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Abstract—6G networks aim to enable applications like au-
tonomous driving by providing complementary localization ser-
vices through key technologies such as non-terrestrial networks
(NTNs) with low Earth orbit (LEO) satellites and reconfigurable
intelligent surfaces (RIS). Prior research in 6G localization using
single LEO, multi-LEOQ, and multi-LEO multi-RIS setups has
limitations: single LEO lacks the required accuracy, while multi-
LEO/RIS setups demand many visible satellites and RISs, which
is not always feasible in practice. This paper explores the novel
problem of localization with a single LEO satellite and a single
RIS, bridging these research areas. We present a comprehensive
signal model accounting for user carrier frequency offset (CFO),
clock bias, and fast and slow Doppler effects. Additionally, we de-
rive a low-complexity estimator that achieves theoretical bounds
at high signal-to-noise ratios (SNR). Our results demonstrate the
feasibility and accuracy of RIS-aided single-LEO localization in
6G networks and highlight potential research directions.

Index Terms—6G, non-terrestrial networks (NTNs), reconfig-
urable intelligent surfaces (RIS), single-LEO localization.

I. INTRODUCTION

Non-terrestrial networks (NTNs) utilize space- and airborne
platforms and are expected to play a crucial role in social
sustainability, enhancing network resilience, and providing
continuous connectivity in scenarios where terrestrial infras-
tructure may be inadequate or non-existent [1]. In particular,
the use of low earth orbit (LEO) satellites has the potential to
provide global 6G integrated communication and sensing (e.g.,
positioning, imaging) services [2], complementing existing
terrestrial communication systems and space-based positioning
systems (e.g., GPS) [3].

Focusing on the important application of user localization,
LEO-based NTN has been studied in various contexts, ben-
efiting from the high satellite mobility, high-power signals,
and low latencies [4], [5]. Existing studies can be divided
into multi-LEO localization [6]-[9] or single-LEO localization
[4], [5], [10]. In the former category, [6] studied a multi-
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Fig. 1. A 6G localization scenario with a single-LEO satellite aided by a
single-RIS in an urban setting.

LEO system with 3GPP numerology, while [7] focused on
joint localization and time-frequency synchronization in NTN-
IoT applications. Opportunistic multi-LEO localization using
NTN was proposed in [8], while [9] demonstrated the practical
feasibility of positioning without detailed knowledge of the
transmitted signal. In the latter category, [S] considered joint
localization and communication from a single LEO satellite of
a time-synchronized user, relying on angle-of-departure (AoD)
and time-of-arrival (ToA) measurements. Note here that small
AoD measurement errors will lead to high positioning errors
at such a long distance. On the other hand, [10] utilized
time-difference-of-arrival (TDoA) and frequency-difference-
of-arrival (FDoA) of signals sent at two-time instances, i.e.,
capitalizing on the satellite’s high mobility, to localize the
user. Such a method requires minimal user equipment (UE)
mobility between the two transmissions, ideally a static UE,
for it to work. An alternative way to solve the 6G LEO posi-
tioning problem without needing terrestrial base stations (BSs),
unreliable LEO-AoD measurements, or long inter-transmission
times is to rely on reconfigurable intelligent surfaces (RISs), as
mentioned in [1]-[3] and elaborated in [11]-[13]. For instance,
[11] showed that so-called STAR-RIS can enhance single-
LEO indoor localization coverage through theoretical error-
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bound analysis. An RIS beamforming technique to optimize
the positioning Cramér-Rao lower bound (CRLB) of a single
satellite-RIS-UE problem was proposed in [12]. The proposed
method requires knowledge about the RIS-UE AoD, which
cannot be estimated due to the fixed RIS configuration over
time. To solve that, they assume rough prior knowledge about
the UE’s position, from which a rough AOD estimate can be
attained. In [13], a Riemannian manifold-based approach was
proposed to solve a 9D UE tracking problem (3D position,
velocity, and orientation) in a multi-LEO multi-RIS setup. This
makes [13] the only work, to date, to attempt to solve the
RIS-aided LEO localization estimation problem, albeit with
multiple satellites and RISs in view, which imposes stringent
constraints in the constellation deployment.

In this paper, inspired by [14], we address the problem of
single-LEO user localization with the aid of a single RIS while
considering the impact of time-varying RIS configurations on
the capability to estimate the AoD and to separate the RIS
path from the direct path. The contributions of this work are
two-fold: (i) we present a more complete and realistic signal
model than that used in [11]-[13], accounting for both the
user carrier frequency offset (CFO) and clock bias, as well
as slow-time and fast-time Doppler effects; and (ii) we derive
a practical multi-stage estimator that harnesses the problem
structure to circumvent the coupling between the AoD and the
CFO/Doppler in time-domain.

Notation: We use bold for (column) vectors (e.g., ) and
bold uppercase for matrices (e.g., X ). Transpose is denoted as
X", Hermitian as X", and complex conjugate as X*. The
entry on row k, column ! of matrix X is denoted by Xy, ;.

II. SYSTEM MODEL

We consider a single LEO satellite with a single directional
antenna, a single UE with an omnidirectional antenna, and a
single RIS in the vicinity of the UE, as shown in Fig. 1. We
assume that the UE is static and has an unknown location
p € R3, whereas the RIS has a known location pg;s € R3,
and a known orientation described by R € SO(3), the rotation
from the local coordinate system (LCS) of the RIS to the
global coordinate system (GCS) [3]. During the measurement
time, the satellite has known location pg,(t) = pe,(0) + tvy
and velocity vg. The clocks of the satellite and the UE are
assumed to have an unknown time offset §, and an unknown
CFO 6. The RIS is equipped with a uniform rectangular array
(URA) of N = N, x N, elements, where N, and N, are the
number of the RIS elements placed along its local x and z-axes,
respectively. The n'" element of the RIS is located at p,, in the
LCS of the RIS. The RIS elements are spaced by A 2, where
A =c f. is the wavelength, f. is the carrier frequency, and ¢
is the speed of light. The RIS phase configuration is denoted
by = [e? e’N| T, where , = —27f7, is the phase
shift induced by the n™ element’s delay 7,, € [0 1 f.] [15].

A. Signal and Channel Models

1) Transmit Signal Model: The satellite emits orthogonal
frequency division multiplexing (OFDM) signals, using K
sub-carriers and L symbols with a total symbol duration
Toym = T + Tcp, where T'=1 Ay is the elementary symbol
duration, Ay is the subcarrier spacing, and Tcp is the cyclic
prefix (CP) duration. The transmitted complex baseband signal
is expressed as

P L-1K-1 P
_ [ Lot 27k A g (t—0Toym) — Lsym
s(t) = K Z Z T, o€’ ! sm) rect ( T )

=0 k=0 sym
(D

where P, is the total transmitted power over all subcarri-
ers, ¢ € C is the transmitted pilot symbol during the
™ transmission on the k" sub-carrier with |zy,| = 1,
rect(t) = 1 when ¢ € [0 1], and O otherwise, and ¢ €
[0 LTgym]. The transmitted passband signal is expressed as
s(t) = R{exp( 2nf.t)s(t)}.

2) Received Passband Signal at the UE: The channel be-
tween the satellite and the UE comprises two paths, a direct
line-of-sight (LoS) satellite-UE path (‘su’) and a satellite-RIS-
UE path (‘sru’, called the RIS path), i.e., no multipath effect
assumed.! The received passband signal at the UE in the time
domain is y(t) = ysu(t) + ys(t) + n(t), where n(t) is the
thermal noise at the receiver with power spectral density (PSD)
Ny and

ysu(t) = psuS(t — Tou T Vsut) (2)
N—-1

Yoru () = Poru Z s(t—Taut+Verut =Tn(t) —Toyn—Town) (3)
n=0

in which p;, 75, and v; are the channel amplitude (due to path
loss and antenna patterns and atmospheric effects, e.g., tropo-
spheric attenuation), the initial delay, and the frequency shift
factor of the 7™ path (i € {su, sru}), and 7,,(¢) is the controlled
delay of the n™ RIS element at time ¢. Moreover, Ty, ,, captures
the delay/time-advance? of the impending signal at the n RIS
element (from the satellite), compared to the RIS phase center.
Similarly, 7g,, ,, is the delay at the n™ RIS element of the signal
towards the UE compared to the RIS phase center. Under the
plane-wave model, these two delays depend on the AoA at
the RIS, O, and the AoD from the RIS, 6,,, respectively.
Correspondingly, 8 = (0% 0) and 0, = (0% 6°) comprise
the azimuth and elevation AoA and AoD tuples of the RIS, re-
spectively, in the RIS’s LCS. From simple geometry, it follows

! Attributes of these two paths, e.g., channels, delays, and Dopplers, will
be sub-scripted by ¢ € {su, sru}, respectively. Additionally, the attributes of
all paths between individual entities might be alternatively sub-scripted by
j € {su, sr, and ru}. Finally, parameters that pertain to the RIS path only,
e.g., angle-of-arrival (AoA), AoD, and steering vectors, will be sub-scripted
by g € {rs, ru}. The first letter of g is associated with the origin of the
vector/center of the angle and the second letter with the destination.

2A positive Te,n Vvalue corresponds to a delay with respect to the phase
center while a negative value conveys a time advance.
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that 79, = —p, u(0) c is affected by the AoA/AoD tuple, 6,
where u(8) = [cos(6%) cos(6) sin(6%?) cos(#!) sin(69)]7.

B. Geometric Relations

The path delays are computed as 7, = dg ¢ + 9,
Tsu = Tse + Tru, Tsr = dsr ¢, and Tru = dru c + 5’
where d; is the initial range of the j™ path at t = 0
(j € {su, sr, and ru}). The frequency shifts in the given
paths are modeled as vy = VL(P— Pu) (dsuc) + J7,
Viw = Vs + Vi Vs = —VgRu(Os) ¢, and vy = 4.

Finally, the RIS’s azimuth and elevation AoA/AoD in the LCS
are computed as 07 = arctan([RTApg}g [RTApg]l) and
021 = arcsin([RTApg} 3 dg), respectively. Here, Ap, denotes
the vector from RIS to satellite (for g = rs) or from RIS to
UE (for g = ru) in the GCS.

C. Assumptions

In general, p;, v;, and O, are all functions of time ¢, as
they depend on the varying location of the LEO satellite.
However, we will operate under conditions (see Section V-B)
under which the Doppler shift caused by the satellite is constant
over t as vy 1S assumed to be constant over that period
and 6.(LTsym) — 6:(0) ~ 0. The time dependence notation
was omitted for a; to simplify the expressions. However, «;
changes over time in the generative model. We also assume
that the RIS and the UE are in close vicinity, thus vy, ~ .
By further assuming 0 < vy, we obtain that vy, ~ Vgu.> We
also assume that the RIS phase configurations change slowly,
at a rate of one configuration per OFDM symbol.

III. DISCRETE-TIME OBSERVATION MODEL
A. Received Baseband Signal at the UE

The baseband noise-free signals corresponding to the LoS
and RIS paths after downconversion of (2)—(3) are
Ysu (t) = asueﬂﬂ—fcysuts(t — T+ Vsut) @

Ysru (t) - asmej%rfcysmts(t — Tsru + Vsrut)GRIS (t) (5)
where a; = piexp(— 2nfcr;), Gris(t) = (a(0s) ©
a(0n))" (t) € C is the RIS beamforming gain, and a(8) €
CV is the RIS’s steering vector given the angle tuple 6. The
n™ element of a(@) is modeled as a,,(0) = exp(— 27 f.To 5).
Note here that the term kA ¢7g ,, was omitted from a,, (0) since
KAngm <1 Ve n.

Sampling (4) and (5) at t = Ty +Tcp + w1 K, ie., after
CP removal and stacking the samples per OFDM symbol along

columns indexed by , results in
Oésuejzﬂ—fc Vsu ([I‘sym+TCp+NT/K)

3((1 + Vsu)( CZ-‘sym + TCP + KT K) - TSU)

Ku,n,l =

(6)

3These Doppler assumptions are utilized solely by the estimation algorithm
and do not influence the generative model. Therefore, even if these assumptions
are violated (e.g., the UE is mobile or located far from the RIS), the generative
model remains accurate, though the estimation performance may degrade. The
extent to which these assumptions hold and their impact on performance will
be examined in future work.

}/SI’LI,H,,K :asruGRIsleJQﬂ—fcVsru(enyln+TCP+KT/K)

7
5((1 4+ Vo) ( Toym + Tep + KT K) — Tora) ™

where kK = 0 K — 1 and Ggys,¢ is the sampled version
of Gris(t). Here, the constant phase shift caused by f.v;Tcp
in the exponent terms can be absorbed into «; and the known
phase shift caused by kA Tcp in s(-) can be merged to
to simplify the expression.

Several standard assumptions from terrestrial positioning can
be followed while others cannot, as they are no longer valid
in this setup due to high Doppler shifts caused by the LEO
satellite.* For instance, we can neglect the terms v;Tcp and
v;kT K in s(-), as KApvTep < 1 and KA, T < 1,
respectively. In contrast, the v; Ty, term in s(+) cannot be
ignored, as KAy LTy, > 1, ie., the effect of large time-
bandwidth product KA;LTy, (also called intersubcarrier
Doppler effect [16]). Likewise, the carrier frequency phase
shift caused by f.v; Tym and fov;xT° K cannot be ignored,
as feviLTym > 1 and fov;T ~ 1. The latter two effects are
called the slow-time and fast-time Doppler effects, respectively.
Hence, (6) and (7) can be simplified to be

Ysu,m,l 2045u6]27rfC Yoo (ELym w1/ K)

3
3( Tsym + KT K — To + Vsu Tqym)

}/SI‘U ) :aSI‘UGRIS 46]27rfc’/sru(€1—'sym+”T/K)

©
3( Tsym + 6T K — Tgy + Vru Tsym)

B. Observations in Compact Matrix Form

By inserting (1), the simplified LoS and RIS path signals in
(8)—(9) can be re-written in matrix form, respectively, as
Ysu = asuAsu O] FH (Bsu ®© Csu O} X) (10)

Ysru = asruAsm © FH (Bsru © Csru © GRIS © X) (11)
where X € CX*L incorporates the transmitted pilot sym-
bols and /Py K, F € CX*K is the unitary FFT ma-
trix, A; € CE*L and C; € CK*L capture the fast-time
and slow-time Doppler effects, respectively, of the i path,
B; € CK*L captures the sub-carrier phase shift and Doppler
effects of the i path, and Ggris € CK* encapsulates the
RIS response. The elements of the matrices above are as
follows Ai,n,é — e]Qﬂfcuin/KT’ Bi,k:,Z — e—]27rkAf(T,i—yiéTsym)’
Cike = e2mfevilTym  and Grisg,s = Gris,¢. Finally, combin-
ing (10) and (11), the received signal in the time domain can
be expressed as

Y = Z A0 F"H;®X)+ N
i€{su,sru}
where H; € CX*L encapsulates the effects of a;, B;, C;, and
GRris (for the RIS path), N ~ CN(OKxL U2IK><L), o2 =
NoNy is the noise variance at the UE, and Ny is the noise
figure (NF) of the UE.

12)

4 According to the simulation parameters shown in Table I, the Doppler shift
factor is &~ 1.8 % 10~5. Hence, KAgpviTep = 2673 <« 1, KAy T =~
004 < 1, KAy LTyym =~ 10.1 > 1, fev;LTym ~ 675 > 1, and
fcl/iT =~ 2.5.
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IV. LOCALIZATION METHOD
A. Channel Parameter Estimation

The unknown channel parameters in (12) comprise
Qsu Qgry Tsu Tsru Vsu Verus and 6. To avoid using a 6D
maximum-likelihood estimator (MLE)®, we utilize the fact
that the RIS path is much weaker than the LoS path, i.e.,
|asu] > |as|- Hence, we treat Y as if it only constitutes
the effects of the dominant LoS path, and proceed with
estimating the LoS channel parameters («, 7g Vsu)- Then, we
can subtract the reconstructed LoS path from Y and estimate
the RIS path parameters.

Remark (Range and Doppler ambiguities). The products A yT;
and foviTy, can be > 1, due to the long transmission
distance and the high speed of the LEO satellite, respectively.
Hence, those products can be re-written as N, + A¢1; and
Ny, + feviTgm, respectively, where N, = |Afr;] € N,
Ny, = |[feviTym] € N, 77 = 7, — N, Ay, and v; =
vi—Ny, (fcTym). Since the UE and RIS are in close proximity,
the integer values of the LoS and RIS path delay will mostly
be identical, as will those for the Doppler. However, to avoid
possible ambiguities, differential delays and Dopplers will be
exploited instead of absolute ones so that integer ambiguities
will cancel out.

1) LOS Path Channel Parameter Estimation: First, we
eliminate the fast-time Doppler effect, A, and the sub-carrier
Doppler shift (the second exponential term in Bg,, which
depends on vg,) from (12), as they will negatively affect the
delay estimation. To do that, we rely on the assumptions from
Sec. II-C to coarsely set v, ~ vg. This allows us to eliminate
the bulk of the Doppler effects by computing

Y =F(A,0Y) (13)

Y=B, oY (14)
where A:u and ﬁ;u are the complex conjugates of the esti-
mates of Ay, and B,,,, respectively, with elements AJ, , , =
e 2 fevar/KT an4 E: oy = e I2mkAvalTon - respectively.
Then, absorbing constant X into e, and introducing Bike =
e~ 2TkArTi e find

v

¥ ~ 0w (BS ©Cy) + N (15)

= O‘sub(Tsu)cT(Vsu) + N (16)

where by (7q,) = e 72™FA5 ™ and ¢ (vg,) = /27 FevutTum since

all columns in BY, are identical, and all rows in Cj, are also

identical. From (16), the delay and Doppler can directly be

estimated via a 2D-FFT or by 2 separate 1D-FFT with non-
coherent integration. Under 2D-FFT,

[Tou Vsu) = arg n;%x\bH(T)}u’c* (v)] o))

To refine these initial estimates 7y, and vy, we perform an
iterative 2D MLE search with M iterations. Each iteration

SHere, 6D MLE can be used instead of 8D MLE because cgy and oy can
be estimated in closed-form as a function of the remaining unknowns.

halves the search space of the previous iteration. The MLE
at each iteration can be expressed as
[Ta Vsu] = argmin || TLLg||
Tsu,Vsu

where § = vec(Y), IIL £ 1 —1II_, IT, & z (M )_1zH
denotes the orthogonal projector onto the column space of z,
z =vec(Z), Z = B, © Cy, ® X, and By, and Cy, are the
estimated versions of By, and Cl,, respectively, using 7, and
Vgu. Finally, ay, is estimated as follows oy, = 29 |22

2) RIS-path channel parameter estimation: The first step
toward estimating the RIS-path channel parameters is to elim-
inate the LoS path component from (12), using the estimated
LoS channel parameters to form Yy, = Y — Y. Then,
we utilize the assumptions highlighted in Sec. II-C to set
Vs = Vsu, Which enable us to speed up the estimation process
of the other parameters by decoupling the AoD and Doppler
effects in the slow-time dimension at the expense of biasing
the RIS path Doppler estimator. Next, we eliminate the fast-
time Doppler effect and the sub-carrier Doppler shift effect in a
similar fashion to (13)—(14). Similarly, we eliminate the slow-
time Doppler shift effect by using Cy, to form lv/'sm, where
Cy is the estimated version of Clg,, by utilizing vg,, and
Y g € CE*L is the Doppler-free version of Y g, with (again
asborbing the constant X into )

Y o & oy (Bsru O] GRIS) +N (19)

= Oésrub('rsru)gl—zrls + N (20)
where ggpis = [Gris,0 Gris,.—1] ' is the RIS response.
Here, we used the fact that the sub-carrier dimension (the rows
of Y ¢, ) is solely modulated by the RIS-path delay 7y, and the
slow-time dimension is modulated solely by the RIS response
Gris» Which is affected by the unknown AoD 6,,. The RIS
path delay can be estimated via a 1D-FFT and non-coherent
integration over slow time

(18)

L-1

Tsru = arg m:iiX Z |bH (T)ysru,él
£=0

where y, , denotes the -th column of Y . Next, we perform

an iterative 2D MLE grid search on the AoD tuple, followed

by an iterative 1D MLE grid search on the RIS-path delay.

In each step, we utilize initial estimates to perform coherent

integration. The 2D AoD MLE search at each iteration is as
07 O] = argmin|[IL;, §sop] (22)

ru?”ru

1)

o T . . .
where Yap = Y b (i) € CF is the coherent integration
of Y ¢, over sub-carriers and zaop = ggjg, Which is a function
of the 6., tuple. Similarly, the 1D MLE search formulation at
each iteration is as follows
: 1.
Tra = argmin||II; g || — 7 (23)
Tsru

where g, = YsrugRIS € CX is the coherent integration of
Y .., over slow-time, gy is the estimated version of ggg, and
z; = b(Tyy). Finally, the estimate of the RIS-path channel

gain is as follows agy = 299, ||z, %
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B. Position, Time-bias, and CFO estimation

The position of the UE can be estimated as p = pgig +
dwRu(0,,), where dy, is the estimated range between the
RIS and the UE. To estimate d, we solve the following
minimization problem

Ay = argmin((dsr + dru) - (Tsru - 7-su)c
dru (24)
— |Psac — Pris — druRu(erU)||)2
Finally, the time bias and CFO are estimated as follows 6 =
T —dsu € 0 = Vsy — vy - u(Bg,) c. The overall localization
methodology is summarized in Alg. 1.

Algorithm 1: Proposed Localization Algorithm

1: Input: Received signal Y in the time domain.
Compensate fast-time Doppler with vy, = vy (13)-(14).
2D FFT Search: Coarse estimate of 7y, and vy, (17).
2D MLE Search: Fine estimate of 7, and vy, (18).
Estimate o, and determine residual Y .

Compensate the RIS path Doppler with vy, ~ vg,.

1D FFT Search: Coarse estimate of 7, (21).

2D MLE Search: Fine estimate of 6, (22).

1D MLE Search: Fine estimate of 7, (23).

Output: UE position p, clock bias 9, and CFO ¢

R A A R ol

_.
=4

C. Complexity Analysis

For the LoS path, the complexity stems from both the 2D-
FFT and the 2D MLE refinement. The 2D-FFT scales as
O(NgNplogy(NkNyp)), where N and Nj represent the
FFT size in delay and Doppler dimension. The MLE refine-
ment for the LoS parameters has complexity O(N;MKL),
where N, is the number of grid points per dimension. For
the RIS path, the 1D FFT delay estimation has complex-
ity O(LNk log Nk). The 2D-AoD and the 1D delay MLE
searches have complexities of O(NZML) and O(N,MK),
respectively. On the other hand, a 6D MLE grid search has
a complexity of O(NSMKL). Hence, the proposed method
drastically reduces the complexity.

V. SIMULATION SETUP AND RESULTS
A. Simulation Setup

The simulation parameters, including the transmission
power, atmospheric losses, antenna gains, etc, were guided
by 3GPP’s R-16 technical report (TR.38.821) (scenario ClI,
set-1, case 9) [17]. The RIS element pattern was modeled
according to [18]. The simulation setup fixes all parameters,
including the position of the UE, the RIS, and the LEO
satellite settings, and sweeps the transmission power of the
LEO satellite, i.e., Fo[dBm] = Psgpp[dBm] + Piyeep[dBl,

SFixing the satellite settings refers to its initial position and velocity.
However, as highlighted in Sec. II-C, the satellite’s position will change over
time, and hence the channel gains will also change accordingly.

TABLE I

SIMULATION PARAMETERS
Parameter Symbol Value
UE position p [0,10,1.5] m
RIS position Dris [0,0,10] m
RIS orientation R ETE:
RIS dimensions Nz X N, 10 x 10
LEO satellite orbital altitude h 600 km
LEO satellite angles (6%,06%) (90°,45°)
Carrier frequency fe 2 GHz
# of sub-carriers K 2000
# of symbols L 256
Sub-carrier spacing Ay 15 kHz
Cyclic prefix duration Tep T%T
Time bias é 1 ns
CFO factor O 106
Nominal 3GPP transmission power Pscpp 54 dBm
Noise PSD Ny —174 dBm/Hz
Noise figure Ny 7 dB
IFFT/FFT size Ng,Np, 213
MLE grid size Ny 10
MLE # of iterations M 10
MLE delay grid boundaries Timax +5/cs
MLE Doppler grid boundaries Vmax +7/c
MLE AoD grid boundaries Omax +45°
Location uncertainty for beamforming diag(X,) [1,1,1]m

where Pigpp is 3GPP’s nominal satellite transmission power,
highlighted in Table I, and Piyeep € [—40 —35 —10] dB.
For each corresponding signal-to-noise ratio (SNR), defined
as SNR = P T (Jag|* L + |asn|?||gris||3) o2, the root mean-
squared error (RMSE) of the parameters is computed based
on 100 Monte Carlo runs and compared to the corresponding
CRLB.” Table I shows the simulation parameters used.

Satellite orbit: In order to simulate appropriate range and
Doppler measurements, we developed a simple satellite orbit
function that takes the satellite’s orbital altitude . and the initial
ascension (azimuth)-elevation angle tuple Oy, = (6% 6¢) as
inputs, and provides the satellite position and velocity vectors
as outputs. The computation of the satellite position at time ¢
is modeled as follows p,, (t) = dsa(t)u(Osa(t)), where dgy (t)
is the distance from the center of the GCS on the surface of
the earth to the satellite at time ¢ and is computed as follows
dea(t) = Rsin(~0%,(1)) + \/ R sin® (084 ()) + 2Rh + 12,
where R is the radius of the earth. The velocity of the satellite
at time ¢ is modeled as follows v (t) = dsar(t)u(Osn(t)) +
dsar (t)w(Ogn (t)), where dgy(t) and w(BOsy(t)) are the time
derivatives of ds,(t) and w(6(t)), respectively.

RIS configurations: Two RIS configuration strategies were
tested in this work. In the first configuration strategy, the
components of , were chosen randomly from [0 27). The
second strategy assumes that the RIS is roughly aware of the
UE’s location and beamforms the reflected signal toward that
location in a stochastic fashion, i.e., the RIS beamforms at
p ~ N(p X£,), where 3, € R¥*3 is the covariance of the
UE’s location. The RIS configuration for the ™ transmission

"Following a similar methodology to the one shown in [12] while using the
extended signal model highlighted in Sec. III.
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Fig. 2. Estimation performance vs CRLB with beamforming (BF) and random RIS configurations (R). The RIS-path Doppler estimator broke the CRLB bound
as it is a biased estimator that is tested in favourable conditions (further discussions in Sec. V-B).

is computed as s = (a(0r) © a(Or0))*, where Oy, is the
RIS’s AoD tuple towards the sampled UE location, p,.

B. Results and Discussion

The CRLB and performance of the proposed estimator for
the beamforming (BF) and random configuration cases across
multiple SNR values are shown in Fig. 2. In general, it can
be seen that the estimator can achieve the CRLB performance
at high SNRs. Moreover, we observe that, for most channel
parameters, the estimator usually attains the bounds at lower
transmission powers while using BF compared to its random
counterpart. The theoretical error bounds of these parameters
are also lower when using BF, compared to random RIS
configurations. This is mainly because the RIS path’s SNR
is &= 20 dB higher when utilizing BF, compared to when using
random configurations. Yet, not all parameters are affected
the same by RIS configuration. For instance, the estimation
of the LoS delay is enhanced slightly at higher SNRs while
using random configurations. This is evident because the RIS-
path signal is considered as interference while estimating the
LoS parameters. On the contrary, the RIS-path delay and AoD
estimation are enhanced by BF. Likewise, the position estimate
performance mirrors the performance of the estimation of

the RIS-path delay and AoD. This means that the system is
bottlenecked by the performance of the RIS-path estimation.
Hence, any further research should focus on enhancing the
RIS-path estimation performance, e.g., using different types of
RIS like STAR-RIS and active RIS or enhancing the estimation
algorithm. The same can also be said about the time-bias
estimation, as it heavily relies on the quality of the position
estimate. Additionally, it can be seen that there is a slight
performance gap between the CRLBs of the BF and random
configuration scenarios for position and time bias estimation,
whereas CFO estimation does not have such a gap. This
is because, unlike position and time bias estimation, CFO
estimation is more dependent on the quality of the LoS Doppler
estimation in comparison to the quality of the RIS-path’s
parameter estimation. This is mainly because of how close the
UE is to the RIS and the ability to use the known satellite-RIS
Doppler to extract the CFO from the LoS path. Finally, it is
worth noting here the fact that the RIS-path Doppler estimator
breaks the bound in both scenarios. This is caused by the usage
of the biased estimator v, = vy, in Sec. IV-A2.
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C. Open Challenges and Future Research Directions

As this work marks the first step toward exploring the 6G
single-LEO single-RIS problem, many open challenges and
extensions remain to be investigated. For instance, the system
model can be extended to be more realistic by (i) adding
uncertainty about the position and velocity of the satellite
due to gravitational forces and atmospheric drag; (ii) adding
uncertainty about the position and orientation of the RIS due
to installation/calibration errors; (iii) proper modeling of time-
varying atmospheric effects like the tropospheric, ionospheric,
and scintillation effects; (iv) considering a more realistic orbit
for the LEO satellite; (v) adding mobility to the UE based on
typical vehicular mobility models/patterns; (vi) adding addi-
tional paths (multipath effects); (vii) testing under non-line-
of-sight (NLoS) conditions; and (viii) adding other hardware
impairments (e.g., phase noise, power amplifier non-linearities,
RIS pixel failure and mutual coupling, etc.).

VI. CONCLUSION

In this paper, we showcased that a 6G single LEO satellite
has the potential to provide localization services for ground
users with the aid of a single RIS. We derived a comprehensive
channel model that accounts for the satellite’s mobility, fast-
and slow-time Doppler effects, atmospheric effects, time-bias,
and CFO. Via a novel low-complexity estimator, we showed
that meter-level positioning error can be theoretically achieved
at 30 dB SNR. The solution estimates the ToA and Doppler
of the two paths as well as the AoD of the RIS path to
estimate the UE’s position, time-bias, and CFO. It was shown
that the proposed estimator can attain the CRLB at high
SNR and that it is bottle-necked by the RIS path’s parameter
estimation errors. Moreover, we showed that configuring the
RIS elements to stochastically beamform towards the user’s
area can significantly enhance the estimator’s performance.
Finally, we presented a list of open challenges and possible
future research directions.
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