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Daniel Egea-Roca1, Alda Xhafa2, José A. López-Salcedo1,2, and Gonzalo Seco-Granados1,2
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ABSTRACT

Positioning with centimeter-level accuracy and robust coverage in
non-line-of-sight (NLoS) conditions is critical for many applica-
tions such as autonomous vehicles and industrial IoT. Terrestrial
networks (TNs) provide high accuracy, but are limited by coverage
gaps, whereas non-terrestrial networks (NTNs) offer global reach
with reduced accuracy in urban environments. This paper presents
a hybrid TN-NTN localization framework aided by the Reconfig-
urable Intelligent Surface (RIS) called the Multi-Layer Network
(MuLa), which employs a single RIS to enhance integration of
terrestrial and satellite downlink signals. The results demonstrate
substantial accuracy and robustness improvements, underscoring
RIS-enabled integration as a viable approach to meet such strin-
gent localization requirements.
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1. INTRODUCTION

The fifth and upcoming sixth generations (5G/6G) of wireless sys-
tems promise not only reliable and ubiquitous connectivity, but
also high-accuracy positioning fundamental for applications such
as autonomous vehicles, industrial IoT, and emergency response,
all of which demand centimeter-level accuracy, coverage, and ro-
bustness in non-line-of-sight (NLoS) environments [1, 2, 3]. Al-
though Terrestrial Networks (TNs) form the backbone of mobile
communications and support standardized positioning methods [4],
their performance is limited by the density of the infrastructure
and the coverage gaps in rural or obstructed areas. Non-Terrestrial
Networks (NTNs), particularly Low Earth Orbit (LEO) satellites,
provide global coverage and are expected to complement TNs by
extending service to rural and aerial environments [5, 6]. However,
NTNs suffer from severe multipath and attenuation in dense ur-
ban or indoor scenarios, limiting their standalone applicability [7].
Current research has primarily focused on TN-NTN integration for
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communication purposes or isolated studies of terrestrial or satel-
lite localization, with limited attention to their joint use for precise
positioning [8, 9].

Reconfigurable Intelligent Surfaces (RISs) have emerged as a
promising technology to enhance localization by creating control-
lable reflections that increase effective depth of coverage, improve
geometric diversity, and generate additional line-of-sight (LoS)-
like paths [10]. The first results on RIS-aided localization in single-
antenna systems were given for TN [10] allowing the single-node
localization. Other works in the TN arena consider the use of
multiple-antenna systems and/or multiple-RIS for sidelink posi-
tioning [11]. For NTN, RIS-aided positioning for single-LEO po-
sitioning was first proposed in [12] followed with scarce literature,
but dealing with multiple satellites and RISs [13]. Recent works
have explored the benefits of RIS-assisted positioning in both ter-
restrial and non-terrestrial contexts, including comparative studies
of key performance indicators [14] and performance assessments
of multi-RIS configurations in single-LEO positioning [15].

In this work, we introduce a system model where a single RIS
assists integrated TN-NTN localization, bridging terrestrial and
non-terrestrial (layers) links within a unified framework. For the
best of the authors’ knowledge, this is the first time this type of
system model is used for single-LEO localization. We propose a
Multi-Layer Network (MuLa) algorithm, which leverages a sin-
gle RIS to simultaneously integrate terrestrial and non-terrestrial
downlink signals. By carefully designing RIS phase profiles and
transmitted signals, the proposed scheme enables separation of
overlapping paths and significantly improves estimation accuracy
with respect to state-of-the-art approaches. This is possible thanks
to the novel RIS-aided positioning engine proposed in this paper,
which considers a joint Angle of Departure (AoD) estimation and
a weighted non-linear least squares (LS) estimator to accurately
combine all the available measures for localization.

The effectiveness of the MuLa algorithm is evaluated through
Monte Carlo simulations, analyzing root mean square error (RMSE)
and benchmarking against Cramér-Rao lower bound (CRLB) for
the cases TN-only, NTN-only, and MuLa cases, all aided by a
single RIS. The rest of the paper is structured as follows: First,
Section 2 introduces the system model followed by the description
of the MuLa localization algorithm in Section 3. Then, Section 4
shows the numerical results, and Section 5 concludes this paper.

2. SYSTEM MODEL

We consider a three-dimensional (3D) user localization problem
in a far-field, spatial-narrow-band system. The setup is shown in
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Fig. 1. Illustration of the MuLa scenario.

Fig. 1, and it involves a single-antenna transmitter for each net-
work located at known positions: the terrestrial base station (BS)
at pBS = [xBS, yBS, zBS]

⊤, and the non-terrestrial node (satellite)
at psat = [xsat, ysat, zsat]

⊤ with velocity vsat ∈ R3. The User Ter-
minal (UT) has unknown position p = [x, y, z]⊤ and velocity
v ∈ R3. A RIS is deployed at a known position with known ori-
entation. In this paper, the RIS is assumed to be placed at the
origin of the global coordinate frame (GCF), pRIS = [0, 0, 0]⊤,
in the vicinity of the UT. The UT receives downlink signals from
both TN and NTN transmitters through the LoS path and through
the RIS-reflected path. We consider an asynchronous system with
an unknown but fixed clock bias, δt, between the transmitters and
UT. The BS and satellite are assumed to be synchronized. Next,
we define the channel and signal model considered in this paper.

2.1. Geometry and channel parameters

We consider the RIS is equipped with a Uniform Rectangular Ar-
ray (URA) of M = Mr ·Mc elements, where Mr and Mc are the
number of elements placed along its local x- and z-axes, respec-
tively. The RIS elements are spaced by λ/2, where λ = c/fc is the
wavelength, fc is the carrier frequency and c is the speed of light.
In the following, we will use the subscript j ∈ {TN,NTN} to de-
note the terrestrial or non-terrestrial transmitter. Furthermore, we
use subscript i ∈ {0, 1} to indicate the LoS and RIS path, respec-
tively. The channel parameters include time-delay, τ , and Doppler
frequency f . In particular, for the LoS path we get the delay as
τj,0 = ∥pppg − ppp∥/c+ δt, with g∈{BS, sat} for j∈{TN,NTN}.
The Doppler frequency is given by (with vvvBS = 0)

fj,0 =
(vvvg − vvv)⊤(ppp− pppg)

λ∥ppp− pppg∥
. (1)

For the RIS path, the time-delay and Doppler frequencies are
τj,1 = τgr + τru = (∥pppg − pppRIS∥+ ∥pppRIS − ppp∥)/c+ δt and

fj,1 = fgr + fru =
vvv⊤g (pppg − pppRIS)

λ∥pppg − pppRIS∥
+

vvv⊤(pppRIS − ppp)

λ∥pppRIS − ppp∥ , (2)

respectively. Moreover, for the RIS path, we also have to consider
Angle of Arrival (AoA) and AoD, which consists of an azimuth

and elevation angle. These angles are written as follows:

ϕg = [arctan ([∆pppg]2/[∆pppg]1) , arcsin ([∆pppg]1/∥∆pppg∥)]⊤ ,
(3)

with ∆pppgr = pppRIS − pppg , and pppg = {pppsat, ppp} for g = {A,D}.

2.2. Signal model

In the MuLa scenario, both TN and NTN transmitters emit Or-
thogonal Frequency Division Multiplexing (OFDM) signals over
disjoint subcarrier sets Kj , j ∈ {TN,NTN}, with Kj = |Kj |.
The total number of transmitter subcarriers is denoted by K. To
ensure full bandwidth utilization while maintaining orthogonality
between layers at base-band, the subcarriers are allocated in an in-
terleaved manner such that TN pilots occupy the even-indexed sub-
carriers and NTN pilots occupy the odd-indexed ones. This inter-
leaving is adopted without loss of generality as a base-band signal
abstraction that enables joint processing and analytical tractabil-
ity. This is compatible with NR-based NTN framework, in which
TN and NTN reuse (with comb-2) the same OFDM waveform
and numerology [16, 17]. For the localization algorithm, we con-
sider the reception of L OFDM symbols. The symbol period is
Tsym = T + TCP with T = 1/∆f the elementary symbol dura-
tion, ∆f = B/K the subcarrier spacing with B = K∆f the
signal bandwidth, and TCP the cyclic prefix (CP) duration. Af-
ter down-conversion and sampling at t = lTsym + TCP + nT/K,
n = 0, . . . ,K − 1, we get

rl[n] =
∑

j∈{TN,NTN}

1∑
i=0

rj,i[n] + wl[n], (4)

where wl[n] is additive white Gaussian noise (AWGN).
Let x(j)

k,l ∈ C be the pilot symbols of the j-th layer for the
subcarrier k and symbol l. Then, after some approximation, the
j-th component is expressed as [15, 12]:

rj,i[n] = αj,i Gj,i(l) e
j2πfj,i(nT/K+lTsym)

×
∑
k∈Kj

x
(j)
k,le

j2πkn/Ke−j2πk∆f (τj,i−νj,ilTsym), (5)

with αj,i the channel amplitude that includes the transmitted power
and the free space path loss, νj,i = fj,i/fc, and Gj,0(l) = 1 for
LoS while Gj,1(l) is the RIS beamforming gain expressed as:

Gj,1(t; Φj) =
[
a(ϕ

(j)
A )⊙ a(ϕ

(j)
D )

]⊤
ω(t), (6)

where a(ϕ) ∈ CM is the RIS steering vector with [a(ϕ)]m =
exp

(
− j2πfcτm(ϕ)

)
, τm(ϕ) is the relative time-shift at the m-th

RIS element, and ω(t) = [ω1(t), . . . , ωM (t)]⊤ contains the RIS
phase profiles. We consider a random phase profile, where the
element phases are uniformly distributed in [0, 2π). Furthermore,
the RIS phase profile changes its sign every symbol to provide time
orthogonality with the LoS path [10].

Stacking K samples across L symbols yields

Y =
∑

j∈{TN,NTN}

(
Yj,0 +Yj,1

)
+W, (7)

with Y ∈ CK×L, W ∈ CK×L noise and

Yj,0 = Aj,0 E(fj,0)⊙ FH(
C(fj,0)⊙D(τj,0)⊙Xj

)
, (8)

Yj,1 = Aj,1 E(fj,1)⊙ FH(
C(fj,1)⊙D(τj,1)⊙G(Φ̃j)⊙Xj

)
,

(9)
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where F is the K-point DFT, Xj ∈ CK×L the pilots, and

[E(fi) ]n,l = ej2πfi,l(nT/K), [C(fi) ]n,l = ej2πfi,llTsym ,

[D(τi) ]n,l = e−j2π∆fn(τi,l−νi,llTsym), [G(Φ̃j) ]n,l = Gl(Φj,l).
(10)

for n = 0, . . . ,K − 1, l = 0, . . . , L− 1.

3. LOCALIZATION ALGORITHM

In this section, we explain how to locate the user with the help of
the RIS reflections of the transmitted signals TN and NTN. It is
important to note that localization algorithms with single antenna
systems would need at least 4 time-delay measures to obtain a 3D
position and to synchronize the clock between transmitters and re-
ceivers. In this paper, we propose an algorithm that can localize
the user considering only one BS, one satellite, and one RIS. The
goal is to estimate the position of the user, ppp, from the received
signal YYY . To do this, we first estimate the LoS channel parameters
and those of the path arriving from the different RISs. Second, we
use the estimated parameters to extract the receiver position based
on time-delay and AoD measures. This process is explained next.

3.1. Channel parameter estimation

Let us first explain the estimation of the channel parameters. For
the sake of notation simplicity, we will omit the subindex j =
{TN,NTN} and follow the same explanation for the algorithm
of each layer. More details on the algorithms used for the TN
and NTN layer refer to [10, 14] and [12, 15], respectively. The
key point of such algorithms is to convert the received signal into
a matrix ZZZ for which time-delay only affects its rows, Doppler
its columns, and RIS angles the beamforming vector. In doing
so, we reduce the channel parameter estimations to FFT-based
processing. Furthermore, the component of each layer is pro-
cessed separately by using the pre-established pilot symbols as
Yj = FH((FY)⊙X∗

j ).
The procedure is as follows: First, the LoS parameters are

obtained by correlating the received signal with a local replica of
the LoS model given in (8). The LoS parameters can be extracted
from the following 2D search:

[τ̂0, f̂0] = argmax
τ,f

{
|dH(τ)Z0c

∗(f)|
}
, (11)

where [d(τ)]n = exp (−j2πn∆fτ) with n = 0, . . . ,K − 1, and
[c(f)]l = exp (j2πflTsym) with l = 0, . . . , L − 1. The ma-
trix ZZZ0 depends on the layer to be processed. For TN, ZZZ0 = YYY
since the effects of τ and f are already decoupled between rows
and columns. For Doppler frequency estimation ZZZ0 is the match
function of the time-delay compensated signal, which involves the
separation between RIS-LoS paths [10]. For NTN, a Doppler pre-
compensation following the model in (8) with f0 ≈ fsr must be
applied [12]. The previous 2D search can be efficiently computed
by a 2D-Fast Fourier Transform (FFT) [12] or two sequential 1D-
FFTs [10].

Then, the LoS contribution is estimated by feeding the esti-
mated LoS parameters into (8). Then, the received RIS path signal
is obtained as ŶRIS = Y − ŶLoS. Similarly to the LoS param-
eters, the RIS-path channel parameters can be estimated with the
following 3D search:

[τ̂1, f̂1, ϕ̂D] = argmax
τ,f,ϕ

{
|dH(τ)Z1(c

∗(f)⊙ g(ϕ))|
}
. (12)

In this case, ZZZ1 is obtained from the match function. As for the
LoS path, in the case of the NTN layer we have to compensate for
the Doppler frequency considering f1 ≈ f0 [12]. Fortunately, the
previous optimization can be performed using FFT in two separate
processes [10, 12]. First, the time-delay is obtained from the rows
of Z1, and the frequency and AoD can be jointly estimated with a
2D-FFT of the delay-compensated signal. Note that all estimates
based on FFT serve as coarse values to be refined numerically.

3.2. Position estimation

It should be noted that both the TN and NTN reflected paths share

the same AoD but yield two estimates ϕ̂
(j)

D , j∈{TN,NTN}. So,
the first step in the localization method is to obtain a joint AoD
estimation. We consider a BLUE estimator [18]:

ϕ̂D = (σ2
NTNϕ̂

(TN)

D + σ2
TNϕ̂

(NTN)

D )/(σ2
TN + σ2

NTN), (13)

with σ2
j the AoD variance, which is obtained from the CRLB of

the corresponding AoD estimates. With this estimate, we obtain
the direction vector in the local coordinate frame of the RIS corre-
sponding to the user as k(ϕ̂D).

Now, let sssBR,i = pppi − pppRIS, so that we define the following
partial cost functions of the distance between the RIS-user, d:

fi,j(d) = (d+ ∥sssBR,i∥ − ∥sssBR,j − dk(ϕ̂D)∥ −∆rij)
2, (14)

with ∆ri,j = c|τ̂i,1− τ̂j,0|, and i = j = {TN,NTN}. These cost
functions penalize, per layer, the mismatch between the modeled
and estimated RIS–LoS delay differences. We also account for the
inter-layer LoS delay difference as

f0(d) = (∥sss0 − dk(ϕ̂D)∥ − ∥sss1 − dk(ϕ̂D)∥ −∆r0)
2, (15)

where {sss0, sss1} = {sssBR,NTN, sssBR,TN}, and ∆r0 = c|τ̂NTN,0 −
τ̂TN,0|.

With this set of equations relates to a non-linear least-squares
(LS) system of equations that allows us to estimate the user lo-
cation with the following weighted LS (WLS) solution: First, the
distance d is estimated by

d̂ = argmin
d

{
1

σ2
0

f0(d) +
∑
i

∑
j

1

σ2
ij

fij(d)

}
, (16)

where {σ2
0 , σ

2
ij} denote the variance of the time differences mea-

sures {∆r0,∆rij}, respectively. Finally, the user position is ob-
tained as p̂pp = d̂k(ϕ̂D).

4. NUMERICAL RESULTS

In this section, we validate the MuLa algorithm by comparing its
RMSE with the theoretical CRLB, aiming to assess the accuracy
gains from integrating TN and NTN within a multi-layer posi-
tioning architecture. NTN provides wide-area coverage, but suf-
fers from high Doppler spreads and lower carrier-to-noise ratio,
CN0, ( 60 dB-Hz in the studied scenario), while TN offers lower
Doppler shifts and much higher CN0 ( 110 dB-Hz). The analy-
sis considers a user along the path [−r/

√
2, r/

√
2,−10]⊤ with

r ∈ [2, 200] m. Results are averaged over 200 random realiza-
tions (20 RIS phase profiles and 10 noise realizations per profile).
Simulations are performed at 1.432 GHz with 60 kHz subcarrier
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Fig. 2. Accuracy analysis of the MuLa localization algo-
rithm: Estimation error and CRLB for UT position along
[−r/

√
2, r/

√
2,−10] with r = [2, 200] m .

spacing, 1333 subcarriers, an 8 dB noise figure, and a 64 × 64
RIS. Following 3rd Generation Partnership Project (3GPP) [19],
the TN scenario assumes 20 dBm transmit power, while the NTN
scenario uses 63 dBm (53 dBm per 3GPP plus a 10 dB margin)
and L = 256 OFDM symbols. The BS, RIS, and satellite are
placed at [5, 5, 0] m, [0, 0, 0] m, and [−838.3, 838.3, 1106.7] km,
respectively, with satellite velocity [−5139.7,−5139.7, 0] km/s.
A random RIS phase profile is assumed [10].

With this setting, we present both the RMSE and CRLB for the
proposed MuLa algorithm, along with the CRLB when consider-
ing NTN or TN independently. The localization error results in
Fig. 2 demonstrate the ability of the MuLa algorithm to overcome
the limitations of each individual layer (that is, TN or NTN). In
particular, MuLa reduces RMSE compared to NTN-only scenar-
ios (by about three orders of magnitude) and outperforms TN-only
configurations, especially at large r (more than two orders of mag-
nitude for r = 200 m). These gains stem from signal path redun-
dancy and improved geometry in solving the localization problem.
Moreover, the multi-layer design extends coverage beyond the TN
network, combining the broad visibility of NTN with the high pre-
cision of TN, achieving sub-centimeter accuracy for all simulated
values of r (as opposed to only r < 50 m for TN).

It is important to note that the implementation considering all
the equations in (16) shows a performance driven by the perfor-
mance of the TN layer (see the Est. MuLa curve in Fig. 2). This
is particularly true for small values of r < 25 m and is due to the
large difference between CN0 of the TN and NTN layers (∼ 50 dB
in the scenario considered). Thus, the WLS considered in the lo-
calization algorithm prioritizes the TN performance. Furthermore,
for large values of r > 25 m, the channel parameter estimates of
the NTN layer start to depart from the CRLB (see Fig. 3). This
makes the MuLa algorithm consider a wrong value of σ2

ij in (16),
thus producing an incorrect localization. To show this effect, we
also include in Fig. 2 the results of the MuLa algorithm, but con-
sidering σ−2

NTN,TN = σ−2
NTN,NTN = 0 (see Est. MuLa (sW0) curve

in Fig. 2). Here, we see the great improvement of the MuLa algo-
rithm when it reaches the CRLB (> 2 orders of magnitude for
r = 200 m). Finally, say that the results of the channel parameter
estimates are given in Fig. 3, and demonstrate a strong alignment
between the RMSE and the corresponding CRLBs for the TN and

Fig. 3. Accuracy analysis of the MuLa channel estimation algo-
rithm: RMSE and CRLB for (up) time-delay, and (down) AoD
estimation of each layer (TN/NTN) of the MuLa approach.

NTN layers. We also show the results for the BLUE AoD esti-
mation of the MuLa algorithm, showing a strong alignment with
the TN-layer AoD estimate. This validates the accuracy of the
algorithms implemented for channel parameter estimators. Conse-
quently, this alignment between RMSE and CRLB should ideally
be translated into the localization algorithm.

5. CONCLUSION

This work has shown, for the first time, that RIS technology can
enable localization in a MuLa system with one terrestrial base sta-
tion and one satellite. Without RIS, neither TN nor NTN users
could localize independently. The proposed algorithm achieves
sub-centimeter accuracy up to 200 m, outperforming TN-only and
NTN-only baselines. The point is that TN enables high-accuracy
ranging at short ranges, whereas NTN extends coverage with more
uniform accuracy. By jointly exploiting TN and NTN signals the
geometry diversity is improved, thus improving the overall local-
ization performance. Results reveal the potential of RIS-assisted
MuLa localization to significantly improve accuracy and robust-
ness in NLOS conditions. In particular, with a proper weighting
(without considering NTN degraded measures), the proposed algo-
rithm approaches the CRLB with gains up to two orders of magni-
tude among single-layer solutions. Future work should refine inte-
gration strategies or address TN/NTN path loss imbalance through
improved system design, such as larger or multiple RISs.
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