCS of∆f = 30kHz is required
for effective channel estimation on the direct SD link, as
seen in Fig. 10(d). Furthermore,finally, the higher SCS of
∆f = 60kHz is required for supporting high-quality RIS
channel estimation, as seen in Fig. 10(e).

C. Normalized MSE and Complexity Comparison

Fig. 11 portrays the normalized MSE and complexity com-
parison between the FD, TD and DD-domain channel esti-
mation techniques for a RIS-assisted high-speed train system.
First of all, Fig. 11(a) demonstrates that the FD technique that
still relies on the subcarrier orthogonality suffers from the



DRAFT 14

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

-20 -15 -10 -5 0 5 10 15 20 25 30 35

Pt (dBm)

Perfect CSI, SD only
FD CSI estimation, SD only
TD CSI estimation, SD only
DD CSI estimation, SD only

Perfect CSI, RIS-assisted
FD CSI estimation, RIS-assisted
TD CSI estimation, RIS-assisted
DD CSI estimation, RIS-assisted

OFDM, M=64, N=32, fc=2.6 GHz, f=15 kHz
K

SD
=K

SR
=2dB,K

RD
=6dB, max=4 s,200 mph

fD
SD

=fD
SR

=778 Hz, fD
RD

=0 Hz

P
i
=2L

i
, i=SD/SR/RD, RIS(R=4)

(a) Train speed: 200 mph

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R
-20 -15 -10 -5 0 5 10 15 20 25 30 35

Pt (dBm)

Perfect CSI, SD only
FD CSI estimation, SD only
TD CSI estimation, SD only
DD CSI estimation, SD only

Perfect CSI, RIS-assisted
FD CSI estimation, RIS-assisted
TD CSI estimation, RIS-assisted
DD CSI estimation, RIS-assisted

OFDM, M=64, N=32, fc=2.6 GHz, f=15 kHz
K

SD
=K

SR
=2dB,K

RD
=6dB, max=4 s,400 mph

fD
SD

=fD
SR

=1556 Hz, fD
RD

=0 Hz

P
i
=2L

i
, i=SD/SR/RD, RIS(R=4)
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Fig. 8: Effect of vehicle speed:BER results of RIS-assisted train system (Scenario Train in Fig. 1) using OFDM, where the FD, TD and
DD-domain channel estimation techniques are invoked.
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Fig. 10: Effect of SCS∆f : BER results of RIS-assisted supersonic UAV system (Scenario Supersonic UAV in Fig. 1) using OTFS, where
the DD-domain channel estimation technique is invoked for the OTFS waveforms based on PS-OFDM and OFDM (with symbol CP and
frame CP).
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highest normalized MSE, followed by the TD interpolation-
based technique, while the proposed DD-domain channel es-
timation method achieves the lowest normalized MSE, thanks
to the time-invariant fading characteristics in the DD-domain.
Secondly, Fig. 11(b) demonstrates that increasing the TF-
domain interpolation window leads to an improved perfor-
mance especially for the TD technique, where the performance
of the FD technique is still predominantly eroded by the ICI,
while the proposed DD-domain channel estimation method
retains the lowest normalized MSE without interpolation.
Finally, the complexities of the FD, TD and DD-domain
channel estimation techniques are compared in Fig. 11(c) in
terms of the numbers of real-valued multiplications, where
the FD/TD correlation functionsΥFD

l (·) and ΥTD
l (·) defined

in [58] are also taken into account. As expected, the FD and
TD channel estimation techniques exhibit high complexities
that grow with the interpolation window sizeNw, while the
proposed DD-domain channel estimation technique exhibits
the lowest complexity, thanks to the elimination of the TF-
domain interpolation.

D. RIS Assisted SAGIN Results

Fig. 12 summarizes the BER results of the RIS assisted
SAGIN scenarios of Fig. 1 using OFDM and OTFS in the
S-band (2.6GHz), where DD-domain channel estimation is
invoked. For the sake of fair comparison, the OFDM-based
OTFS waveform of Fig. 4(b) is invoked, where a single CP
is inserted for each OFDM symbol duration. More explicitly,
first of all, Figs. 12(a)-(f) demonstrate that the DD-domain
channel estimation is effective for both OFDM and OTFS with
or without RIS. Secondly, the RIS configuration of Sec. III
based on statistical CSI is shown in Figs. 12(a)-(f) to achieve
substantial performance advantages over both the scenarioof
using the direct SD link without RIS and the case of random
RIS configuration for both OFDM and OTFS systems, where
the random RIS configuration induces error floors due to the
extended Doppler range.Thirdly, Figs. 12(a)-(f) evidence that
OTFS systems outperform OFDM systems. It can also be
observed that the OTFS assisted RIS systems achieve similar
performance results in Figs. 12(a), (b), (d) and (e), which are
associated with different vehicular speed but similar Ricean
K factor, while the gap between OTFS and OFDM aided RIS
systems is reduced in Figs. 12(c) and (f) due to their higher
Ricean K factor. One may infer that as the Ricean K factor
increases, the strong LoS dominates the signal propagation,
which makes the difference between waveforms less relavant.
This observation will be further investigated in terms of the
effective throughput in the next section.

In summary, the results shown in Fig. 12 are extremely
important for the operation of SAGIN systems, because in
the worst-case scenarios of Fig. 1 the high mobility and
the shadowing-induced deep fades may result in the vehicles
travelling hundreds or even thousands of meters with a blocked
control link. However, the combination of OTFS and RIS is
capable of providing substantial performance improvements in
all SAGIN scenarios, as seen in Fig. 12.
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Fig. 13: Effective throughput of RIS assisted OTFS and OFDM
systems with respect to fading parameters of Ricean K factor,
maximum delayτmax and vehicle speed.

E. Effect Throughput Results

Fig. 13 investigates the effective throughputs of the RIS
assisted OTFS and OFDM systems with respect to different
fading parameters, where the train scenario of Fig. 1 is con-
sidered, while the mobility scenario of Fig. 7(a) is assumed.
Based on the OTFS input-output relationship of (46), the
effective throughputCeff is evaluated by [13], [87], [93] (54),
where the total number of combinations fors̃ is given byI,
and the conditional probability based on (46) is formulatedas
p(ỹ|̃sι) = 1

πN0
exp(−‖ey−eHesι‖2

N0
). When QPSK constellation

is used, the maximumCeff of (54) is given by 2 bits/sec/Hz as
seen in Fig. 13. The system throughput is given byCeffM∆f
bits/sec.

Fig. 13(a) confirms that the single-tap frequency-domain
equalizer (FDE) of OFDM suffers from a performance loss
with or without RIS, rendering it unsuitable for high-mobility
SAGIN systems. By contrast, Fig. 13(a) demonstrates that the
deployment of RIS results in an effective throughput for both
OFDM and OTFS, which approaches their maximumCeff of 2
bits/sec/Hz at reduced SNRs, as marked by “Gain by RIS for
OFDM” and “Gain by RIS for OTFS” in Fig. 13(a), respec-
tively. Furthermore, the RIS-assisted OTFS system achieves
the maximumCeff of 2 bits/sec/Hz at a lower SNR than its
RIS-assisted OFDM counterpart, which is marked as “Gain
by OTFS over OFDM” in Fig. 13(a).

In Figs. 13(b)-(e), the SNRs required for OFDM and OTFS
systems with or without RIS achieving maximumCeff are
compared for different fading parameters. It can be seen in
all of the Figs. 13(b)-(e) that the deployment of RIS resultsin
substantial performance improvements over the case of using
only the direct SD link in both OFDM and OTFS systems,
even for Ricean K factors as low as -6 dB. Furthermore, the
OTFS systems always outperform their OFDM counterparts.
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Fig. 12: Effect of RIS configuration for SAGIN:BER results of RIS-assisted SAGIN scenarios of Fig. 1 using OFDM and OTFS at S-band
(2.6GHz), where DD-domain channel estimation is invoked. The RIS configuration of Sec. III is compared to random configuration.
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∫
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(54)

Additionally, Fig. 13(b) demonstrates that asKSD = KSR

increases, the difference between the RIS-assisted OFDM
system and RIS-assisted OTFS system becomes smaller, in line
with our discussion in Sec. V-D. Nonetheless, the performance
results of both RIS-assisted OFDM and RIS-assisted OTFS
systems are stable for differentKRD, τmax and vehicular speed
values in Figs. 13(c), (d) and (e), respectively. This once
again confirms that the RIS assisted OTFS systems are capable
of providing superior performance compared to their OFDM
counterparts in high-mobility strong-LoS SAGIN scenarios.

F. The Effects of Path Loss Parameters

In this section, we investigate the effects of PL parameters
for the RIS-assisted train communication systems of Fig. 1,
where the mobility scenario of Fig. 7(b) is assumed. The
PLs of SD, SR and RD links are modelled by (4), where
the coordinates are initialized as(xS , yS , zS) = (0, 0, 0),
(xR, yR, zR) = (500, 4, 0) and (xD, yD, zD) = (xD,−2, 0).
The achievable antenna gain isGe = 4πAe

λ2 , which is as-
sumed to have an aperture ofABS

e = 80cm2 at the BS and
Auser

e = 40cm2 at the user.

Fig. 14(a) investigates the power-efficiency gain of using
RIS, when the train user is travelling to different locations.
The direct SD link suffers from obstacle-induced blockage
and high NLoS attenuation with PLE ofγSD = 3.8, while
the RIS-reflected links are associated withγSR = γRD = 2.0.
In Fig. 14(a), the transmit powersPt (dBm) for BER=10−4

at different user location of(xD, yD, zD) = (xD,−2, 0)
are recorded in the top right subfigure, while the power-
efficiency gains are recorded in the bottom right subfigure. It is
demonstrated by Fig. 14(a) that the RIS power-efficiency gain
is maximized when the user is close to the location of RIS.
On one hand, when the user moves closer to the BS, the direct
SD link becomes strong enough without RIS, as evidenced by
Fig. 14(a). On the other hand, when the user moves away from
both the BS and the RIS, the RIS-reflected links begin to help
more, especially as the RIS sizeR increases. However, the
power-efficiency gain of the RIS gradually decreases, asxD

increases, which is due to the fact that the RIS-reflected links
gradually become weaker, as evidenced by Fig. 14(a).

The effect of the PLE of the SD linkγSD is investigated
in Fig. 14(b), which demonstrates that the RIS is capable
of achieving substantial power-efficiency improvements that
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Fig. 14: Effect of PL parameters:Performance results of varying PL parameters for the RIS-assisted train communication systems of Fig. 1,
where the mobility scenario of Fig. 7(b) is assumed.

increase withγSD for a wide range ofγSD > 2.2. We note
that in reality the PLE of the SD link may range from 2 to 6,
depending on the blockage conditions [22].

Fig. 14(c) demonstrates that the RIS power-efficiency gain is
reduced to a diminishing level even for a RIS size ofR = 256
in the higher FR2 K-band and Ka-band bands. This is due
to the fact that the BS and user antenna apertures are fixed,
which leads to higher antenna gain for the direct SD link,
as fc increases. Nonetheless, Fig. 14(d) further demonstrates
that if the RIS is attached to the train, the deployment of RIS
is capable of extending the coverage for the train over a long
distance ranging up to 10 km in the K-band, where the SD link
requiring more than 40 dBm is deemed to be out of coverage.

VI. CONCLUSIONS

We proposed OTFS-based RIS-assisted SAGIN systems that
are capable of mitigating the detrimental effects of double-
selectivity in the face of both time-varying ISI in the TD and
the Doppler-induced ICI in the FD, resulting in a robust delay-
and Doppler-resilient solution. The DD representation of the
RIS-assisted SAGIN channels was devised, and the RIS was
configured based on the statistical CSI in the DD-domain.
Furthermore, an attractive DD channel estimation technique
was conceived for RIS-assisted SAGINs, which is capable of
supporting both OFDM and OTFS in a unified platform. Our
simulation results demonstrate that the proposed OTFS-based
RIS-assisted SAGIN systems are capable of achieving substan-
tially improved performance over both the case of using only
the direct link without RIS and the case of OFDM aided RIS

across a wide range of SAGIN channel parameters, including
the Ricean K factor, Doppler frequency, delay spread, coverage
distance and carrier frequency.

Nonetheless, it is worth noting that although it is proven
in [66] from first principles that the DD-domain interferences
induced by the fractional delay and Doppler indices become
negligible, given sufficient time duration and bandwidth, many
SAGIN applications rely on low-delay and low-rate commu-
nication links [1]–[7]. The potential DD-domain interferences
imposed by the limited bandwidth for SAGIN control links
exceed the scope of this paper and will be investigated in our
future research.
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