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Abstract—The recently-developed reconfigurable intelligent K factor, Doppler frequency, delay spread, coverage distanceral
surfaces (RISs) are capable of improving the coverage of space-carrier frequency.
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 orthogotha
frequency-division multiplexing (OFDM) becomes inadequate in
supporting RIS for the following reasons.Firstly, the detrimental
doubly-selective fading leads to inter-symbol interference (ISl
and inter-carrier interference (ICl), which result in error floors
for OFDM operating in the time-frequency (TF) domain. Sec- I. INTRODUCTION
ondly, it is far from trivial to configure RIS based on the
time-varying fading channels. Thirdly, the interpolation-based The fledgling 6G system is envisioned to rely on space-
TF-domain channel estimation methods become impractical for air-ground integrated networks (SAGINS) [1]-[7], whichliwi
the high-Doppler and high-dimensional RIS systems. Against gytand the wireless broadband dividend to a global scale.

this background, in this paper, we propose the powerful two- . N . .
dimensional orthogonal time frequency space (OTFS) modulation The International Telecommunication Union (ITU) estinsate

for RIS-aided SAGINs, which transforms the time-varying fading  that only 63% of the world’s population have Internet access
encountered in the TF-domain to the time-invariant fading in the ~ despite the fact that almost 88% have already been covered by
delay-Doppler (DD) domain. More explicitly, first of all, for the  the terrestrial 4G/5G systems [8]. Furthermore, the nurober
first time in the literature, we devise the DD-domain channel Internet-of-Things (IoT) connections has surpassed thtite

model of RIS assisted SAGINs in the face of doubly-selective . . L -
fading. Secondly in order to facilitate the RIS configuration in non-loT links in 2020, and it is expected that 30 billion loT

the DD-domain, we propose to create “virtual” Doppler frequencies devices will have to be connected all over the world by the
that guide the phase changes at the RIS, even though the RIS phasnd of 2025 [9]. However, the operational 4G/5G networks
rotations do not suffer from Doppler effectsThirdly, we conceive only cover about 20% of terrestrial ground and 5% of the
an attractive DD-domain RIS channel estimation method that ,.o5n The time has come for SAGINS to support pervasive

can support both OFDM and OTFS, where the TF-domain - . .
interpolation is eliminated. Our simulation results demonstrate broadband services as part of the critical global infrasteu

that the proposed DD-domain RIS configuration and channel TO make SAGIN a reality, new revolutionary technologies
estimation methods for both OFDM and OTFS are capable are required for overcoming some of the critical deployment

of mitigating the error floors encountered in the TF-domain. jssuesFirst of all, the operational cellular networks have not
Furthermore, our simulation results confirm that OTFS-based paap designed for supporting high-mobility vehicles, sash

RIS-assisted SAGIN systems are capable of outperforming their tellit | d ial vehicl UAY. 4 |
OFDM counterparts and exhibit excellent performance across a Sat€llites, planes, unmanned aerial vehicles (UAVs) as we

wide range of SAGIN channel parameters including the Ricean as trains [10]-[12]. Explicitly, the accurate near-instan@ous
knowledge of channel state information (CSI) is essential
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control link. Furthermore, the terrestrial shadowing fehix of [50]-[52] activate all of the RIS elements based on the
cles, the railway cuttings for high-speed trains [12] and thtlassic DFT matrix, so that the direct link and all reflected
unfavourable satellite elevation angles [11] may all leathe links become orthogonalFourthly, the channel estimation
diminished LoSFinally, the current 4G/5G modulation of or-overhead can be further reduced by grouping the adjacent
thogonal frequency-division multiplexing (OFDM) is prima RIS elements [48], [59], [60], by compressive sensing [61],
ily designed for mitigating the inter-symbol interferen@8l) [62], deep learning [63] and matrix factorization [53]-]56

in time-invariant frequency-selective scenarios [13]wdweer, For multi-user RIS systems, a novel three-phase channel
often detrimental doubly-selective fading is encounteied estimation method was proposed in [49], which exploited the
the high-mobility SAGIN scenarios, where the substantialicommonality of the BS-RIS link shared by all users. All of
increased Doppler frequency leads to inter-carrier isterice the above RIS channel estimation methods are designed for
(ICI) that damages the OFDM'’s subcarrier (SC) orthogonalittime-invariant fading channels.

Against this background, the recently-developed reconfig-|n the face of the doubly-selective fading of SAGIN
urable intelligent surfaces (RISs) [20]-[22] have been-prghown in the third section of Table I, the associated spatial
posed for improving the coverage of SAGINs without buildinglomain (SD), TD, and frequency-domain (FD) correlations
new BSs, as surveyed in the first section of Table I. The Rncountered in RIS-assisted UAV systems are modelled in
consists of a dense population of passive elements, whig7], where the RIS configuration is performed based on
reflect the impinging signal to the desired direction withotihe idealistic assumption of full CSI knowledge, while the
using radio-frequency (RF) chains, hence eliminating loéh associated waveform and channel estimation technique are
signal processing delay and the power-consumption of relaygt specified. As a further advance, OFDM for RIS-assisted
nodes. We note that as shown in Table I, the existing Rifhicular communication systems in doubly-selectiverfgds
assisted SAGINs in the open literature anestly limited to proposed in [58], where the RIS configuration is based on the
the simplified assumption of single-carrier transmission i statistical CSI, while TD and FD interpolation-based cheinn
idealistic time-invariant flat fading channelsTo elaborate, estimation methods are conceived in order to estimatertie ti
firstly, the sum-rate of RIS assisted Internet-of-Vehicles (I0\jarying frequency-selective TF-domain fading channels.
was optimized in [23] based on statistical CSI that incluo!es|n recent years, the two-dimensional orthogonal time fre-
both LoS strepgth as well as the angIe-of—depar';ure/érnv&lency space (OTFS) modulation [64]-[66] has attracted sub
(AoA/A0D). This study was also extended to security outag&antia| research interests as a benefit of its superiopperf
probability optimization [24], to multi-user scenarioss[2 mance over OFDM in doubly-selective fading channels. More
and to loV schedulling [26].Secondly in the context of gypjicitly, OTFS modulates the information symbols in the
RIS-assisted railway systems, the sum-rate optimizati@s Wye|ay.Doppler (DD) domain instead of the conventional time

performed base(_j on both fU” CsSli [27] and stat@stic_al CS"‘[ZSfrequency (TF) domain [67]—[69] On one hand, by invoking
Thirdly, the existing RIS assisted UAV communication systemgq symplectic finite Fourier transform (SFFT), the OTFS

in stationary scenarios have considered energy-efficieply gy mhols are spread over the entire TF-domain, which offers
mization [29], UAV trajectory [30] as well as altitude opiga- e notential of exploiting the full channel diversity [Z972].
tions [31] plus non-orthogonal multiple access (NOMA) [32]g, ‘the other hand, the OTFS transforms the time-varying
Fourthly, for the case of moving UAVs, RIS-aided decodere_qomain fading model into time-independent DD-domain
and-forward cooperative UAV schemes were proposed in [33} esentation of the channel parameters, including ttieda
and the related optimization scenarios include TgraHéﬁfﬁzI gain, Doppler frequency and delay of each resolvable propa-
[34], secrecy rate [35] and UAV-aided loV designs [3BF:  gation path. As a result, the DD-domain channel estimation
nally, a range of RIS assised satellite communication systetPﬂ}%] [74] no longer suffers from time-varying ISI in the
have been conceived in [37]-{40], where an ON/OFF-basg) o from the Doppler-induced ICI in the FD, rendering
time-domain (TD) channel estimation technique is conekive, truely robust delay-resilience and Doppler-resilience f

in [38]. ) N - ) SAGIN applications. Low-complexity equalization techmés

At the time of writing, the existing RIS. assisted SA-5ve been proposed for OTFS in [75], [76]. Furthermore,
GIN systems generally rely on the classic RIS channe},, expoiting the sparsity of the DD-domain fading matrix,
estimation methods that are conventionally designed fOFnessage passing (MP) detectors are conceived in [77]-[79].

stationary terrestrial scenarigsas seen in the second section In summary, the classic OFDM Operating in the TE-domain

of Table I, which may be classified into the following four . . . .
main categoriesEirst of all, the LoS based schemes of [41]_becomes inadequate in supporting RIS assisted SAGINs for

[44] configure the RIS purely based on the deterministic Lotge following reasons:

knowledge of positioningSecondly the partially active ar- 1) System Modelling:The detrimental doubly-selective fad-
rangements of [45]-[47] harness a small number of RF chains ing leads to ISl in the TD and ICI in the FD, which
in order to estimate a fraction of the RIS links. Then the full  inevitably result in error floors for OFDM relying on
channel knowledge is recovered by using compressive ggnsin  subcarrier orthogonality.

and deep learning toolsThirdly, the ON/OFF based least Il) RIS Configuration: It is far from trivial to instanta-
square (LS) schemes of [48], [49] successively estimate the neously feed back the control signals and configure the
RIS-reflected links one by one without interference, while t RIS based on the time-varying frequency-selective TF-
LS and the minimum mean squared error (MMSE) methods domain fading channels.
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TABLE I. State-of-the-art RIS-assisted SAGIN systems.

[ [ Scenarios | Waveform | RIS configuration [Channelmodel [ Channel estimation | Related publications |
[24] maximized security outage probabilit
Chenet al Sum rate optimization| Time-invariant for RiS-assisted loV; [25] extended
23] Car Single-carrier based on statistical CSI| flat fading Not specified RIS-a_sasted multl-user loV; [26] jointl
optimized IoV scheduling and RIS cont
figuration.
Xu et al . . - Sum rate optimization| Time-invariant " [28] performed sum rate optimizatio
127] Y Single-carrier | 1 sed on full CSI flat fading Not specified based on statistical CSI.
Energy-efficiency  opti- [30] jointly optimized trajectory and RIS
Diamantiet | Stationary Single-carrier mizaﬁgn basedyon F;ull Time-invariant Not specified configuration; [31] optimized the altitudes
al. [29] UAV 9 csl flat fading P RIS-carrying UAVs; [32] optimized UAV
trajectory for RIS-assisted NOMA.
RIS and decode-and [34] maximized sum rate based on full
Yang et al. UAV Single-carrier forward  optimization Time-invariant Not specified CSl in THz; [35] m‘aX|m|zled secrecy rate
[33] flat fading based on full CSI; [36] invoked RIS tq
based on full CSI . ]
assist UAV-aided loV.
[38] performed ON/OFF-based TO
channel estimation; [39] proposed RIS-
Tekbiyik et Satellite Single-carrier Max-SNR based on full| Time-invariant Not specified carrying UAV for enhancing satellite link;|
al. [37] 9 Csl flat fading P [40] optimized sum rate for RIS-assisted
satellite  communication based on full
CSl.
[42] conceived hybrid beamforming at the
Han et al. | Stationary Single-carrier Max-SNR based on sta; Time-invariant L6 imwiahe BS based on LoS; [43] invoked discrete-
[41] terrestrial 9 tistical CSI flat fading 9 phase RIS; [44] conceived RIS-assisted
joint localization and communication.
Partially active RIS [46] extended to multi-carrier systems;
Tahaet al. | Stationary ) ! Max-SNR based on full| Time-invariant - Y . [47] investigated the RIS hardware archj-
: Single-carrier . with compressive : S .
[45] terrestrial Csl flat fading e tecture using minimum active elements for
9 channel estimation.
- ] . . ¥ [49] extended to multiuser; [50], [51] in
a- porated BS beamforming.
[54] extended to multiuser MIMO; [55],
He et al. | Stationary Single-carrier Random configuration Time-invariant A {:50?1] éﬂ;ﬂﬁ?eggsgir?agg e(:(?)(lzgirt:zotil;
[53] terrestrial flat fading matrix factorization commonality of the BS-RIS link shared b
all users.
Xiong et . Max-SNR based on full] Doubly- "
al. [57] UAV Not specified csl el Not specified
Xu et al Max-SNR based on staj Doubly- FD/TD domains inter-
[58] ca, WY OFDM tistical CSI selective polation
K OTFS, Max-SNR based on staj Doubly- DD-domain  without
This work e OFDM tistical CSI selective interpolation
ol
e

%

Vehicle-to-Vehicle Train Civial Aviation Supersonic UAV Hypersonic UAV Low Earth Orbit
Distance 300 m 500 m 10 km 20 km 20 km 2000 km
Speed 100 mph 336 mph 671 mph Mach 3 Mach 12 Mach 25
KSP = 3 dB KSP = 3 dB KSP =3 dB K = —3dB KSP = -3dB KSP =2dB
RiceanK KSR = _3dB KSR = _3dB KSR =3 dB KSR = _3dB K% = —3dB KS® =2dB
K®P = 3dB KRP =3 dB K®P =6dB K®P =6 dB KRP =6 dB K®P —6dB
T FR1: 4000 ns FR1: 4000 ns FR1: 600 ns FR1: 600 ns FR1: 400 ns FR1: 100 ns
FR2: 800 ns FR2: 800 ns FR2: 250 ns FR2: 250 ns FR2: 120 ns FR2: 40 ns
Af FR1: 15 kHz FR1: 15 kHz FR1: 30 kHz FR1: 60 kHz FR1: 240 kHz FR1: 480 kHz
FR2: 60 kHz FR2: 120 kHz FR2: 240 kHz FR2: 960 kHz FR2: 3840 kHz FR2: 7680 kHz

Fig. 1: Summary of the SAGIN (worst-case) scenarios consideredsm#per.

[II) Channel Estimation: The high-complexity interpolation-
based TF-domain channel estimation techniques becorfig RIS Configuration: How to configure the RIS in the DD-
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 In more detail, the novel contributions of this work are as
transforming the time-varying TF-domain RIS-reflectedrigd follows:

channels to the time-invariant DD-domain, where the follow |y System Modelling: We propose to model the doubly-

ing open problems are solved for the first time in the litenatu

as highlighted in Table II:

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

reflected fading channels?

domain?

) Channel Estimation: How to facilitate the DD-domain

RIS channel estimation?

selective fading channels of RIS-assisted SAGINs in both
the TF-domain and DD-domain, whebbeth OFDM and
OTFES can be supported in a unified platfornurther-
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TABLE II: State-of-the-art RIS channel estimation techniques.

RIS modelling Doubly-Selectivity OTFS Upgrade
Channel estimation Passivg Both Both Freq Time DD DD DD Support
methods RIS directand LoS Selectivity | Selectivity | domain domain domain both
reflected and channel RIS con- channel OFDM
links NLoS model figuration estimation and OTFS
Hanet al. [41] LoS knowledge Vi v/ v/
Tahaet al. [45] Cgmpressivg sensing v
eep learning
Yang et al. [48] ON/OFF-based LS Vv v v v
Wanget al. [49] ON/OFF-based LS v v/ v/
Jenseret al. [50] DFT-based LS v/ v
Zhenget al. [51] DFT-based LS v v/ v/ N
Nadeeret al. [52] DFT-based MMSE v/ v Vi
You et al. [60] DFT-based LS v v/
Chenet al. [62] Compressive sensing v/
Ma et al. [63] Deep learning v v/
He et al. [53] Matrix factorization v
Liu et al. [54] Matrix factorization v v/ v/
Xu et al. [58] MMSE in FD/TD Vi J J Vi Vi
This work DD-domain v v/ N N N v/ N N v

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 counterpartsin terms of BER, achievable rate and
operating in railway cuttings [12], the airframe shadowing coverage distance.

effect of airplanes and UAVs [16]-[19] as well as the un- The following notations are used throughout the paper. The
favourable elevation angles of the low earth orbit (LEOgperations(-)* and (-)# denote the conjugate of a complex
satellites [11]. We will demonstrate that the proposefumber and the Hermitian transpose of a complex matrix,
DD-domain RIS configuration and channel estimatiopespectively. The notatioria(-) andexp(-) refer to the natural
methods are capable of achieving reliable performanggyarithm and natural exponential functions, respegtivehe
across a wide range of SAGIN channel parameters. notations p(-) and E-) represent the probability and the
”) RIS Configuration: In order to Configure the RIS in the expectation, respective|y, whitee CN><1 refersto a Comp|ex_
DD-domain, we propose to define the time-varying RIGajued vector of sizé N x 1), andA € C¢*¢ denotes thaA
phase rotations by the equivalent time-invariant phagea complex-valued matrix of size x d).
parameters and the equivalent “virtual” Doppler frequen- Thjs paper is organized as follows. The TD and DD channel
cies, which are created to guide the phase changegnodelling of RIS assisted SAGINSs is conceived in Sec. II. The
at the RIS even though the RIS phase rotations dgptimization of RIS reflection coefficients is formulateddan
not experience Doppler effects. In this way, the RIS igolved in Sec. IIl. Our bespoke channel estimation tecresqu
configured to tune the phase and Doppler differencgge proposed in Sec. IV, while our simulation results are

between the direct link and the RIS-reflected links iBresented in Sec. V. Finally, our conclusions are offered in
the DD-domain, so that the LoS power is maximizedgc. V.

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!l- TD AND DD CHANNEL MODELLING OF RIS ASSISTED
performing CSI estimation at the RIS. SAGINs
[lI) Channel Estimation: As a further advance, we conceiveA. General Modelling Notations

a DD-d(_)mam RIS channel estimation technique that In this paper, a single antenna is used both at the source
can be |r_1v0.ked by b.Oth .OFDM. and OT.FS' whdhe and at the destination, which minimizes the CSI estimation
TF—do_ma|_n mterpolaﬂoq IS ehmmated This hew DD- ogverhead in the high-mobility scenarios considered. We not
domain 3'9’?‘?" processing tgchmque coneived for thﬁat as the numbers of antennas is increased at the BS and/or
systems facilitates the following breakthroughs: the user, the channel estimation scheme conceived in this
- The proposed DD-domain RIS configuration angaper can be directly applied using an ON/OFF pattern of
channel estimation techniques can support bo#imtennas. However, this results in an excessive pilot @aeth
OFDM and OTFS, wher¢he error floors observed for high-dimensional RIS links that grows with the number of
in their RIS counterparts operating in the TF- antennas, which is not preferred in high-mobility scersrio
domain are mitigated Furthermore, to elaborate a little further on the scenarios
- The proposed DD-domain RIS operations are capeensidered in Fig. 1, these scenarios are associated wigh ve
ble of substantially improving the performance oflifferent distances, speed, Ricean K factor and maximum
SAGINs across a wide range of SAGIN channel delayr,.x. The source-destination (SD), source-RIS (SR) and
parametersincluding the Ricean K factor, Doppler RIS-destination (RD) links are assumed to be more sparse
frequency, delay spread, coverage distance and cir-the 5G mmWave frequency range 2 (FR2) than in FR1
rier frequency. [5], [10]-[12]. The subcarrier spacing (SCQ)f in Fig. 1 is

- Our simulation results demonstrate that the proposed
OTFS aided RIS assisted SAGIN systems are ca-
pable ofsubstantially outperforming their OFDM



DRAFT 5

TABLE lll: OFDM and OTFS notations.
D FD DD

Transmitter | s | Snom | 3% 1] to enhance the channel sparsity in the DD-domain [69]. Fur-
Fading Bt | Fonm | hpwi? UM ) thermore, it is proven in [66] from first principles that th©b
ReceVer | Yn,m | Un.m | ULF: 1] domain interferences induced by the fractional indice®bec

- ] ) negligible, given sufficient time duration and bandwidtHnjei
specifically chosen for the sake of supporting effective DQg the general assumption of this paper.

domain channel estimation.

For the OFDM and OTFS representations, the TD, FD ail | rge-Scale Path Loss and Small-Scale Fading Modelling
DD notations follow the generic rules exemplified in Table II

An OTFS frame may also be viewed as an Inverse SFFTThe p_ath IQSS (PL) and small-scale fa(_JIing_ par ameters are
(ISFFT) precoding applied t&V consecutive OFDM symbols su;nm:gn.zed in Table IV. The PL of each link is given by [5],
having M subcarriers. The TD signal received in the face J? 1-89):

doubly-selective fading is modelled as [64]-[66]: PL= — 107 log,o(d) — 20 log, (477) G, = 10log,, T dB
~ . by € ’
y(t) = ff h(,9)s(t — 7-)6]271'19(75—7’)de19 + ’U(t)‘t:r]bTT 4)

' Yf)f where~y denotes the PL exponent (PLE). The effective antenna
wherer andd refer to the delay and Doppler frequency, whilgain is formulated agG. = 4’;‘“), where A, refers to
s(t) and v(t) denote the TD transmitted signal and additivehe antenna aperture of the transmitter or the receiverdewnhi
white Gaussian noise (AWGN). The corresponding OFDM. and A = £ refer to the carrier frequency and the
symbol period isI" = Aif, where A f refers to the subcarrier wavelength, resf;ectively. The distandéds evaluated in real-

spacing (SCS). The DD-domain fading gain in (1) is expresséthe based on the coordinates of the soufee, ys, zs), of

as: the RIS (zg,yr,2r) and of the destinationizp,yp,2p).
~ P17 For example, the distance of the SD link is evaluated by
h(m,0) = 2= Mo (T = 7)(0 = 19[))|TPZM17210719P:%- [dS° = \/(zs— 2p)? + (ys — yp)? + (2s — 20)2]. The non-

logarithmic PL is given byI', which is updated based on
On one hand, when the maximum delay exceeds the samplifg distance. In summary, the PL of (4) is a function of
period, i.e. we havermax > 47, frequency-selectivity is gistance and carrier frequency/wavelength, which allows u
encountered, which imposes ISl in the TD. It is assumed §§ examine the performance of RIS-assisted high-mobility
(2) that a total of P resolvable paths of the DD-domain fa”systems in different frequency bands. Specifically, assgmi
into L ltirTne del?y line (TDL) taps in the TD, i.e. we haveihe same PLE for the SR and RD links %R0 = SR = RO,
T = % = 3747, Wherel, € [0,L — 1]. On the other the overall PL of the cascaded source-RIS-destinationredan
hand, when the maximum Doppler frequengy becomes js given by I'SRD = I'SRPRD o L___. This implies

. L dSRARD)Y

comparable to the SCAf, time-selectivity is encountered, o ynder generic far-field propagation conditions, th&-RI
which imposes ICl in the FD. It is assumed in (2) that thgsnected links suffer from severe PL that is inversely propo
component Doppler frequencies are all substanualg '?W&'" tional to the product of the segment distances [90]-[92].
the civerglwlﬂb?ndmdth, i.e. we have), << MAf},Z5, S0 For small-scale fading, the LoS path is always associated
that hpeTAz.)f still remains near-constant over a samplingvith [ = 0, while the NLoS paths are randomly distributed
period of%, but varies fom = 0, --- , M —1 within an OFDM over L TDL taps fori = SD/SR/RD. The LoSAand NLoS
symbol periodl’. Upon sampling in the DD-domain, the time-powers are determined by the Ricean K factot for i =
varying frequency-selective fading can be uniquely regmésd  SD/SR/RD. The maximum Doppler frequency is given by
by the time-invariant parameters of fading gdip, Doppler fi = % for i = SD/SR/RD, wherec, f. and v* refer
index k, and delay index,,. The relationship between the TDto the speed of light, carrier frequency and the vehicular
and DD fading representations seen in Table Il is expresssgeed, respectively. The RIS is assumed to be comprised of

as: R passive reflecting elements, where a uniform planar array
b B Pflﬁ By (nM+m—L) 3 (UPA) is adopted. The RIS phase rotations are also assumed
m,l = 2} PYMN (kp, Ip)li=t,, ®) 1o be time-varying asv, ,, = [0, ...+ , ol 17, where we
p: y

have the constant-envolope constraint{¢f;, ,,| = 1B .
where wir{" — exp(jZhetMim—l)y and b, ., Nonetheless, we note_ that due to the passive na_lture of RI_Ss,
models thel-th TDL tap for the m-th sample in then- the same phase rotation of each RIS element w_|II be applied
th OFDM symbol, while we haved(k,,l,) = 1=, or to a_II the channel impulse response (CIR) taps in the TD or
b(kp,l,) = O|;—;, for the cases that the-th DD-domain equyalently to the channel frequency response (QFR) of all
resolvable path falls into thé-th TDL tap, or otherwise, SCS in the FD. In other words, the RIS phase rotations can be
respectively. This implies that the DD-domain represénitat ime-varying but remain strictly non-frequency-seleetihs a
allows us to separate the propagation paths experiencing fgSUlt; in this work, we opt for configuring the RIS based on
same delay, hence attaining a higher degree of freedomStatistical CSI, which will be elaborated on in Sec IlI.
channel modelling. Nonetheless, it is worth noting that the o ]
off-the-grid paths associated with fractional delay angypler C: The Source-Destination (SD) Link
indices may induce interference, which can be mitigated byFor the SD link, there ar@SP DD-domain resolvable paths
appropriate windowing at the transmitter and receiver oteor associated with the maximum delaygi>, . The TD and DD-

kp(nM+m—ly,) 27k, (nM+m—l1p)
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TABLE 1V: Key model parameters of RIS-assisted system.

Source-Destination (SD) Link Source-RIS (SR) Link RIS-Destination (RD) Link
Distance P = R = dP =
Vzs—20)?+ (ys—yp)?+(zs—20)> |/ (@s—zr)?>+(ys—yr)>+ (25— 2r)> V(zr—20)*+ (yr—yp) + (r— 20)2

SD SR RD
PLE i o o
PL FSD:(dSIaf'ySDg —210-1GT4GR SR (¢SR)— R ax —2150.1GTX FRDZ(dRD)—yRD an —200.1GRX
Ricean factor KSP KSR KO

7<SD 7SR 7RD
LoS power KTIH KSRf_l KTIH
NLoS power ®&Sb11) (&SR (KRb11)
Max. Doppler I IS T
Max. Delay TSB“ Tmix le[;x
LoS offset flg,D cos(¢8D f%R cos(gbgR) fRD cos(quD)

SD __ . . Ys—YD SR __ YSTYR RD __ . YR Y
LoS AoA ¢g° = arctan oop ¢g" = arctan co—en ¢o° =arctan ms—mg

A0A Zg=Z AoA Ys—y
RIS AoA 07" =arccos Z_SRR, """ =arctan ﬁ
AoD Zp—* AoD YDV

RIS AoD 07" =arccos SRDRY P =arctan igﬂu;

domain fading representations of théh TDL tap of them-th k5% € [—k3R,, k3R, ], respectively, where we haveSR =

max’ "“max

TD sampling period within thei-th OFDM symbol is given [7SR MAf] and k3R = [fRRNT]. Furthermore, based on

max max

by: the azimuth and elevation AoAs 6f°* = arccos 2% and
po_y ¢"o* = arctan 25=E at the RIS, the LoS paths associated
75D Kyl (nM+m—1,) with [ =, = 0 andp = 0 are given by:
h’il,)m,l = Z h;S)DWMN b(kSDv Ip)i=1,, (5) P P 9 y
=0 SR KSR kSR (nM4m) % [aUPA(eAOA (pAoA)} )

Y —
for 0 < 1 < LSP— 1. More explicitly, for the NLoS associated """’ KSR4 17 MN ©

. < < SD_ . _. . .~SD . .
with1 < p < P 1, the time 'T“’a“‘".‘“t .ga'ﬁp |s_generated For the UPA havingk, and R, elements on thg andz axes,
based on the complex Gaussian distribution with zero megn KO .
e array response is given by:

and a variance ofm. The NLoS delay indices ,
{1,}271-* are randomly generated withif, Z° — 1], where avea(0: ) = [L,- - exp {j 5 d[ry sinfcosp +rzsingl}

o : 28 d (R, — 1) siné cos R, —1)si T
we haveLSP = [rSP M Af7. The Doppler indice?‘glcp}f,if1 exp {J 5 d[(Ry = 1)sinbeos o+ ( )sin S(Dl}c})%

ax

are randomly generated over the range [ef:0,, kily],  where we have[l < r, < R, [I < r. < R.)] and

where the maximum index is given b§20, = [f3°PNT]. (R = R,R.), while (d = 2) denotes the antenna spacing.

Furtge_rmqre, tge LoS path associated witk= [, = 0 and pgased on (9), the LoS fading gaT@Rr of (8) associated with
= 0 is given by: 7
p g y p = 0 is now given byhS™ = \/K?Sil[aupAWAOAMAOA)M

pSD KsP wng(nM+m) ©) Moreover, the LoS Doppler index in (9) is given by
om0\ SD 1T MN ’ kSR = [f3Rcos(¢S¥)NT], where the angle ig¢§R =

where the LoS fading gaihSP of (5) associated withp = 0 is arctan 5= o).

_ _ - 99 L _ o Following this, the signal received at theth RIS element
simply given byhgP = /&5, while the LoS Doppler index is modelled in the TD and DD-domain as follows:
is given bykSP = [ f5P cos(¢5P)NT']. The angle between the LSR_1 PSR_1 g
LoS and the direction of movement is evaluated (pyP = yfsznzz hii@,zsn,m—lzz hﬁR'wﬂjN(” me ")sn,m_lp,
arctan 22=¥2). 1=0 p=0

As a result, the signal received from the direct SD link is (11)
modelled in the TD and DD-domain as follows: where we haveb(k3R,1,) = 1 for all the PSR resolvable

10, PO paths.

SD SD 7SD k:,SD(n]W-Q—m—lp)
Ynom= h m.lSnm—1=— h> w,? Sn,m—1,» . . .

e l; T ,;J poMN - E. The RIS-Destination (RD) Link

. . ) The RD link hasPRP resolvable paths associated with the
where we have(k,",1,) = 1 for all the P>~ resolvable paths. 1 avimum delay ofrR0_ . The NLoS model of the RD link

max*

hRP i the same as (8) for the SR link, where the superscript

n,m,

D. The Source-RIS (SR) Link of SR is replaced by RD. Furthermore, based on the azimuth

: AoD __ 2D — 2] AoD __
The SR link hasPSR resolvable paths and a maximum dela)and elevation AoDs of¢"®” = arccos %rs*) and ("7 =

of 7SR . Similar to (5), the NLoS path for theth RIS element Zg(ftan o=i% ), the LoS model of the RD link is formulated

max”*

(1 <r < R) is modelled by:

KRD RD
PSR_1 RD. wko (nM+m) > [a (eAOD AOD)]
=~ KSR (nM+m—1p) ) n,m,0 RD MN UPA P T
R = S RS b(kSR 1) =i, (8) Kl (12)
p=0 The LoS fading gain is given by Y =
for 0 <1 < LSR— 1, where the NLoS power o{ﬁff‘r 52*1 \/%[aum(&’*w, ©"P)],., while the LoS Doppler

is updated 10 sy pse—yy- The ranges for the delayindex is given bykf> = [ fRP cos(¢R°")NT. Furthermore,

and Doppler indices are given by, € [0,L5F — 1] and upon applying the time-varying RIS phase rotations, the
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signal received at the destination from théh RIS element the RIS configuration based on (18) requires instantaneous

is expressed as: CSI knowledge of both the LoS and NLoS paths fed back
D LF_1  RD SR. through the control link, which is impractical in time-vamng
r _ r T . . .
Ynm = 2ui=0 hn,m,za%m—zyn,wm SAGIN applications. As a remedy, we seek the RIS reflection
PR _15Rp. Kk, "(nM+m—ly) s s F :
= Zp:O h;FfD'WﬁN » afl,m—zpyn?n_z , coefficients that maximize the dominant LoS tap as seen

()13) in [48], [58], which is shown to have neglible performance
where we haveb(kijmlp) — 1 for all the PRP resolvable difference with respect to the SCA algorithm. In summary,
paths. the low-complexity RIS configuration based on statistic8l C
is formulated by:

F. Received Signal Modelling max(,. y&  |hpmol?
Based on (7), (11) and (13), the received TD signal is subjedrtb’:['bﬁrl |=1,Vr=1,---,R, (19)

formulated as: n,m
where the LoS of (15) is given by:

SD__
Yn,m = ZZLOEQ ! hil?mééosn,mflo + Un,m
+ Z’II“%=1 ZLlLl:O_l le:o_l a:h7n*l2 h’rsL',?'frPrLfl2,ll hi?;L,IQSnvm_ll_ZQ sD R SR RD
= Zl=_01 hn,m,lsn,m—l + Un,m (14) hn;m:O = hnym)o + Z a:L,mhn,ﬁlﬁh’anl,O' (20)
. . =1
where v, ., refers to the AWGN associated with a zero '
mean and a variance d¥,. The total number of TDL taps Based on this, the RIS configuration in the TD is given by
is L = max(LSP, LRRD) where the RIS-reflected links[48], [58]:
irggose an increased number of multipaths associated with
L

RD— SR LRP_1. The equivalent TD fading that models ;,SD (hSR,, },RD: )*
the composite direct and RIS-reflected fading channels/engi o = n,m,0 \ ""n,m,0""n,m,0 1)
by: nm *|
g i B0 (hS%. 0150
o i Y SRR 0 <1 <min(L3P—1, LSFRP-1),
Bnma=3 WS> ., LSRR <1< 1, if L=L%,
S bt L®<I<L-1, if L=L%% B, RIS Configuration in the DD-Domain
15
where the cascaded RIS-reflected fading is: For the time-varying frequency-selective fading mode th
SRARD R . general rule for transforming the TD representation to tBe D
Myt = 2ot +1a=t Vo3, Fmo- - (16) - domain representation s, . — fywhvn ", where we

Similarly, the received DD-domain signal is expressed as:; Nave the time-invariank,,, Doppler indexk and delay index

1. Similarly, for the time-varying non-frequency-seleetiRIS
pSP_q1~+ kiz (n]W-‘rm—lpo)

- SD hase rotations, we propose the following TD to DD-domain
Yn,m = Zp():() hpo Wy N Sn,m—lp, P inne prop g
R PSR_1 PRO_1 . ~SR.7RD, transformation:
+ Zr:l Zple p2=0 Oén,mflp2 P1 P2 RIS
ERDr g (kSR + KRy (nM+m—1p,, —1p,) r _ ~r kor(nM+m)
x pr?V pl w]\l% " plsnf;%*lpl —lpy + Un,m- an,m N “YMN ’ (22)

17) I . , o .

It is of vital importance to transform the time-varying RISVhich is associated ‘F’Q"l'th a time-invariant phasé and a
phase rotations,, . to the corresponding DD-domain repre_\/|rtual Doppler indexkR'S-. We note that the RIS_ltseIf _does
sentation, which will be presented in the next section. not suffer from the Doppler effect, hence the nominal “aitu
Doppler index. Moreover, the RIS is non-frequency-selecti
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
A. RIS Configuration in the TF-Domain phase and Doppler differences between the SD link and the

The time-varying RIS phase rotations are strictly norRIS-reflected links in the DD-domain. In other words, the

gﬁglsjgr}g){;l?iilﬁgt\i/\\llﬁl [gg],a %3&1655?(1 Whesr%tshgrsggqu?vsael}:egrﬁy time-varying RIS configuration is simplified to setting theot
alr . N . T RIS,

to L TDL taps. Therefore, the RIS optimization problem ma%}me invariant parameters of apdk ‘

be formulated in the TD and FD as: Therefore, the RIS-reflected link of (16) may be represented

in the DD-domain as:

IIl. OPTIMIZATION OF RIS REFLECTION COEFFICIENTS

L—1 M-1 7.
maxay gr 3l [hnmal® = maxy yp 35070 e,

oottt 1. SR-RD, _ ~7SR.7RD,
subject tolaj, ,,| =1, ¥r=1,--- , R. 1) B _ZWMHP " hSRRRE

_ . (KROr kR (kSR kRO L kRIS Y (n M 4m—1,,, —1,,)
The CFRsh,,,, of (18) are obtained by the FFT of the X Wy 2 Ty T e

CIRS h,,m; of (15), which will be further elaborated on (23)
in Sec IV. This problem is non-convex due to the constartlis facilitates the simplified DD-domain representatiéthe
modulus constraint, which can only be suboptimally solveégceived signal model of (17):

by the successive convex approximation (SCA) technique in

P-1
the FD [48]. The SCA obtains a stationary point at the cost Yrm = Z B i (nMAm=ly)
p=0

k
! L why Snom—1., + Un.m, 24
of polynomial complexity in terms of/ and R. Furthermore, PEMN e e (24)
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. R
TF-Domain: {{{a:‘Mm }re1tvmtva

DD-Domain: {&", kRISr} R RIS Controller . ]
Control link positioning-related path loss, AoA/AoD as well as the vehic
A > m ——————— : ular velocity, which can be obtained by the global positioni
. | system (GPS) that is essential for SAGIN applications. As a
Reflecteg v result, channel estimation for RIS configuration at the RIS i

links avoided, but full CSI estimation for both LoS and NLoS is
still needed for the composite direct and RIS-reflectedslink
for the sake of signal detection at the destination nodechvhi
/ RIS will be detailed in Sec. IV.

D. The Number of Paths is Increased by RISs
Fig. 2: Schematic illustration of the RIS configuration in the TF and .
DD domains in RIS assisted vehicular communication systems. 1 ne deployment of RIS naturally increases the number of

paths. Explicitly, in the TD, the set of resolvable TDL deday

where the composite direct and RIS-reflected DD-domatn 9'VE" by:
fading channels are expressed as: {lo}vigeo,Lo—1) U {l1 + 2 }wi, €f0, 257~ 1) iz €f0,270—1], (28)
Ry = 1SPb(kSP, 1,)) where U refers to the union of two sets. As discussed in
R ~7SR.TRD, (Kpom kM)l Sec. II-F, the RIS-reflected links generate an increasedeum
21 2w, Flpy=lp, @ hof hEDrwy ' g

of paths associated with an increased range for the delaxind
(25) [ €10, L — 1], where the maximum delay of the RIS-assisted
system is given by, = max(LSP, LSR4 LRP —1).
Furthermore, in the DD-domain, the set of resolvable paths

X b(kSR, 1 )B(RRO" 1),

P10 p2

while the Doppler index and delay index are given by:

f — { kéD, b(k§D> l,) =1, is represented by:
P kR 4 RO + kRS b(RpR 1, )b(KRP 1) = 1.
ZS 1 D2 b(kSD ; ) B 1( P1 Pl) ( P2 P2) {(k;?’s{{o)}vg%e[o’]);?gl]
=< P> SRR N UL (SR kN RN L 41 _ 1
Ly { Ly, + lpyr (KSR 1, )b(KRD" 1) = 1. (R ¥R TR Loy ol v o, o )

(26) which substantially increases both the Doppler index range

Finally, based on the discussions in Sec. Ill-A, the low; 4 the delay index range. The Doppler index range becomes

poruplexity RIS configurfation of (21h) based on §tatistifca|1|l Ci_—k‘max, kmax, Where the maximum Doppler index is given by
in the TD may be transformed to the DD-domain as follow: max = KSR+ kRD 4 kRIS \while the maximum RIS Doppler

L& = /ISP /RSRTRO- index of (27) is given bykRS = k3D + kSR + kRD. The

max*

(2’7) maximum Doppler indices for the SD, SR and RD links are
where the LoS Doppler indices and the time-invariant gairﬁjff'ned in S.ecs.. II-C, 1I-D and II-E, respgctlvely. The delay
are defined in (6), (9) and (12). index range is given by [0, L—1] as seen in TD. Therefore,
' the total number of resolvable paths in the DD-domain may be
expressed a®SP < LSP(2k3D + 1) without RIS andPSP <

C. Comparison between RIS configurations in the TF and DI 2kmax + 1) with RIS.
domains In order to demonstrate this, Fig. 3 portrays the numbers of

The schematic illustration of the RIS configuration is pof€SClvable paths in the TD and DD-domain for a RiS-assisted

trayed by Fig. 2 for a vehicular communication system. THEgh speed train communications system (Scen_ario_ Train in
control information on RIS configuration can be conveyed Hyd- 1) versus the maximum delay,.. and RIS size in the
a separate link, such as Bluetooth, and the associated tmfd FR1 S-band (2.6GHz) and FR2 K-band (26GHz). More

duration has negligible impact on the data rate compared $PliCity: Fig. 3(a) and Fig. 3(b) demonstrate that the RIS

the pilot overhead, as assumed in [48]-[52]. As portrayé'acreased the number of paths in the TD from the range of

SD H . . .
by Fig. 2, the TF-domain RIS configuration based on (21y-L>" — 1] without RIS t0 [0, L — 1] with RIS, which is
requires instantaneous feedback on the time-varying Rﬁ@hsuS%Stant'saD"y I(;\Ifjver than _the increase ngghe DD-domain from
rotations {{{a’ , }2 }ym}v. based on the time-varying? == L°"(Zkma+ 1) without RIS t0 P> < L(2kmax+ 1)
fading channelsf;{hSD o Foms {{{RSR O Ty Jva and with RIS. Fig. 3(c) and Fig. 3(d) further qemonstate thgt@'vl
({0 1R }Vm}v)n-’By contrast, the DD-domain RIS con to the fact that the non-frequency-selective RIS phastioot

ﬁ r"ﬁmﬁ [):1 4 on (22) onlv requires th i of tim-do not impose extra delay for increasidgy the number of
nguration based © (22) only requ (;,SS Re pair o e|ciaths has only been substantially increased in the DD-domai
invariant DD-domain parameters §&", k~">-}.* ; optimized

by (27), which substantially reduced the feedback commexiLoarvik:,:;ﬂ},itrf Oség?nd associated witht = 2L and K-band

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]Based on the TF- and DD-domains representation of RIS
[41]-[44], [80]-[83]. The statistical CSI of LoS paths inde channel modelling of Sec. Il and the RIS configuration of

RIS, _ 1.SD _ 1.SR. RD,
k =ky — kg — kg

)

IV. OTFS WAVEFORMS AND CHANNEL ESTIMATION
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y(t)

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

Time-Frequency Domain
yln,m

(b) OFDM based OTFS

Fig. 4: The schematics of OTFS based on pulse-shaped OFDM (PSADESINg bi-thogonal pulses [64], [70], [77] and OTFS based on
OFDM using rectangular pulses [67], [74], [77].

Sec. lll, the OTFS waveforms and channel estimation tech-
nigues are introduced in this section. The schematics ofSOTF
-©- Time domain, RIS-assisted -©- Time domain, RIS-assisted based on pulse-shaped OFDM (PS-OFDM) using bi-thogonal
-0~ Delay-Doppler domain, RIS-assist¢{ ~<0- Delay-Doppler domain, RiS-assisted pulses [64], [70], [77] and OTFS based on OFDM using rect-

-@- Time domain, SD only -@- Time domain, SD only anQUIar pUISeS [67], [74]1 [77] are portrayed by Fig- 4, vihic
~@- Delay-Doppler domain, SD onl ~@- Delay-Doppler domain, SD onl are detailed in Sec. IV-A and Sec. IV-B, respectively. The

100 ,33\‘6‘ L LHJ h‘s\ dT\ Ty 100 ,33\‘6‘ L LH“ h‘S\ dT\ ¢ channel estimation techniques conducted in the FD, TD and
% ffc:Z.rngl-(lz S TH w0 jczzg‘g,fz oty H DD-domain are conceived for OFDM and OTFS in Sec. IV-D,
g0 | Af=15 kHz _ 80 |LAF=120 kHz _| which are compatible with 4G/5G OFDM infrastructure.
M=64, N=32 B M=64, N=32 g
2 70 P=2 - 2 70-P=06L -
® [ i=SD, SR, RD 1 ® [ i=SD, SR, RD 1
2 60 RisR=4 72 60 RiSR=4 7
; 50 _ ; 50 1 A. OTFS Based on Pulse-Shaped OFDM
Qo r 1 Q r T
5 o 15 e 7 The schematic of PS-OFDM based OTFS [64], [70], [77] is
30 - 7 80 - 7 shown in Fig. 4(a), which is equivalent to ISFFT precoded
20 |- - 20 - D PS-OFDM spanning over/ SCs andN OFDM symbol
10— - 10 I durations. First of all, the OTFS transmitter modulatestalto
ol o L@F number of NM PSK/QAM symbols in the DD-domain as
1 2 3 4 5 6 200 400 600 800 1000 1200 {{3[k, 1|} N1 }M=1. The ISFFT is performed at the transmitter
Maximum delay [is) Maximum delay (ns) as:
(@) (b)
N—-1M-1
-©- Time domain, RIS-assisted -©- Time domain, RIS-assisted g[n m] 1 S w”kw*ml_ (30)
-©- Delay-Doppler domain, RIS i -©~ Delay-Doppler domain, RIS-assisted ’ v NM o 120 N =M
-@- Time domain, SD only -@- Time domain, SD only
’;ODe'ay'DOpp'er domain, SO on! o ~#- Delay-Doppler domain, SD ont o, Following this, the continuous-time Heisenberg transfdsm
336 Mph (~High-SpeedAMY 14 [336 mph (~High-Speed Traj invoked at the transmitter as:
g0 [fc=2.6 GHz (S-ba i | fc=26 GHz (K-band) 1
+Af=15 kHz B 160 Af=120 kHz ] ( ) Z Z [ } ( T)
70 [ M=64, N=3 . M=64, N=32 ] 5[, Mgz (t —n
@ rP=2L' 1 e 140 [ P=0.6L ] % 6727rmAf(t nT)| ’ (31)
g %0 7 R 120 _i=SD, SR, RD ] p= MO Mep) b pop g
o I 1T o
B 50— -1 5 L i
2 a0 L 18 1oor 41 where M., is the length of the cyclic prefix (CP), while
E [PSDSRRD 1 E 8 T gi(t) refers to the transmit PS filter. Under the condition that
Z 30 maxdelay: fis 12 el 4 M., << M, (31) may be expressed in discrete-time as:
20 — — 40 -
L g L B M-1
10 - 20 |_Max delay: 800 ns _ 1 L m _ m
TSSO Y e = = O Al (D = o nmlan (77
4 8 16 2 e 0 2 a4 8 15 2 e m=0 (32)
Number of RIS elements Number of RIS elements ’ M— 1 —1 m
© ) where We haves'[n,m] = W Yo SN, mlwi™ =

Fig. 3: The numbers of path in the TD and DD-domain for thefN SN B[k, mlwik. The received 3|gnal of (1) spanning
RIS-assisted train system (Scenario Train in Fig. 1) with respectdyer N OFDM symbol durations is extended as:

maximum delayrmax and RIS size at 5G FR1 S-band (2.6GHz) and
FR2 K-band (26GHz). o1~
= [ [ X0 hpd(7 )5(19—0,,)5(7:—7)

><e927”9(t T>d7‘d19+v M ,
( )‘t: WM tm 9= K

y T= MAf’
(33)



DRAFT 10

which may be expressed in discrete-timé: as Finally, the SFFT at the receiver leads to the following iapu
P_1 output relationship of (42).

y[n,m] = ﬁpwﬁ;’;MW’_l"]s[n, <m—1, >y]+v[n,m], We note that (42) is derived under the assumptions that the
=0 CP length is smallM,, << M and a CP is inserted for each

(34) OFDM duration for the sake of compatibility with the exigin
where the composite direct and RIS-reflected links in the DIDFDM infrastructure. If a single CP is added to the entire
domain are expressed in the same way as in (24). The OTBSFS frame, the TD circular convolution of (34) becomes

receiver invokes the Wigner transform formulated as: MN-periodic according to:
. ’ P-17  kp[nM+m—I,
y(tv f) = /g:m (t/ - t)y(t/)€7]2ﬂf(t 7t)dt/‘t:nT,f:mAf7 y[n’ m]zzp:()l hpwﬂﬂ[\f ]S[<77/M+m—l>]w]\]] +v[72‘£1;’;3‘]

(35) : s . . )
whereg,..(t) refers to the receiver PS filter. The continuousAS a result, the input-output refationship of (42) becomes:

time representation of (35) may be expressed in discrete-tiy|k, 1]225;01 E,,T(k, 1k, 1)S[<k—kp> N, <I—Lp> 1] +0[k, 1],
as: (44)

o - -1 . / m’ +n  where the DD indi h rotations ar fin :
y[n,m]:ﬁZfLé M1 s ((n—n)T—l-ﬁT)y[n,m] ere the dices based phase rotations are defined as

—m(n/ —n)M+m’] _ kp(<l=1p>nr)
N-1 M-—1 P><1WM ! 7 T(k l kp lp): MJ]\J k k l7 l k -1 lZ lp-
= it T S Sy 93 (0 = )T+ 57 T) By T Vi L P
o R P A v ey (45)
Let us assume that the ideal transmitter and receiver P&filte  5EpM and OTES in Matrix Form
have the following cross-ambiguity function exhibitingethi- _ . _
orthogonal property: The input-output relationship of the OTFS waveforms of
. , 39), (42) and (44) may all be expressed in the following
_ * r N, —g2w f(t'—t) 34/ ( ’
Araga=[ gra(t’ = 1)gea ()™ L I L L matrix form: .
t =n'T + ST, y=Hs+v. (46)

f=mAf+ &
= 6[n]d[m] for k € [miny, kp, max;, k,] and! € [min, [,, max, [,]. The x-th element iny € CMN*1 is given byy, = 3k, 1],
i where we havek = | £ | and! = « — kM. Similarly, the
Then the Wigner transform of (36) may be extended as (38).th elements irs € CMV*! andv € ¢CMN*1 are given by
P-17 kynM-I, — ~ — . X 4
where we havey'[n, m]=5"1 ) by iiN" s/ [n<m’—l,>r 5, — 5k,1) and v, = o[k, 1], respectively. The DD-domain
] +v[n,m]. Finally, the SFFT at the receiver leads to thegyding matrix H € CMN*MN s time-invariant and sparse,

following input-output relationship for the OTFS waveformynere the non-zero elements are givenHy, = hpw;{’j@lp
expressed by (39), wherg< k — k, >n,< I =1, >m| associated with = Mx < k—Fk, >y + < L — 1, >
and y[k, ] refer to the modulated symbols and the receivegd; OTES based on PS-OFDM of (39). Similarly, we have
symbols both in the DD-domain. The AWGN term in thquHL _ ?prjkv?](\lf_lp) and ]’:‘VI,{L _ Epf(k I kp lp) for OTES

o N-1 —nk ,
DD-domain[k, m] = 7 37,2y vln, mlwy"" has the same pageq on OFDM using the symbol CP of (42) and frame CP

distribution characteristics as the TD AWGN in (24). of (44), respectively.
Based on (46), the MMSE detector [75], [76] may be
B. OTFS Based on OFDM formulated asz = (H”H + NoIyn) 'H"y. Furthermore,

The ideal bi-orthogonal waveform of (37) is not always rekased on exploiting the sparsity H, a range of MP detectors
alistic in practice. Therefore, the OFDM-based OTFS concey® conceived in [77]-[79]. Similarly, for the OFDM regime,
based on practical rectangular waveforms is proposed i [63 total number ofVA7 PSK/QAM symbols are modulated in
[74], [77], which is portrayed in Fig. 4(b). More explicitly the TF-domain ag{s[n,m]}, =y}, =5, and the TD received
following the ISSFT of (30), the transmitter performs IDFTSIgnal model of (34) may be expressed in matrix form as:

as:

y =Hs+ v, 47
| M2 B | N _ _
s[n,m] = Wivi s[n, mlwiy™ = Wi Z 3k, m)wir. Whgf?}{ zcls(ng?ggf_llze)(j based on TD fading, m; =
m=0 k=0 > =0 Ppwiin "’b(kp,1p)|i=1,. In the face of double-

(40) o . S .
Upon obtaining the received signal of (34), the receiV(?S]re Iectlv:[]y, tl\r/lli/;[é fgd;ng .matm'H |sbno Ior;ger C:;C.UIaﬂt’ ?I_T:?
performs DFT formulated as: ence tHe e ei:tlol? may be performed in the as
e . z = (H"H + NoIp )~ 'H"y. The MP detectors can also
ylnm] = 57 2 mso yln mlwyy be conceived based on the sparsityFbffollowing the same
= e N S hysln, < m— by >t Pwy ™ philosophy of [77]-{79], where there afenon-zero CIR taps
(41)  on each row and column df. Considering that the number
, . . of resolvable pathd> is substantially increased by deploying
1We note that with a slight abuse of notatiaph,m, Sn,m and vy, m, of .
(17) in TD are represented a$n, m], s[n,m] andv[n, m] in line with the ~RISS, we invoke the MMSE detector for both the OFDM and

OTFS representations in this section. OTFS systems for the sake of fair comparison.
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— M—1x~P-1 x <m/—lp> —[('—7) N—kp)[(n'—n) M+m/]
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N—k M+m' k nM+m'—1 M- .
X oy’ [0 s/ =L S b TN k(=) M ng ] (=) M) | (38)
M—1 _
— \/{7\725\:{ _10 P— 1 h s [TL <m 7[ }V[}w;é’;[ p) ]\"L"L +’U['I’L m] =i Zl\l ly [TL Tn}aj]\//mn7
glk, 1] = SN S M g, mlwy Wl = P hpw < k—k 1—1 ok, 1 (39)
Y \/W m—o Y[ mwy " wiy —Zp:o pWprn L[Sk —kp >N, <1 =l >u] 4+ 0k, 1],
M—1 nk, wml P-17  kp(l=lp)~
gk, = \/WE o M g, ey Wiy = > opm0 hpwiin PS[<k —kp >N, <1U—lp >u] + [k, 1] (42)
0 0 0! o 0 hollh 0 R} 0 0 010 0 Ezwe:’:lo 0 s
0 0 0 1 hywi 0 0 'hw? R 0 0 0 0y he O 0 jh hows 0O
00 0., 0 hwi 0 4 0 Red | Q.00 0 hwi_ 0 0 i ks
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0 0 hywl' hy 0 hwi! 0 0 0 0 0  hywd hy 0 hwi ;0 0 0
h,wd 0 0|Elw9 ho o.o 0 0 h, 0 o:fl1 Eowg 0:0 0 0
0 ho] ! "o 0 0 0 hywi 0 1 0 0 0
(a) PS OFDM based oTFs (bg OFDM- based OTFS (Symbol wise CP)
0 0 0 0 0 hywi hy 0 hows
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0.0 _ 0 10 hwi 0 10 hol hws
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hy howy 0 o0 0 :Ez 0 0
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2Wy | N 1Wg 7 o3n+l 7 ,—2(3n) 2(3n)
Ez 0 0 Iﬁl ngq 0 10 0 0 ~ _2(3n+1)0 e hows h1 :—hza)
0 hyw? 0 : 0 hw] hyw? : 0o 0 0 hyw, + hywg 0 howd™*
(c) OFDM-based OTFS (Frame-wise CP) (d) TD OFDM

Fig. 5: Examples of the DD-domain fading matrix of (46) and the TD-donfiading matrix of (47), where we hav&y’ = 3, M = 3 and
[kp’lp] N {[1’ 0]’ [_27 1}7 [2, 1}} Frequency Pilot D Guard D Data
In order to better understand the input-output representa:-. _ i
tions, let us consider a simple example of an OTFS systal i
having N = 3 and M = 3 operating at Ka-band, = 38. 557
GHz and using a SCS ak f = 30 kHz. The vehicle speed is *-
assumed to be 540 km/h and hence the associated maximum
Doppler frequency is given bYmax = 19.25 kHz. The o
fading hasP = 3 resolvable paths associated with indices of iz
[kp, 1p] = {[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)rire wency Domain (FD) CS! estlman;gme =P
(b) and (c), respectively, while the TD-domain fading matri. (c) Delay_Doppler (DD) Domain
for OFDM is shown in Fig. 5(d). It can be readily seen i"‘ ENN EEEEE |
Fig. 5 that the DD-domain fading matrid is time-invariant ——
and sparse, where there afe non-zero elements on each™ "
row and each column. Furthermore, the fading mafdixin  Fig. 6: Schematic illustration of FD, TD and DD-domain channel
Fig. 5(a) has a favourable block-wise circulant structwiggre €stimation techniques.
the non-zero fading taps associated with the same ipde . . -
shifted in position on each row, but are associated with tﬁ\é?FD = N]\fg 2 L pilots are inserted at the SC indices of
same phase rotation. However, for the fading mafixin 77 € {0, NE&,2NEL -+ | (NP —1)NEF}. The first step
F|gs 5(b) and (C), the phase rotations of the non-zero @d|ﬁf the FD channel estimation teChnique of Flg G(a) follows

taps on each row are determined by their specific delay apdhorizontal comb”, where the MMSE interpolation is per-
Dopp|er indices. This will |mpose extra requ|rements foe thformEd based oV, pIIOt observations that are aSSOClatEd with

(b) Time Domain (TD) CSI estimation

channel estimation techniques discussed in the next sectiothe OFDM symbol indices)’ € {n — | Fu—t JN C =
NEZ nyn+ NEP - n+ (N LYNE }.The
D. Channel Estimation for OFDM and OTFS estimated FD CFR at tha’th subcarrier of thez-th OFDM

A suite of FD and TD interpolation-based channel est|maymbol is given by:

tion techniques were conceived in our previous work [58] for h = (WFD—/)Hy,FLDm = efD (CFEL,)‘”,FLDW, (48)
RIS using OFDM in doubly-selective fading, which are char- ’

acterized in Figs. 6(a) and (b), respectively. More extlici where the MMSE filter's input vectoyn — € CNvx1 stores
the pilot spacing in the FD requirgg; 2 < M , So that at least the N, pilot observations, while the MMSE filter's weights
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are given by(wfl_)# = efD_(CFD_)~1 Owing to the
time-varying nature of the TF-domain fading, the elements i
el e CNv andCiP_, e ¢V Vv are evaluated by the
correlation functions a$e’®_ ], = Y™ (n — n,,m —m,),

[CrFLD* Ipips = L0(1p, — 1y, Ty, — Ty, ) fOr p1 # pp and

(e m/] = TFP(0,0)+N,, where the RIS fading correlation @) f5° = fi’ f5° =0 (O)fp) = fi°, i =0
n,m’1p;p ’ 01 KbD — K&R < KRD KbD < KSR — KRD

AP . : o
funCt'?r_‘T () is modelled in [5%]' Following th’e' horizontal £ig 7. schematic illustration of two mobility scenarios exemplified
comb” interpolation of (48), the “vertical comb” interpilan by train: (a) RIS is attached onto the vehicle; (b) RIS is stationary.
is performed for then-th OFDM symbol as follows. The.

TDL taps are obtained by performingy,[”-point IDFT on where the power of the pilot impulg&® aims for maintaining
the V72 estimated{f,, z }vm Of (48), and then the full FD the constant OTFS frame power 8f N. The guard interval

fading estimation is obtained by performifd-point DFT on Nas to obeWg2 4> P. Thanks to the guard interval, based on
the L TDL taps. In summary, the MSE of the FD MMSE filter(46), thex,,-th column ofH is estimated by the pilot impulse

of (48) is given byogge =1 — €2 (CFD_)~1(efD_)H. without interference by:
The above FD interpolation method still relies on the 2 o
subcarrier orthogonality for the “vertical comb” operatjo hiw, =Ye/Sk, (52)

Wh'Chb n:ayt'st:ffe.r from e(rjrqr ﬂngG?lfl th? Dor()jplert freq.l:.e n?‘he complete fading matrikl may be recovered based on the
'S substantially increased in . S- N order to mitga %put—output relationship of the OTFS waveforms of (39R)(4

this problem, the TD interpolation-based channel estiomati and (44). The number of patia may be estimated based on
technique (.)f Fig. 6(b) directly inserts a dirac delta impulsa detecti.on threshold df, where the signals received within
based CP in the TD as: the guard interval that are associated with a higher powaer th

_ pZD7 m =0 49y 7 are considered to be non-zero elements. In summary, the
SO,m - O — 4+1.42. ... :l:NTD ) ( ) . . . . . . .
) m==xl,x2-, TNgyard associated MSE of the single-tap equalization is simplgmgiv
where the power of the pilot impulsel® aims for ensuring by: , ~ ~ oo
that the transmission power obeys,,, [so,m|? = 2VIP +1, owse = B[y, —hi,|) = No/pp-- (53)
while the zeros in (49) are refered to as guard intervals in
Fig. 6(b). Following the TD convolution between the impulse V. PERFORMANCERESULTS

based pilot CP and the TDL taps, the CIRs are estimated oge

by one without interference, under the condition/gf? >

L. Following this, MMSE-based interpolation is performed in The RIS assisted SAGIN scenarios and parameters shown

the TD in order to obtain the estimated TD CIR for theth N Fig- 1 are considered in this paper. For the sake of fair

data-carrying sample of the-th OFDM symbol as follows; comparison, we adopt/ = 64 and V= 32 for both OFDM
and OTFS, where the 5G system’s scalable numerology of

SCS=2# x 15 kHz associated with non-negative integerss
invoked [5], [10]-[12]. The simulations are conducted ia th
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

Simulation Scenarios and Parameters

}Alnml,l = (W;I—L?m,l)HS’lDl = eIz?nL,l(CIz?m,l)ilylza (50)
where the MMSE filter's input vectory]5 e CNex?
stores theN,, pilot observations on théth TDL tap from
N, CPs of the N, neighbouring OFDM symbols, while
the MMSE filter's weights are given bywP ) =

n,m,l

TD TD -1 inalD 1IX Ny,
e”f’D"J(C"’m’l)N .X]'\I['he elements ine,5,; € C and in FR1. For the channel estimation techniques, the paramete
C,o.. € CY*%w are evaluated by the TD correla- f the ED and TD sch in Fias. 6 d (b
tion” functions  as € 1 = T ((n—mn)M+m,) of the FD an schemes seen in Figs. €) an _( ) can
0 P ! P p/» pe found in [58]. For the DD-domain channel estimation, an
[Cn,mﬁl]m’{_’s =T, ((”{_’5 — Ny )M+ mp, —mp, ) 107 1 # - entire OTFS frame is dedicated to estimating the substhntia
p2 and[C,°, 1., = 1;°(0) + No. The detailed evaluations . eased number of paths in the RIS system. In this way, both

on the TD correlation function¥°(-) can be found in [58]. oFDPM and OTFS are supported, and the estimation threshold
Similarly, the MSE of the TD MMSE filter of (50) is given g get to7 = Ni

— TD TD — TD H - . .
by ojjse =1 —e (C R )7 Furthermore? the mobility scenarios of RIS are exemplified

n,m,l n,m,l n,m,l

In stark contrast to the time-varying TF-domain fading, thgy train communication in Fig. 7, where the RIS is either
DD-domain fading is time-invariant, which no longer needgiiached to the vehicle or being stationary on the ground.
the high-complexity interpolation operations. More e&ily. oreover, the PL parameters that pertain to distancesnaate
the DD-domain channel estimation technique is portrayed i and PLE are exemplified in Table V. More explicitly, first
Fig. 6(c), where a dirac delta impulse is transmitted in thg all, the BS coordinate is set to Hes, ys, zs) = (0,0,0)

DD-domain based on (46) as: and the user coordinate is initialized for different scevsns
PP, K=k summarized in Table V. The RIS is assumed to be deployed
S.=1<¢ 0, K=rpt1l,kp£2,-- Ky if\@%m ) at 1 meter away from the user, i.e. we havg = zp — 1,
slk,1], otherwise yr = yp andzgr = zp. Secondly, the achievable antenna gain

(51) is given byG. = 4’;2‘6, where the antenna apertures at the
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TABLE V: Summary of path loss parameters initialized for the SAGIN sdesaof Fig. 1.

Scenarios User (zp, yp, 2D) BS aperturedZS | User apertured%¢” | SD PLESD
Car (300, 1,1) 80 cm? 40 cm? 3.64
Train (500, —2, 1) 80 cm? 40 cm? 3.51
Airplane (200, 100, 10000) 16 dm? 1.6 dm? 3.02
Supersonic UAV | (2000, 1000, 20000) 16 dm? 1.6 dn? 2.95
Hypersonic UAV | (20000, 10000, 20000) 16 dm? 1.6 dn? 2.91
Low Earth Orbit | (100000, 10000,2000000) | 60 cm radius 60 cm radius 2.65
RIS assisted systems _@- Perfect CSI

-©- FD CSl estimation
«@ TD CSI estimation
-©- DD CSl estimation|

—e— LoS only, no interpolatio

BS and user are exemplified for different SAGIN scenarios o ol o e

in Table V. Thirdly, the PLE of the RIS-reflected link is ONOFF, no interpolation
assumed to beS®P = 2.0, while the PLEs of the direct 0T
SD link are exemplified for different SAGIN scenarios in <
Table V. We note that the PL parameters are fixed to the 1071~
specific values summarized by Table V at first so that we can
investigate the effects of all other factors, including romal 10° 1
estimation, Riceark factor, delay and Doppler in Sec. V-B,
Sec. V-C, Sec. V-D and Sec. V-E. The effect of varying the 10° -
PL parameters will be further investigated in Sec. V-F.

" OFOM, Miea, N=32, fc=2.6 GHzA=15kHz
SP=kSR=2dB, KRP=60B, yug,=4115,200 mply

SP=fp""=778 Hz, §°=0 Hz |

BER

B. RIS Channel Estimation Results .
20 -15 -10 -5 0 5 10 15 20 25 30 35

Fig. 8 investigates the effect of vehicular speed on channel P, (dBm)
estimation, where the train scenario of Fig. 1 is considergdlg. 9: Effect of TF-domain interpolationBER results of RIS-
while the mobility scenario of Fig. 7(a) is assumé&irst of assisted train system (Scenario Train in Fig. 1) using OFDM, where
all, Figs. 8(a)-(c) demonstrate that substantial performan_t*ft*_‘iI EF-domf’J\in fggngﬁ: eﬁtsimatigrll:Tmeg;tZ?ﬁ [\ggﬁgtz]irgre]&pﬂgtri]on
: H H : Incluaing usin f —|
!mprovements are af:hleved by using RIS Wl.th as fevitas 4 ON/OFIg patte%n [48], [4)2/3] are E?:omparf:'d to the methods presen?ed
independent reflecting elementSecondly Fig. 8(a) shows ;, Fig. 8(a).
that the FD channel estimation technique suffers from error
floors at 200 mph, which is further deteriorated at 400 m@upersonic UAV in Fig. 1), where the DD-domain channel
and 600 mph as seen in Fig. 8(b) and Fig. 8(c), respectivebstimation technique is invoked for the OTFS waveforms.
This is expected indeed, because the FD channel estimatigi; of all, Fig. 10(a) demonstrates that given the maximum
of Fig. 6(a) relies on SC orthogonality, which is corrupte@opmer frequency oR894Hz, the SCS ofAf = 15kHz is
by the increased Doppler frequendhirdly, the TD channel gyficient for all OTFS waveforms in the absence of both RIS
estimation technique is shown to perform well at 200 mph ighg channel estimatioecondlyFig. 10(b) demonstrates that
Fig. 8(b), but error floors start to emerge at 400 mph angh increased\ f = 30kHz is required for supporting the RIS
600 mph, as seen in Fig. 8(b) and Fig. 8(c), respectivelystem, due to the fact that the deployment of RIS extends
This is due to the fact that the MMSE-based TD interpolatiofe Doppler index range, as discussed in Sec. |I[FBirdly,
requires lower pilot spacing at higher Doppler frequenciegig. 10(c) demonstrates that for realistic DD-domain clenn
which can no longer be satisfied when the pilot spacing ggtimaﬁon’ the SCS oA f = 15kHz is no longer sufficient
reduced to the minimum of the size of a single OFDM symbdiy, the OTFS waveforms based on OFDM. This is due to
Finally, it is strongly evidenced by Figs. 8(a)-(c) that the DDthe fact that the effective range of Doppler frequencies is
domain channel estimation is capable of providing reliablgyen by [~ £EP, #8P], which leads to ambiguities for Doppler
performance at different vehicular speeds. This is due o tfhdex localization, when we hav SD > LAf. Nonetheless,
fact that the fading representations in the DD-domain ane-i Fig. 10(c) also evidences that the OTFS based on PS-OFDM
invariant, which no longer requires any interpolation, @sgl ysing the idealistic bi-orthogonal waveform is not affette
as the intrinsic system characteristics remain unchanged. thanks to the favourable block-wise circulant structure of

In order to further justify our motivations, Fig. 9 portraysts fading matrix H, as discussed in Sec. IV-C. Therefore,
the performance of the channel estimation methods that #8irthly, the increased SCS ohf = 30kHz is required
designed primarily for stationary scenarios, which ineludior effective channel estimation on the direct SD link, as
using LoS only, using the DFT pattern of [50]-[52] and usingeen in Fig. 10(d). Furthermoréinally, the higher SCS of

that in the face of doubly-selective fading, the TF-domaighannel estimation, as seen in Fig. 10(e).

channel estimation methods without interpolation all esuff

from error floors even at a modest vehicle speed of 200 ) ) )

mph. By contrast, the TD and FD interpolation-based chanrfei Normalized MSE and Complexity Comparison

estimation techniques as well as the proposed DD-domainFig. 11 portrays the normalized MSE and complexity com-

channel estimation method summarized in Sec. IV-D exhitparison between the FD, TD and DD-domain channel esti-

improved performance results, as evidenced by Fig. 9. mation techniques for a RIS-assisted high-speed trairesyst
The effect of the SC3\f is investigated in Fig. 10 in the First of all, Fig. 11(a) demonstrates that the FD technidpag t

context of RIS-assisted supersonic UAV systems (Scenasiill relies on the subcarrier orthogonality suffers frohet
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Fig. 8: Effect of vehicle speeBER results of RIS-assisted train system (Scenario Train in Fig. 1) uskigMD where the FD, TD and

DD-domain channel estimation techniques are invoked.
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Fig. 10: Effect of SCSA f: BER results of RIS-assisted supersonic UAV system (Scenario SuperndAV in Fig. 1) using OTFS, where
the DD-domain channel estimation technique is invoked for the OTFS wawsfbased on PS-OFDM and OFDM (with symbol CP and

frame CP).
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Fig. 11: Normalized MSE and complexity comparison between the FD, TODi+domain channel estimation techniques for RIS-assisted
train system (Scenario Train in Fig. 1) using OFDM.
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--- OFDM, FDE, SD only | --- OFDM, MMSE, SDonly | ---' OTFS, MMSE, SD only
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Secondly, Fig. 11(b) demonstrates that increasing the TF2 10 5 10, .15 20% 25 30

Pidm) ..

domain interpolation window leads to an improved perfor- (3) Cur (bitsseciHz) at RO=K™"=-6 tB, KP=6: d{g;;ﬁf 4y, é’e.p mph

mance especially for the TD technique, where the performanc y
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while the proposed DD-domain channel estimation meth gOFD"w"WS‘E ‘R'T(R‘:‘t) ??T‘FS’MMSE’ RISR) ™., =20 =
retains the lowest normalized MSE without interpolationgig k-

Finally, the complexities of the FD, TD and DD-domaing -
channel estimation techniques are compared in Fig. 11(c)dno O
terms of the numbers of real-valued multiplications, whereis L : L
the FD/TD correlation function&P(-) and Y/P(-) defined ® () Effect of K=K R (dB) ° -?c) Effect of K0 (dB4) i
in [58] are also taken into account. As expected, the FD and
TD channel estimation techniques exhibit high complesitig_20 [ .- 7 PTG 20 (o= sfe = e m e m e or
that grow with the interpolation window siz&,,, while the &, R
proposed DD-domain channel estimation technique exhibﬁss
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Fig. 13: Effective throughput of RIS assisted OTFS and OFDM
) systems with respect to fading parameters of Ricean K factor,
D. RIS Assisted SAGIN Results maximum delayrma.x and vehicle speed.

Fig. 12 summarizes the BER results of the RIS assist
SAGIN scenarios of Fig. 1 using OFDM and OTFS in the%('j Effect Throughput Results
S-band (2.6GHz), where DD-domain channel estimation isFig. 13 investigates the effective throughputs of the RIS
invoked. For the sake of fair comparison, the OFDM-basé@s$sisted OTFS and OFDM systems with respect to different
OTFS waveform of Fig. 4(b) is invoked, where a single Cfading parameters, where the train scenario of Fig. 1 is con-
is inserted for each OFDM symbol duration. More explicitlysidered, while the mobility scenario of Fig. 7(a) is assumed
first of all, Figs. 12(a)-(f) demonstrate that the DD-domaiBased on the OTFS input-output relationship of (46), the
channel estimation is effective for both OFDM and OTFS withffective throughpuCer is evaluated by [13], [87], [93] (54),
or without RIS. Secondly the RIS configuration of Sec. Il Where the total number of combinations #iis given byZ,
based on statistical CSl is shown in Figs. 12(a)-(f) to aghieand the conditional probability based on (46) is formulaed
substantial performance advantages over both the scesfarip(y(s*) = ﬂzlvu exp(—%). When QPSK constellation
using the direct SD link without RIS and the case of random used, the maximur@e of (54) is given by 2 bits/sec/Hz as
RIS configuration for both OFDM and OTFS systems, whereen in Fig. 13. The system throughput is givenCoyM A f
the random RIS configuration induces error floors due to thés/sec.
extended Doppler rang@hirdly, Figs. 12(a)-(f) evidence that Fig. 13(a) confirms that the single-tap frequency-domain
OTFS systems outperform OFDM systems. It can also legualizer (FDE) of OFDM suffers from a performance loss
observed that the OTFS assisted RIS systems achieve simiith or without RIS, rendering it unsuitable for high-matyil
performance results in Figs. 12(a), (b), (d) and (e), whieh aSAGIN systems. By contrast, Fig. 13(a) demonstrates tleat th
associated with different vehicular speed but similar Rice deployment of RIS results in an effective throughput forhbot
K factor, while the gap between OTFS and OFDM aided RISFDM and OTFS, which approaches their maximdgp of 2
systems is reduced in Figs. 12(c) and (f) due to their highbits/sec/Hz at reduced SNRs, as marked by “Gain by RIS for
Ricean K factor. One may infer that as the Ricean K fact@FDM” and “Gain by RIS for OTFS” in Fig. 13(a), respec-
increases, the strong LoS dominates the signal propagatitively. Furthermore, the RIS-assisted OTFS system achieve
which makes the difference between waveforms less relavathie maximumCes of 2 bits/sec/Hz at a lower SNR than its
This observation will be further investigated in terms oé thRIS-assisted OFDM counterpart, which is marked as “Gain
effective throughput in the next section. by OTFS over OFDM” in Fig. 13(a).

In summary, the results shown in Fig. 12 are extremely In Figs. 13(b)-(e), the SNRs required for OFDM and OTFS
important for the operation of SAGIN systems, because systems with or without RIS achieving maximu@y are
the worst-case scenarios of Fig. 1 the high mobility antbmpared for different fading parameters. It can be seen in
the shadowing-induced deep fades may result in the vehiclbkof the Figs. 13(b)-(e) that the deployment of RIS resints
travelling hundreds or even thousands of meters with a leldcksubstantial performance improvements over the case of usin
control link. However, the combination of OTFS and RIS isnly the direct SD link in both OFDM and OTFS systems,
capable of providing substantial performance improvesiant even for Ricean K factors as low as -6 dB. Furthermore, the
all SAGIN scenarios, as seen in Fig. 12. OTFS systems always outperform their OFDM counterparts.
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Fig. 12: Effect of RIS configuration for SAGINBER results of RIS-assisted SAGIN scenarios of Fig. 1 using OFDM areStat S-band
(2.6GHz), where DD-domain channel estimation is invoked. The RiSiguration of Sec. lll is compared to random configuration.
Cen(SNR) = maxy, gzt vy Limo [ PV IRE) log, zf/:;iié‘éhp@u)dy = w Lo B |logs %}
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Additionally, Fig. 13(b) demonstrates that &°° = KSR Fig. 14(a) investigates the power-efficiency gain of using
increases, the difference between the RIS-assisted OFBWVB, when the train user is travelling to different location
system and RIS-assisted OTFS system becomes smalleein Tihe direct SD link suffers from obstacle-induced blockage
with our discussion in Sec. V-D. Nonetheless, the perforreanand high NLoS attenuation with PLE of*” = 3.8, while
results of both RIS-assisted OFDM and RIS-assisted OTE& RIS-reflected links are associated wijth? = v1P = 2.0.
systems are stable for differeitRP, 7,,,.. and vehicular speed In Fig. 14(a), the transmit powerB, (dBm) for BER=10—*
values in Figs. 13(c), (d) and (e), respectively. This ona different user location ofzp,yp,zp) = (xp,—2,0)
again confirms that the RIS assisted OTFS systems are capailoée recorded in the top right subfigure, while the power-
of providing superior performance compared to their OFDM(fficiency gains are recorded in the bottom right subfiguris. |
counterparts in high-mobility strong-LoS SAGIN scenarios demonstrated by Fig. 14(a) that the RIS power-efficiency gai
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
In this section, we investigate the effects of PL parametefsg. 14(a). On the other hand, when the user moves away from
for the RIS-assisted train communication systems of Fig. Both the BS and the RIS, the RIS-reflected links begin to help
where the mobility scenario of Fig. 7(b) is assumed. Thaore, especially as the RIS siZe increases. However, the
PLs of SD, SR and RD links are modelled by (4), wherpower-efficiency gain of the RIS gradually decreasesy as
the coordinates are initialized as,ys,2s) = (0,0,0), increases, which is due to the fact that the RIS-reflectdds lin
(xR, YR, zr) = (500,4,0) and (xp,yp,2p) = (zp,—2,0). gradually become weaker, as evidenced by Fig. 14(a).
The achievable antenna gain 8. = 47;2‘“, which is as-  The effect of the PLE of the SD link°>” is investigated
sumed to have an aperture dfS = 80cm? at the BS and in Fig. 14(b), which demonstrates that the RIS is capable
Avser = 40cn? at the user. of achieving substantial power-efficiency improvementat th

F. The Effects of Path Loss Parameters
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Fig. 14: Effect of PL parameter®erformance results of varying PL parameters for the RIS-assistedcommmunication systems of Fig. 1,
where the mobility scenario of Fig. 7(b) is assumed.

increase withy®? for a wide range ofy*” > 2.2. We note across a wide range of SAGIN channel parameters, including
that in reality the PLE of the SD link may range from 2 to 6the Ricean K factor, Doppler frequency, delay spread, emesr
depending on the blockage conditions [22]. distance and carrier frequency.

Fig. 14(c) demonstrates that the RIS power-efficiency gaini Nonetheless, it is worth noting that although it is proven
reduced to a diminishing level even for a RIS sizefbf= 256  in [66] from first principles that the DD-domain interferessc
in the higher FR2 K-band and Ka-band bands. This is dirduced by the fractional delay and Doppler indices become
to the fact that the BS and user antenna apertures are fixeegligible, given sufficient time duration and bandwidtlanm
which leads to higher antenna gain for the direct SD linlSAGIN applications rely on low-delay and low-rate commu-
as f. increases. Nonetheless, Fig. 14(d) further demonstrateeation links [1]-[7]. The potential DD-domain interferees
that if the RIS is attached to the train, the deployment of Rigposed by the limited bandwidth for SAGIN control links
is capable of extending the coverage for the train over a loegceed the scope of this paper and will be investigated in our
distance ranging up to 10 km in the K-band, where the SD liriluture research.
requiring more than 40 dBm is deemed to be out of coverage.
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