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Abstract

To mitigate the loss of satellite navigation signals in indoor environments, we propose an
active reconfigurable intelligent surface (ARIS)-empowered satellite positioning approach.
Deployed on building structures, ARIS reflects navigation signals to indoor receivers to
bypass obstructions, providing high-precision positioning services to receivers in non-line-
of-sight (NLoS) areas. The path between ARIS and the receiver is defined as the extended
line-of-sight (EL0S) path, and an improved carrier phase observation equation is derived
to accommodate this path. The receiver compensates for its clock bias through network
time synchronization, corrects the actual satellite~ARIS-receiver signal path to the satellite—
receiver distance through a distance correction algorithm, and determines the position
using the least squares (LS) method. Simulation results show that the proposed method
provides positioning services with errors not exceeding 4 m in indoor environments, with
time synchronization accuracy within an error range of 10 ns.

Keywords: global navigation satellite system (GNSS); indoor environments; reconfigurable
intelligent surface (RIS)

1. Introduction

The global navigation satellite system (GNSS) is widely acknowledged for its pro-
vision of high-precision all-weather positioning and timing services [1] which are exten-
sively applied across various global applications, especially in critical industries such as
transportation, telecommunications, and agriculture [2]. Traditional GNSS relies on the
line-of-sight (LoS) signals for precise positioning [3]. Under unobstructed signal conditions,
the receiver can achieve positioning by using navigation signals from at least four satellites.
However, in indoor environments the LoS signals from satellites are often blocked by build-
ings, which makes it difficult for GNSS receivers to acquire sufficient satellite signals [4].
As urbanization continues, high-accuracy positioning challenges in indoor environments
have become increasingly prominent [5].
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To address these issues, we turn our focus to the reconfigurable intelligent surface
(RIS), an emerging communication technology. RIS is a kind of planar material that can be
deployed on the exterior surfaces of buildings; its working principle is similar to mirror
reflection [6,7]. When electromagnetic signals reach the RIS, it can automatically adjust
its electromagnetic parameters, transforming the transmission path into a controllable
form by reflecting the signals. Considering the low power intensity of satellite navigation
signals, traditional RIS may face challenges in providing reliable positioning support under
these conditions. To address these limitations, we introduce active RIS (ARIS) to the GNSS
context. Compared to RIS, ARIS can actively amplify navigation signals at the cost of some
power consumption thanks to its integration of amplifier components [8,9]. Additionally,
the positioning errors introduced by the ARIS array from phase shifts, beamwidth, and
hardware delays are all predictable and manageable, making it a reliable solution for
accurate positioning.

In this work, we propose an ARIS-empowered satellite positioning network. When LoS
signals are completely blocked, the reflection characteristics of ARIS can be utilized to create
an extended LoS (ELoS) path, which refers to the path between the ARIS and the receiver.

However, the proposed ARIS-empowered satellite positioning approach poses three
challenges: (i) due to the existence of the ELoS path, traditional carrier-phase observation
is no longer applicable to the proposed scenario; (ii) the ELoS path is shared by multiple
satellites, which if not properly accounted for can result in a shifted position estimate; and
(iii) the receiver clock bias and ELoS path propagation time are coupled, as both influence
the signal’s travel time, making it challenging to separate their effects on positioning. To
address these challenges, we introduce a new carrier phase observation equation to ac-
commodate the novel navigation signal transmission path. Network time synchronization
technology is employed to decouple the transmission time of the ELoS path from the
receiver clock bias instead of relying on traditional GNSS algorithms to calculate the clock
bias. Additionally, a geometric correction method is applied to rectify the ranging errors
caused by the ELoS path. With the development of 5G, the precision requirements for
time synchronization have increased. China Mobile’s research has achieved ultra-high-
precision synchronization reaching 5 ns, which provides the technical feasibility for the
implementation of our work [10].

We validated the proposed approach in simulated indoor environments. The experi-
mental results show that when the ARIS can detect more than five satellites and the network
time synchronization error is controlled within +10 ns, the positioning error for indoor
receivers is within 4 m.

2. System Model
2.1. Channel Model and Signal Propagation Model

Wireless signals are essentially electromagnetic waves propagating in 3D space. For
ARIS, Love’s field equivalence principle states that the electromagnetic field inside and
outside a closely packed surface can be uniquely determined by the currents and magnetic
fields on the surface. Assuming that the ARIS array has K elements, the intensity and
distribution of these equivalent currents within each element are determined by the incident
signals 1 (t). The reflected signals i, (t) at the k-th element can be represented as follows:

Yi(t) = Rey (1) ©)
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where Ry represents the reflection complex coefficient of the k-th element. According to
the law of energy conservation, for an ARIS element, the following constraints on the local
reflection coefficients must be satisfied:

|Rk|2 < Hamp (2)

where Hamp is the amplification factor.
For convenience of designing ARIS in wireless communication systems, these narrowband
frequency-flat coefficients are rewritten in terms of their amplitude and phase shift as follows:

Ry = /Bre 3)

where B are real-valued coefficients satisfying By < Hamp and 6y are the phase shifts
introduced by the k-th element for the reflected signals.
The channel vector k' between the i-th satellite and the ARIS elements is expressed as

We=ln w ... w ... h }T @)
1 k K|

where /i represents the channel response between the i-th satellite and the k-th ARIS
element, with |1 | following a Rician distribution.
The reflected channel matrix g between the ARIS and the receiver in indoor

environments is T

where g represents the reflected channel response between the k-th ARIS element and
the receiver.
Therefore, the signal {’(t) from the i-th satellite via ARIS is expressed as

. P )
G'(t) = (8"RI'r g e ) VPY(H) + No, 6)
where R denotes the diagonal matrix with R = diag| B1e/®t Boe/® .. Brel® |, ;s

and rg, represent the distance between the i-th satellite and the ARIS and the distance
between the ARIS and the receiver, respectively, #; and &, denote the path loss exponent
of the satellite-ARIS link and the ARIS-receiver link (with 7, ;> and rlzfz representing
the large-scale fading components of the signal), P denotes the transmit power of the
navigation signal, and Ny denotes the additive white Gaussian noise (AWGN).

Additionally, when navigation signals reach the ARIS, phase differences occur at each
ARIS element due to the varying distances between the signal source and the elements.
The ARIS analyzes these phase differences to estimate the signal’s angle of arrival (AoA). Si-
multaneously, by controlling the phase and amplitude of each element, the ARIS introduces
specific phase shifts to the transmitted signals, thereby calculating the angle of departure
(AoD) to achieve directional transmission.

2.2. Positioning Model

According to [11], the direct carrier phase observation @; between the i-th navigation
satellite and the receiver at the observation epoch can be described by

(Pi/\ =Tisu — cTy + CTi — N;jA — Vi,ion - Vi,trop + &, (7)

where @; denotes the carrier phase observation obtained by the receiver, A is the wavelength
of the satellite signals, 7; ¢, represents the geometric distance between the receiver and the
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i-th satellite, c is the speed of light in vacuum, T}, is the receiver clock bias, T is the satellite
clock bias, N; is the integer ambiguity, V; jo, and V 4, are the ionospheric and tropospheric
delays, respectively, and e represents the unmodeled errors, including measurement noise
and multipath effects.

By compensating for the modeled errors and delays and ignoring the unmodeled
errors, the carrier phase observation equation can be simplified to

QA =Tig — Ty +e. (8)

According to Figure 1, in the proposed ARIS empowered satellite positioning network,
the propagation distance changes from 7; 5, to 7; gs + rry, + w, where w denotes the distance
error introduced by ARIS. Based on the physical model of signal propagation aided by
ARIS, Equation (8) can be rewritten as

QA =Tirs + TRy — Ty + e+ w. 9)

Satellite

Receiver

Figure 1. Illustration of ARIS reflection channel.

The distance between the ARIS and receiver can be expressed as follows:
Ry = cTRr (10)

where Ty is the time of flight from ARIS to the receiver.
Based on Equation (10), combining the receiver clock bias and the propagation time of
the signal from ARIS to the receiver, Equation (9) can be rewritten as

pid =rtigs — c(Ty — Tr) + e+ w. (11)

Based on Equation (11), it is important to note that the presence of multiple phase
measurements ¢; allows us to estimate the position of the ARIS. However, the two param-
eters T;, and Ty are jointly estimated in all calculations. Therefore, these two parameters
cannot be independently separated during the analytical process. To address this issue, we
introduce network time synchronization in Section 3 to effectively disentangle the effects of
T, and Tg, thereby improving positioning accuracy and the reliability of signal processing.
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3. ARIS-Empowered Positioning Approach
3.1. ARIS Position Calculation Algorithm

By observing signals from i satellites, we can derive the following carrier phase
observation equations:

1A =rips—c(Ty —Tr) +e+w

(pzA:rz,Rs—c(Tu—TR)—i—e—l-w (12)

(pi)t = ri,Rs — C(Tu — TR) +e+4+w

where r; gy = \/(xi —xg)* + (i — yg)* + (zi — zg)*. The coordinates (x’,y/,z') can be
obtained by the receiver through the ephemeris broadcast by the satellite. Expanding the
position (xo, ¥o,z9) around (xg, YR, zr) using a Taylor series, the linearized measurement
equation is obtained as follows:

i_ i_ i
Ari%x .xOAx—i—y ‘yOAy—kZ .ZOAz+cAT (13)
rl rl rl

where Ar; = @;A — r' represents the residual between the carrier phase observation received
by the receiver and the calculated value at the Taylor expansion point, 7 is the geometric
distance between the i-th satellite and the expansion point, Ax = xg — x9, Ay = yr — Yo,
Az = zg — zp,and T = T,, — Tr. For simplicity, Equation (13) can be rewritten in compact
form as

Ar = A x B, (14)
where ) ) .
Ary Ax X ;xo Y ;yo z ;120 c
2 2 2
Ary A X *Zxo Y *zyo z *220 c
Aar=| |, B= AZ A= 7 G 7 (15)
Ar; AT doxg Yoy -z c
r ! r

Clearly, there are four unknown parameters in Equation (15). When the receiver can
detect signals transmitted from at least four satellites, the equation is solvable. Thus, the
ordinary LS solution to Equation (14) is given by

. -1

B:(ATA) ATAr. (16)
The n-th iteration solution is
(%0 ¥n oz T ) =[ 21 Yn1 2o T '+[Ax Ay Az AT (17)

Following Equation (16), the variation vector B is determined and added to the initial
estimate to obtain an updated iterative value. The process is repeated until the norm ||B||
falls below a predefined threshold, at which point the vector [x,, i, zn] represents the 3D
coordinates of the ARIS.

3.2. ELoS Path Distance Estimation

In this subsection, we use network time synchronization to calculate the distance
of the ELoS path. The receiver accesses mobile networks, enabling ultra-high precision
synchronization with the clock from the timing service center. With the receiver clock
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bias controlled within the timing accuracy range, the timing offset in iteration n (T, in
Equation (17)) can be approximated as

T, ~ *TR +, (18)

where Ty denotes the computed signal transmission time of the ELoS path and vy represents
the network time synchronization error. Therefore, the ELoS path distance is calculated as

'Ry = C TR- (19)

3.3. Distance Correction and Receiver Positioning Algorithm

After obtaining the position of ARIS and the ELoS path distance, this subsection uses
the acquired information along with the AoA and AoD provided by ARIS to implement
satellite—receiver path correction and achieve receiver positioning.

ARIS is capable of calculating the AoA 64,4 and AoD 04,p, as shown in Figure 1.
When reflecting signals, ARIS broadcasts the angle information to the receiver simulta-
neously. Thus, the receiver can calculate the geometric angle «; of the ELoS path and the
corresponding cosine value y;, as follows:

a; = (0a04)i +040D- (20)
Xi = COS ;. (21)

As shown in Figure 1, the geometric distance between the satellite and the receiver
can be calculated by solving the triangle formed by the satellite, ARIS, and the receiver.
Combining Equation (21) and using the cosine rule of the triangle, the distance between
the satellite and the receiver is obtained as

Fisu = \/(Vz‘,Rs)z + 12, = 2r; RsTRuXi- (22)

The distance between the satellite and the receiver in Equation (22) can also be ex-
pressed in coordinate form as

Visu = \/(xi - xu)Z + (yl - yu)z + (zi - le)z' (23)

By synthesizing the receiver’s continuous reception of signals from multiple satellites,
the following geometric distance equations are obtained:

771,su = T1,su + 01

Posu = T2,5u + 02
(24)

77i,su =Tisu + Oi

where p; represents the calculation error, primarily caused by quantization errors and
AoA/AoD angle estimation errors.

Using Taylor series expansion for Equation (23) as in Equation (13)—(16) and employing
the 3D coordinates of ARIS obtained from Equation (17) as initial values, the LS algorithm
is used iteratively until the positioning results converge to a predefined threshold, at which
point the 3D coordinates of the receiver are determined.

https://doi.org/10.3390/engproc2026126045


https://doi.org/10.3390/engproc2026126045

Eng. Proc. 2026, 126, 45

7 0f 10

4. Results

In this section, we present the simulation results of the ARIS-empowered satellite posi-
tioning approach in indoor environments. In the simulation, (—2,604,298.533, 4,743,297.217,
3,364,978.513) served as the initial position of the receiver in indoor environments, with the
ARIS (—2,604,348.533, 4,743,312.217, 3,364,998.513) deployed on a building at an elevation of
40 m above ground level. The ARIS could receive navigation signals transmitted by at least
12 satellites, while the receiver was unable to receive any LoS signals from the satellites.

Throughout the simulation, the satellite position, satellite clock bias, integer ambiguity,
ionospheric delay, and tropospheric delay were obtained in advance through model calcu-
lations. The receiver was connected to network time synchronization for clock correction.

4.1. Positioning Results of the ARIS

In the positioning process, the number of satellites observed by the receiver via the
ELoS path is typically not constant. Therefore, it is crucial to study the positioning accuracy
under different satellite quantities. To this end, we tested the positioning results with 4
to 12 satellites during the positioning of the ARIS at the receiver, comparing the accuracy
under varying satellite counts.

We chose six observable satellites and conducted another 1000 Monte Carlo simula-
tions. The corresponding 3D coordinate errors are shown in Figure 2. The distribution of
errors along the X, Y, and Z axes shows that most positioning errors on the X and Y axes
are within 1.5 m, while Z-axis errors are within 2.5 m.

IS
=
o of i
o
1.5 1 1 1 1 1 1 | 1 1
0 100 200 300 400 500 600 700 800 900 1000
X-coordinate residual plot of ARIS
15 T T T T T 7
IS
=
g
wm
1.5 1 1 1 1 1 1 1 1 I |
0 100 200 300 400 500 600 700 800 900 1000
Y-coordinate residual plot of ARIS
T T T T T
2
€
=
S of |
|

I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000

Z-coordinate residual plot of ARIS

Figure 2. 3D positioning error plot of ARIS with six satellites.

To further analyze the impact of different satellite counts on positioning accuracy,
we calculated the root mean square error (RMSE) for each case. As shown in Figure 3,
when five satellites are observable, the RMSE is around 1.6 m with fluctuations. When
the satellite count increases to six, the RMSE decreases to 1.2 m with reduced fluctuation.
As the number of satellites further increases, the positioning performance continues to
improve; with eight satellites the RMSE drops to 0.8 m, and with twelve it further decreases
to 0.5 m with minimal fluctuation. The results show that when the number of observable
satellites reaches five or more, the positioning performance of ARIS significantly improves
with decimeter-level accuracy achieved when the number exceeds eight.
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Figure 3. RMSE with different numbers of satellites in ARIS positioning.

4.2. Positioning Results of the Receiver

We also investigated the positioning accuracy of the receiver empowered by ARIS
under different network time synchronization errors and satellite counts.

Figure 4 illustrates the receiver positioning errors under different network time syn-
chronization precisions in indoor environments, ranging from 1 ns to 10 ns. When five satel-
lites are observable, the positioning error corresponding to a timing error of 10 ns is 5.6 m.
The error decreases as the network time synchronization error is reduced. With six ob-
servable satellites, the positioning error for a 10 ns timing error reduces to 3.9 m. With
eight satellites, the error lies between 1 and 4 m, and with twelve satellites the error further
decreases to a range of 0 to 3 m, with minimal fluctuation. The difference between the cases
with eight and twelve satellites is approximately 0.4 m. These results indicate that due
to the influence of beamwidth and ARIS positioning errors, increasing the satellite count
beyond eight only slightly improves positioning accuracy.

—o—(N=6)
R & (N=8)
O ¥ | = (N=12)

==

Positioning Error \m

0 1 2 3 4 5 6 7 8 9 10
Network Time Synchronization Error \ns

Figure 4. Receiver positioning errors under different timing accuracies with N satellites in

indoor environments.
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5. Conclusions

We introduce an ARIS empowered satellite positioning approach, offering a new posi-
tioning solution for receivers in indoor environments. We first review the challenges faced
by existing positioning techniques, then discuss the features and benefits of ARIS. Based on
traditional positioning models, we develop an ELoS path empowered by ARIS and derive
a corresponding carrier-phase observation model. Next, we design an ARIS-empowered
satellite positioning approach, including the ARIS position calculation algorithm, ELoS
path distance estimation, satellite-to-receiver distance correction algorithm, and receiver
positioning algorithm. An important future direction is to extend the proposed ARIS-
empowered satellite positioning approach to low-Earth orbit (LEO) satellites by addressing
issues such as high speeds and limited coverage areas.
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