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ABSTRACT

Global Navigation Satellite System (GNSS) is extensively
utilized for outdoor positioning and navigation. However,
achieving high-precision indoor positioning is challenging
due to the significant attenuation of GNSS signals indoors.
To address this issue, we propose an innovative indoor GNSS
positioning system called GPMS, which uses passive metasur-
face technology to redirect GNSS signals from outdoors into
indoor spaces. These passive metasurfaces are strategically
optimized for indoor coverage by steering and scattering the
GNSS signals across a wide range of incident angles. We
further develop a novel localization algorithm that can deter-
mine which metasurface the signal goes through and localize
the user using the set of metasurfaces as anchor points. A
distinct advantage of our localization algorithm is that it can
be implemented on existing mobile devices without any hard-
ware modifications. We implement the prototype of GPMS,
and deploy six metasurfaces in two indoor environments, a
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10x50 m? office floor and a 15%20 m? lecture room, to eval-
uate system performance. In terms of coverage, our GPMS
increases the C/NO from 9.1 dB-Hz to 23.2 dB-Hz and in-
creases the number of visible satellites from 3.6 to 21.5 in the
office floor. In terms of indoor positioning accuracy, our pro-
posed system decreases the absolute positioning error from
30.6 m to 3.2 m in the office floor, and from 11.2 m to 2.7 m
in the lecture room, demonstrating the feasibility and benefits
of metasurface-assisted GNSS for indoor positioning.

CCS CONCEPTS

¢ Information systems — Global positioning systems; ¢
Hardware — Networking hardware.
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1 INTRODUCTION

Global Navigation Satellite System (GNSS) is ubiquitous for
outdoor navigation [22]. However, GNSS signals face chal-
lenges in penetrating indoor environments, primarily due to
signal obstruction, reflection, and attenuation caused by phys-
ical barriers [23, 38]. Wi-Fi/Bluetooth Low Energy (BLE)
technologies offer potential solutions to indoor positioning,
but they face several significant challenges [16, 40]. First,
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Figure 1: Overview of GPMS. We elﬁploy tailored passive
metasurfaces to direct GNSS signals indoors, coupled with
modified positioning algorithms, enabling accurate indoor

localization on mobile devices

they require additional infrastructure and area-specific cali-
bration and ongoing maintenance, which is not only costly
but also complicated. Moreover, estimating Angle of Arrival
(AoA) for accurate positioning requires a large antenna ar-
ray and accurate clock synchronization, which further in-
creases costs. Moreover, accurate positioning requires mobile
devices support specific hardware and software protocols,
such as 802.11mc FTM [9]. Unlike Wi-Fi/BLE solutions,
GNSS-based solutions obviate the need for the deployment
and maintenance of base stations by leveraging widely avail-
able satellites. Moreover, almost all smartphones are equipped
with GNSS chips and allow for direct access to GNSS pseu-
doranges via APIs. Thus, bringing GNSS signals indoors is
crucial for accurate ubiquitous indoor positioning.

GPS repeaters [3] are a potential method for indoor GNSS
extension, but they introduce variable delays that can lead to
location errors and require multiple devices along with corre-
sponding complex calibration to ensure full coverage [12, 42].
Moreover, they demand a continuous power supply for oper-
ation. Passive options like GPS backscatter devices provide
a similar function to repeaters. GPSMirror [15] proposes a
backscatter-based indoor GNSS extension solution. However,
the GNSS signal strength captured by the backscatter device
is limited by its small antenna aperture, and its output power
is also very restricted, making it unable to effectively amplify
the signals indoors. Additionally, their positioning algorithm
depends on at least two direct Line-of-Sight (LoS) GNSS
signals, a condition that is difficult to meet indoors.

Electromagnetic (EM) metasurfaces, with structured arrays
to control EM waves, offer a novel and promising approach
for extending GNSS indoors. Unlike repeaters, metasurfaces
can passively redirect signals without delay or power supply.
Metasurfaces have powerful capability in manipulating EM
wavefront. Since passive metasurfaces are low-cost and can
span considerable areas, they can capture more GNSS signal
energy than the limited apertures of backscatter antennas.
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To this end, we develop the first system that uses passive
metasurfaces to bring GNSS signals indoor and leverages the
signals strengthened by multiple metasurfaces for accurate
indoor positioning. Our system is called GNSS Positioning
Metasurfaces based System (GPMS). As depicted in Figure 1,
GPMS utilizes strategically positioned passive metasurfaces
on the windows of a building, serving as “signal controllers’
to redirect GNSS signals indoors. These metasurfaces en-
hance signal strength, providing high SNR for indoor GNSS
receivers to efficiently decode data and mitigate multipath
interference through steering.

Designing passive metasurfaces that can effectively steer
and scatter signals from all GNSS satellites within the visible
range presents a significant challenge. Passive metasurfaces
lack programmability, meaning their wavefront manipulation
capabilities are fixed upon fabrication. Therefore, we need to
determine a general and robust passive metasurface design
that can efficiently (1) steer signals from all visible GNSS
satellites at various incident angles in the elevation dimension
to guide signals indoors, and (2) scatter these incoming sig-
nals in the azimuth dimension to maximize indoor coverage
of GNSS signals. This presents a complex problem similar
to directing light beams from multiple directions through a
lens towards a single direction, which is virtually infeasible
with only one lens due to the principle of reversibility of light
paths. Inspired by systems using lenses combination, we aim
to steer and scatter GNSS signals with varying incident angles
through the combination of two metasurfaces. We cast the
joint design of two metasurfaces (e.g., their phase maps) as an
optimization problem. Considering the dual-frequency nature
of GNSS systems, which includes the L1 and L5 bands, we
utilize a transmissive meta-atom structure capable of support-
ing both frequency bands to facilitate the realization of the
final metasurface. We optimize the metasurface phase maps
for the L1 and L5 bands independently and subsequently inte-
grate them into a unified metasurface assembly system. The
resulting metasurface assembly system is capable of steering
and scattering dual-frequency GNSS signals to achieve indoor
signal coverage.

After metasurfaces redirect GNSS signals indoors, tradi-
tional GNSS positioning algorithms cannot correctly locate
indoor users due to the addition of the metasurface as an
intermediary in the signal path. To achieve accurate indoor
positioning, we develop a novel positioning algorithm that
treats GNSS metasurfaces as a new anchor to calculates the
user’s position. By post-processing raw GNSS message data,
such as pseudorange, we can identify which metasurfaces
relay signals indoors and use their known coordinates to es-
tablish geometric equations for calculating the user’s position.
Note that our algorithm requires no hardware modifications
to existing GNSS receivers and chips. We can directly obtain
GNSS raw message data through Android APIs [8], which
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System ‘ # of satellites ‘ Frequency bands ‘ Bandwidth ‘ Accuracy
GPS [46] > 24 L1 (1575.42 MHz), L2 (1227.60 MHz), L5 (1176.45 MHz) ~20 MHz (L1 C/A) ~5 meters
GLONASS [47] 24 L1 (1602 + k*0.5625 MHz), L2 (1246 + k*0.4375 MHz), k is satellite ID ~2 MHz 5-10 meters

Galileo [45] ~30 El (1575.42 MHz), ESa (1176.45 MHz), E5b (1207.14 MHz), E6 (1278.75 MHz) | 15-25 MHz (E1 B/C) ~1 meter
BeiDou [44] > 30 B1 (1561.098 MHz), B2 (1207.14 MHz), B3 (1268.52 MHz) ~10 MHz (B1I) ~10 meters

Table 1: Comparison of mainstream GNSS systems

makes it convenient to implement on mobile devices without
needing root access.
Our contributions can be summarized as follow:

e To our knowledge, our proposed GPMS is the first GNSS
indoor positioning system based on the passive metasur-
faces.

e We design an innovative passive metasurface assembly sys-
tem by combining two metasurfaces, and develop an opti-
mization algorithm to obtain phase map configurations for
effective steering and scattering of GNSS signals at various
incident angles for a wide indoor coverage.

e We develop an indoor positioning algorithm that can be im-
plemented on a mobile device without hardware modifica-
tions. It can identify which metasurface the signal traverses
through and use the metasurfaces as new anchors to derive
the user’s location.

e We implement prototypes of GPMS using six passive meta-
surfaces in an office floor and a lecture room, respectively.
Experiments demonstrate that our metasurfaces can en-
hance the indoor C/NO from 9.1 to 23.2 dB-Hz and increase
the number of visible satellites from 3.6 to 21.5 in the office
floor. Combined with our modified localization algorithm,
we achieve an average absolute indoor positioning error of
3.2 m on the office floor and 2.7 m in the lecture room.

2 RELATED WORK
2.1 Existing Indoor Positioning Methods

RF signals: Wi-Fi/BLE has been widely used for indoor lo-
calization. Received Signal Strength Indicator (RSSI) based
algorithms are easy to implement but incur large errors due to
multipath or large variation in signal attenuation across differ-
ent obstacles. Channel State Information (CSI) fingerprints
from multiple beacon devices [11, 13, 16, 17, 19] has been
shown to achieve higher accuracy. However, collecting exten-
sive fingerprints is labor-intensive. More recent Wi-Fi/BLE
positioning systems leverage AoA information to circumvent
extensive data gathering, but they require large antenna ar-
rays and precise clock synchronization in beacon devices, in-
creasing the costs. Moreover, certain Wi-Fi/BLE positioning
systems require mobile devices use specific hardware and soft-
ware protocols, e.g., 802.11mc FTM [9], which limits their de-
ployment. RFID-based methods use phase difference to derive
the object’s position [24, 26, 28, 50]. Ultra-Wideband (UWB)
generates a sharp pulse in the time domain and the Time of

Flight (ToF) for localization [39, 56]. However, these methods
require deployment of multiple beacons/anchors/tags indoors
and synchronization between beacons, which increases de-
ployment cost and complexity.

Visible Light Communication (VLC): Some work employs
LED (or other light sources) along with light sensors for local-
ization, typically involving the modulation and demodulation
of light signals [51, 55]. However, VLC requires line-of-sight,
and its performance degrades in crowded or highly dynamic
environments, thus limiting its applicability.

Magnetic Field: The geomagnetic or magnetic field charac-
teristics inside buildings can be utilized as fingerprints for
indoor localization [18, 36, 43, 49]. Lu et al. [25] and Ralla-
pali [37] both rely on the unique magnetic field characteristics
produced by indoor electrical grids to estimate location by
analyzing magnetic field variations. However, such localiza-
tion systems require complex configuration and calibration,
and are vulnerable to interference from metal and electronic
devices.

Acoustic: Inaudible acoustic signals have been used for local-
ization based on their ToF and AoA [29-32, 53, 54]. However,
they require deploying multiple speakers and microphones.
Moreover, inaudible acoustic signals have limited sensing
range, which increases deployment cost.

Inertial Measurement Unit (IMU): IMU estimates device
movement and orientation by combining data from accelerom-
eters, gyroscopes, and magnetometers, as in Pedestrian Dead
Reckoning (PDR) [21]. It can further be combined with the
aforementioned RF signal-based positioning systems to en-
hance the accuracy [14, 52].

2.2 Indoor GNSS Positioning

GNSS is widely used for outdoor localization. GNSS use tri-
lateration, where a receiver derives its position by measuring
the ToF from at least four satellites and calculating its 3D co-
ordinates and clock bias using the measured distances and the
satellites’ locations. Positional accuracy in GNSS is affected
by factors including SNR, satellite visibility, atmospheric con-
ditions, and multipath. Outdoors tend to have high SNR and
dense satellite coverage. Techniques like Differential GNSS
(DGNSS), Real-Time Kinematic (RTK), and Wide Area Aug-
mentation System (WAAS) can reduce errors to 1-3 meters.
The mainstream GNSS systems are summarized in Table 1.
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Figure 2: Experimental setup for measuring indoor GNSS
signal quality with a sensor array in an 8x10 m? space

Enabling indoor GNSS positioning could deliver a uni-
versal solution for both outdoor and indoor environments,
offering key benefits, such as a global standard with ubiqui-
tous GNSS chips in mobile devices. This eliminates the need
for additional infrastructure, calibration, and updates. Thus,
the significant benefits of indoor GNSS have inspired consid-
erable work, including the development of GNSS repeaters
and backscatter techniques.

GNSS repeaters: GNSS repeaters use an outdoor antenna to
receive GNSS signals, which are then transmitted to an indoor
extender antenna unit via a coaxial cable. The primary limita-
tions of GPS repeaters include: (i) they consume watt-level
power [15] and require a plug-in supply [15], and (ii) they in-
cur variable processing delay, so precise time synchronization
is essential when multiple repeaters are used for covering a
large indoor area.

GNSS backscatters: GPSMirror [15] designs a GPS backscat-
ter, which can significantly reduce the power consumption
over GNSS repeaters and only need uW level power. However,
the approach has the following limitations: (1) it needs power
supply; (2) deploying multiple backscatter devices requires
clock synchronization for on-off switching, which is com-
plicated; (3) GPSMirror only supports narrowband satellite
signals (e.g., L1 band), while the whole bandwidth of GNSS
satellite signals is 10 times that of the L1 band; (4) more
importantly, GPSMirror requires directly receiving signals
from two or three satellites, which is hard to realize in indoor
scenarios due to obstruction.

2.3 Metasurface for satellite scenarios

Metasurface has attracted an increasing amount of attention
in wireless research community due to its powerful wavefront
shaping abilities, which enhances signal strength and cover-
age. We propose the use of passive metasurfaces to enhance
GNSS signals in indoor environments without incurring any
processing delay. Prior studies, such as PMSat [34], have ex-
plored passive metasurface design in Low Earth orbit (LEO)
satellite communication scenarios in the Ku- and Ka-bands.
Our research differs from PMSat in several critical aspects. (i)
PMSat steers the signals towards a target receiver at a known
location, whereas this work aims to strengthen GNSS signals
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Figure 3: Analysis of GNSS satellite signals received in-
doors over 24 hours with a southwest-facing window
across a large indoor space, which is more challenging. We
observe that the elevation angles of users do not vary much
while the azimurth angles vary a lot depending on the user
location in the indoor space. Therefore, we strategically steer
the satellite signals towards users in the elevation direction
and scatter the signals to cover a wide azimuth angles for
a broad coverage. We design a passive metasurface design
that integrates steering and scattering capabilities using multi-
ple metasurfaces and jointly optimizes their designs. (ii) We
formulate an accurate indoor positioning algorithm that is
not only compatible with passive metasurfaces but can also
be seamlessly deployed on mobile devices. To the best of
our knowledge, our work is the first work that uses a passive
metasurface for enabling indoor GNSS positioning.

3 MEASUREMENT STUDY

While GNSS signals can theoretically penetrate indoors through
windows, their signals are too weak to provide reliable indoor
positioning services. In this section, we present a series of
measurement studies to understand GNSS signal propagation
and distribution indoors.

3.1 Indoor GNSS Signal Measurement

Figure 2 shows our GNSS indoor signal measurement setup.
We use an array of GNSS chips to collect GNSS informa-
tion instead of mobile phones because they can collect signal
strength data for the entire indoor scene at once. This cap-
tures a comprehensive information about GNSS signals across
space over an extended period of time. We select a spacious in-
door area of 8x10m? with southwest-facing windows. GNSS
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sensors, arranged in a 7 X 8 configuration, are deployed at
a height of around 1.4 m, which is the common height of a
smartphone held by an adult. We use gt-ul3 with a dual band
GNSS antenna [4].

The basic principle of GNSS positioning systems is to use
signals from at least four satellites for positioning [22]. Theo-
retically, if there are over four visible satellites with high SNR,
the GNSS positioning can succeed. The accuracy and stability
of positioning further improves with the number of visible
satellites due to the increased number of constraints, which
helps to restrict solution space [20]. Advanced techniques like
Kalman filtering can also be used to combine signals from
multiple satellites, reducing positioning errors [41]. Therefore,
the two important indicators for GNSS positioning accuracy
are the number of visible satellites and SNR or Carrier-to-
Noise Density Ratio, denoted as C/Nj, which is the ratio of
carrier power (C) to the noise density (Np) of GNSS satellite
signal. It can also be used to measure the strength and quality
of the received GNSS signal.

We record GNSS raw data from these sensors for 24 hours,
including message types, such as GPGSV, BDGSYV, and GN-
RMC [6]. By examining these messages, we extract key
GNSS positioning metrics, such as SNR and the number
of visible satellites. Additionally, we record the latitude and
longitude coordinates of the visible satellites to understand
the geometric distribution of these satellites in space.

Upon collecting and analyzing data, we observe several
interesting phenomena and draw the following conclusions:

o Satellite availability indoors is linked to proximity to win-
dows. As shown in Figure 3(a), sensors closer to windows
(1-7) receive signals from 21.5 GNSS satellites on aver-
age, while sensors farther away from the window (21-56)
receive less than 5 satellites. This is because the satellite
signals coming from a high elevation angle are directed
downwards, making it difficult for them to penetrate deep
into an indoor space.

o Figure 3(b) shows satellite skyplot trajectories measured
by sensor 4 in 24 hours. Only GPS satellite trajectories
are visualized for readability. We observe that signals with
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Figure 5: GNSS satellite coverage angle for a building in
four different cities. The red sector in the top-left sub-
figure indicates coverage for north-facing windows, with
azimuths from -60° to 60° and elevation from 45° to 90°

higher SNR come from the GPS satellites at higher eleva-
tion angles (shown in the red dotted line) near the window.
If these signals coming from a high elevation angle could
penetrate deeper indoors, they could improve indoor GNSS
positioning due to their high SNR. Theoretically, the gray
areas in Figure 3(b) are coverage blind spots for GNSS
signals. However, in practice, some GNSS satellite signals
can still be received in these areas due to the reflections
from nearby buildings.

e Figure 3(a), (c), and (d) show a direct correlation between
the SNR of satellite signals and positioning accuracy. In-
creasing SNR of reception signals and the number of visible
GNSS satellites are crucial for accurate distance estimation
and GNSS positioning.

3.2 GNSS Coverage Analysis near Windows

To achieve accurate GNSS positioning indoors, it is essential
to ensure a high SNR and high availability of GNSS signals.
This can be achieved by effectively steering GNSS satellites’
signals from higher elevation angles to propagate well inside.
Additionally, for uniform distribution of GNSS signals across
indoor areas, effective scattering is necessary to maximize
coverage. However, this introduces an additional considera-
tion: whether enough GNSS satellites are visible through the
windows. To answer this question, we analyze the satellite
signal coverage near windows using the GNSS system tra-
jectory [7], geographic coordinates, and window direction.
We select a building in a city facing east and calculate the
coverage of GNSS satellites within the azimuth range of 30°
to 150° and the elevation range of 0° to 90° over 24 hours.
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The results are shown in Figure 4(a). We also analyze the
situation of windows facing 36 different directions at 10° in-
tervals and plot the complementary cumulative distribution
function (CCDF) curve of the satellite coverage number, as
shown in Figure 4(b). The analysis results indicate that at any
location near a window, there is a 100% chance of seeing an
average of at least 14 GNSS satellites in any direction dur-
ing 24 hours, and a 50% chance of seeing up to 21 satellites.
These numbers suggest that a sufficient number of satellites
are visible for positioning at windows. If we can design a
passive metasurface that effectively redirects GNSS signals
from windows into indoor environments, we can potentially
realize indoor GNSS positioning.

To optimize metasurface design using GNSS satellite tra-
jectories, it is crucial to understand GNSS satellite incident
angles across different orientations that windows face. Fig-
ure 5 illustrates the skyplot of GNSS satellite coverage for
four major cities. The colorbar values represent the cumula-
tive visibility time of all GNSS satellites at each angle over
a 24-hour period. For a building situated in Shanghai with
north-facing windows, to ensure that the metasurface covers
satellite signals at all times, the elevation angle needs to be
set between 45° and 90°. Since the azimuth angle is omni-
directional, we set the optimized azimuth angle to range from
-60° to 60°, as shown by the red sector in Figure 5.

4 METASURFACE FOR INDOOR GNSS

We propose using passive metasurfaces to bring GNSS sig-
nals indoors to improve SNR and increase visible satellites,
which can enable indoor GNSS positioning. However, two
challenges arise: (1) designing a passive metasurface that can
direct signals from satellites across various elevations and
azimuths indoors while maintaining sufficient scattering ca-
pability is challenging due to the lack of programmability
in passive metasurfaces, and (2) GNSS systems operate at
two frequency bands from L1 and L5 bands, requiring our
designed metasurface to effectively steer and scatter GNSS
signals across both bands. We abstract the design into two
parts: macro-design to determine the optimal phase map for
effective steering and scattering, and micro-design to maintain
high transmittance and nearly 360° phase control.

4.1 Macro-design: Optimizing Metasurface
for Steering and Scattering

Our design aims to guide GNSS signals into indoor areas par-
allel to the ground through a passive metasurface (i.e., in the
elevation direction) and scatter them widely across the space
(i.e., in the azimurth direction) to achieve broad coverage. Un-
like active metasurfaces, which have strong programmability
to control EM waves in different ways, passive metasurfaces
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have fixed phase modulation configuration files after fabri-
cation, similar to lenses with specific functions. Therefore,
designing a passive metasurface to manipulate EM waves
with different incident angles to emit in the same steering and
scattering ways seems impossible because light of a given fre-
quency from one incident angle cannot propagate in different
directions after passing through a single lens. And EM waves
share the same property.

However, we observe that multiple lenses are powerful
enough to allow light from different incident angles to con-
verge at a single area. Therefore, our design uses a combina-
tion of multiple (e.g., two) passive metasurfaces to let incident
EM waves from different incident angles have similar outgo-
ing trajectories. We create a channel model for GNSS EM
wave propagation and formulate it as an optimization problem
to jointly determine the phase profiles of outside and inside
metasurfaces in the assembly system to create the desired
beam patterns, as seen in Figure 6.

Channel from GNSS satellite to outside metasurface: We
first develop a channel model from a GNSS satellite to the
outside metasurface (out-mts in Figure 6). The structure of
the out-mts is a 2D array consisting of n X n elements, equally
spaced at a distance d. Let (i, j) denote the index of each
element, where the element at the top left corner is (0, 0) and
serves as the reference element for the origin. Considering the
far-field approximation for planar incoming wavefronts, we
assume the GNSS signals arriving at each antenna element
have the same amplitude. We then calculate the path differ-
ence AL to element (i, j) based on incident azimuth angle a;,
and elevation angle S, of the m-th GNSS satellite. The phase
difference A0 for element (i, j) can be derived as:

Abp, (i) = _Z%f (id sin(f,) cos(ay,) + jd sin(fn,) sin(ay,))
(1)

Therefore, we define the channel matrix G to represent the EM
wavefront of the GNSS signals arriving at the out-mts. Each
element G, (; ;) determines the complex channel response
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from the m-th GNSS satellite to the (i, j)-th unit of the out-
mts, where G, (;j) = Am,(i,j)eM'm(L/). Here, A, (; ) is the
amplitude decay term, i.e., 1.

Channel of outside metasurface: A metasurface element
will change the incident EM waves through its own channel
response: M = Ae? where A is the transmittance and 6 is the
phase shift. We denote the total channel matrix of the out-mts
is Mo, where Moy = Age% defines the channel response of
the (i, j)-th cell, and the index value of k equals i - j.

Channel between out-mts and in-mts: We define the chan-
nel matrix H between two sub-metasurfaces in the assembly
system, where each element Hy , determines the complex
channel response from the k-th, i.e., (ioys, jour)-th, element in
the out-mts to the g-th, i.e., (ijn, jin)-th, element in the in-mts,
where Hy 4 = Ak’qe‘gkvq, Ay,q is the decay term, and 0y 4 is the

\/#Ti,q “/cOsPrq
according to the free-space path loss [35], where dy 4 is the
distance between the k-th out-mts element and g-th in-mts
element, and d is the element spacings of metasurface, the
same spacing between the out-mts and in-mts. ¢ 4 is the in-

cident angle from out-mts to in-mts. We calculate the phase

27d
delay term as g4 = — i 3

phase delay term. For Ay 4, we derive Ay 4 =

Channel of inside metasurface: The total channel matrix of
in-mts is Mi, where Mi, defines the channel response of the
g-th cell in in-mts.

Radiation from in-mts: We aim to design a metasurface to
enable steering GNSS signals deep into an indoor space in
the elevation direction and scattering them to cover a wide
azimurth direction. We model the EM field radiated from
the inside metasurface as follow. For a n X n array in-mts,
we derive the Array Factor, i.e., AF(a, ), to calculate the
directional map, which is a superposition of the radiation
patterns of all the array elements using the following formula:
N-1N-1 22 (dsin dsnoma)
AF(G{, ) — wi,--e_JTR id sin ff cos a+jd sin ffsin )
a and f are the radiation angles from the in-mts in the azimuth
and elevation directions, respectively. The detailed definitions
of o and f are shown in Figure 6. w; ; is the radiation complex
weight of the (i, j)—th element in the in-mts. The direction
map P(a, ) can be obtained by normalization AF(e, 5):

AR P
P(a, p) = max(||AF(a, f)]])

3)

Final optimization problem: Our goal is for the metasur-
faces to distribute the EM waves across an azimuth direction
from a; to a; (e.g., from -60° to 60°) and an elevation range
from f; to B, (e.g., from -5° to 5° given the typical height
of a smartphone carried by a user). Therefore, our objective
is to make the directional map radiated from the in-mts to
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approach the desired directional map, D(e, 5), which should
have a relatively uniform gain over the desired range and
decay rapidly to 0 or close to 0 outside this range. The desired
directional map is defined as follows:

1, ifa e [0(1,6(2] and ﬁ € [ﬁ1,ﬁ2]
0, others

D(a, ) = { “

For the m—th GNSS satellite in the view of the window,
we can obtain the total channel response Wy of the in-mts as:
GMoHMi. Therefore we can obtain each channel response
of the (i, j)—th element in in-mts, and use Equation 2 we can
obtain the steering and scattering ability of the metasurface
for the incoming m—th GNSS signals. The final optimization
problem is as follow:

K
min Z / / (P( f.Wi) — D, ) dadf (5)

Mi,Mo

In the above optimization problem, we discretize the contin-
uous azimuth and elevation angular space into a grid with a
precision of (1°, 1°), and then we perform a summation over
each grid point as a substitute for the integration over the
entire angular space.

To summarize, optimizing GNSS metasurfaces involves
the following three steps: (i) we estimate the azimuth and
elevation angles of visible satellites from the target window
using their orientation and coordinates inside a GNSS simu-
lator; (ii) we define the range of angles required for steering
and scattering signals into the indoor space; (iii) we utilize
gradient descent and the Adam optimizer, directed by our
optimization equation Equation 5, to determine the optimal
phase maps for the outer and inner metasurfaces, denoted
as Mo and Mi, respectively, to best approximate the desired
phase map.

4.2 Micro-design: Meta-atom Design for
GNSS Scenarios

Our metasurface is designed for accurate steering and scatter-
ing GNSS signals. The design of its meta-atoms must fulfill
the transmission requirements for GNSS satellite scenarios,
characterized by: (1) multi-band frequencies support; (2) wide
incident angle adaptability; (3) high transmission efficiency;
and (4) nearly 360° phase control capability. Drawing inspira-
tion from the meta-atom designs for LEO satellite communi-
cation [34], we adapt these concepts in our GNSS metasurface
application. The detailed meta-atom model is shown in Fig-
ure 7(a). The central cross is designed to resonate at around
1.56-1.65 GHz, where varying the L; parameter facilitates dif-
ferent phase delays within that band. Similarly, the peripheral
crosses resonate at around 1.17-1.28 GHz, with the L, param-
eter being adjustable to modulate phase delays at that band.
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Figure 9: Determining the optimal air gap between the out-
mts and in-mts for the improved steering and scattering
performance. Our findings indicate that an air gap of 0.4
meters provides the best performance

This innovative method allows for effective phase control at
two distinct frequency bands.

We apply the same meta-atom optimization method in [34]
to ensure that the designed meta-atoms fulfill the operational
demands of GNSS scenarios. Table 2 shows these hyperpa-
rameters. The simulation performance of the optimized meta-
atoms using the HFSS simulator [10] is shown in Figure 7(b)
and (c). We find that the optimized design could maintain
high transmittance in both the L1 and L5 bands (within -1
dB attenuation) while supporting around 250° phase control
capability in both bands. It is important to note that the dual-
band meta-atoms are achieved through staggered cross-like
structures, resulting in a difference in the total number of
outer crosses compared to the inner ones. For instance, if we
fabricate an 10x10 metasurface, the number of meta-atoms
responsible for the L5 band will be 10x10, whereas the num-
ber for the L1 band will be 9x9. Thus, we optimize the phase

maps for both frequency bands separately. Finally, based on
the optimized phase maps and the relationship of the geomet-
ric parameters L; and L, corresponding to the phase delays as
shown in Figure 7(b) and (c), we can obtain the metasurfaces’
geometric pattern array for the final manufacturing stage.

Para. | N | Hg H,, w L H, Ls; Lsy
Value | 4 | 1mm | 0.1um | 8mm | 10cm | 10mm | Ly/2 | 10mm
Table 2: Final structure of unit cell design, substrate layer

is PVC and A4 paper, metal layer is Aluminum foil

4.3 Simulation-based Performance Analysis of
Optimized Metasurfaces

Through macroscopic and microscopic design strategies, we
derive an optimized metasurface design capable of efficiently
guiding GNSS signals into the indoor space. For this opti-
mized metasurface, we set the range of azimuth angles for
satellite signals incident on the outside metasurface to be
between -75° and 75°, with an elevation angle ranges from
15° to 80°. The radiation range of the inside metasurface is
optimized to achieve the azimuth angles ranging from -60°
to 60° and elevation angles from -5° to 5°. This setup allows
the EM waves to span 1.2 to 1.8 m in height, suitable for a
> 10 m deep indoor area when the metasurface is placed at a
height of 1.6 m.

The design of the metasurface assembly is greatly influ-
enced by the air gap between the out-mts and in-mts, affecting
the overall wavefront control performance. An too small air
gap causes the two metasurfaces to act as one, whereas a
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Figure 11: Radiation beam pattern emitted from the metasurfaces (10x10) across GNSS incident angles at L5 band, and
the first row represents unoptimized 2-layer metasurface, the second row depicts the optimized 1-layer metasurface,
while the third row depicts the optimized 2-layer metasurface (i.e., out-mts and in-mts). The results demonstrate that the
optimized metasurfaces are capable of effectively steering and scattering GNSS signals across different incident angles

too large gap diminishes their collaborative effect. Hence,
identifying the optimal air gap is essential. We evaluate the
assembly’s performance using two metrics: (i) the energy
preserved during transmission by the metasurface, and (ii)
variance, which reflects the metasurface’s ability to maintain
stable performance across different GNSS incident signal an-
gles and outgoing scattering angles. The simulation results are
shown in Figure 9, and we choose 0.4 m as the optimal air gap,
aligning with a typical outer wall thicknesses of 0.25~0.4 m.
We optimize the phase map configurations for both the
outside and inside metasurfaces for the L1 and L5 frequency
bands, with optimization results for the two-layer metasur-
faces as shown in Figure 8(a)-(b). We also use a similar model
to solve for the optimal phase configuration for the case of a
metasurface with only 1 layer, as shown in Figure 8(c)-(d).
Subsequently, we verify the effectiveness of the optimized
2-layer metasurface by selecting phase maps of size 10 X 10

for validation in the L1 band and phase maps of size 9 X 9
for validation in the L5 band. The 1D radiation pattern of the
indoor metasurface at L1 band is shown in Figure 10. First,
from Figure 10(a) and (b), we observe that without optimiza-
tion each element in the 1-layer and 2-layer metasurfaces has
the same phase delay, which causes the indoor beam pattern
of the GNSS signals varies significantly with different inci-
dent angles, lacking a scattering effect and failing to cover all
indoor areas. With optimization, they are found to be capable
of steering and scattering the incident GNSS signal. To fa-
cilitate comparison of the metasurface performance, we also
plot the corresponding 2D radiation beam pattern, as shown
in Figure 11. The optimized 1-layer metasurface has limited
wavefront control capability. When GNSS signals come from
various angles, the outgoing radiation pattern is deflected
as the incidence angle changes. Although it can perform a
certain degree of scattering across incident angles, it cannot



ACM MobiCom "24, November 18-22, 2024, Washington D.C., DC, USA

Calculate pseudorange use

S3 -é- s ephemeris
< ~e
AT e &

& = ' = -
|4/ \ RGuMy) | Se Calculate residual

\ R(S2,My) ' i pseudorange D; of all mts

\ ' 3
\ R(S3)M2) TS M) = _
o M3 ;
R(S{,M,) Find a minimal matching €move remaining

residual pseudorange of

residual pseudorange .
P g new matched signal path

My Ny %
'~ <R3 M;,rx)

R(My,x) \"\,\ %

~%
D RX
Aclock * ¢

(a) Core idea (b) Metasurface matching algo.

Figure 12: Metasurface-compatible positioning algorithm

consistently steer the GNSS signals. We also observe that our
optimized 2-layer metasurfaces not only effectively scatters
the GNSS signals across azimuth angles (e.g., offering ~180°
azimurth coverage) but also performs effective steering at
elevation angles (e.g., covering 10° elevation angles), bring-
ing signals close to the horizontal direction to reach farther
inside.

S LOCALIZATION ALGORITHM

As metasurfaces enable GNSS signals to penetrate indoors,
the signal path from satellites to users now includes an ad-
ditional node, which makes conventional GNSS localiza-
tion algorithms inappropriate. In this section, we introduce a
novel positioning algorithm that leverages GNSS messages
to achieve accurate indoor localization. Our proposed algo-
rithm can be directly deployable on mobile phones, as GNSS
messages can be accessed directly through Android APIs [8].

5.1 Localizing using Known Metasurfaces

Figure 12(a) shows the schematic of our positioning algorithm.
We first explain the core idea of our positioning algorithm
assuming that we know which metasurface each GNSS signal
passes through to reach the user. Let PR(S;, Mj, rx) repre-
sent the pseudorange of the ith satellite signal that passes
through the jth metasurface to reach the receiver. We have
PR(S;, Mj, rx) = R(S;, Mj) + R(M;j, rx) + Aclock * ¢, where
R(S;, M;) is the distance between the ith satellite and the
jth metasurface, R(M;j, rx) is the distance between the jth
metasurface and the receiver, Aclock is the clock bias be-
tween the satellite and the receiver, and c is the speed of
light. Therefore, the GNSS receiver can determine its posi-
tion as follows: (i) Compute the distance between the user
and metasurface that the GNSS signal passes through as
R(Mj, rx) +clock = PR(S;, Mj, rx) —R(S;, M;) = RC;;, where
PR(S;, Mj, rx) is measured by the GNSS receiver, R(S;, M)
can be calculated based on the GNSS ephemeris and the
known position of the metasurface itself, and Aclock is a
fixed value for a given user. We use RC;; to represent the
distance and clock bias between the j-th metasurface and the
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user. (ii) Use trilateration to compute the user’s coordinates.
The trilateration step is the same as the standard GNSS trilat-
eration positioning, except that we use the metasurfaces as
anchor points, which can be treated as virtual satellites.

To determine the unknown three-dimensional coordinates
and unknown clock bias from the satellites, GNSS requires
four satellites to obtain line-of-sight measurements to estimate
four unknowns. Similarly, in our case, the GNSS receiver
needs to receive signals from at least four metasurfaces for
positioning. In indoor positioning, the Z-axis information can
generally be obtained from the barometeric pressure or other
external information (e.g., when the user knows the floor they
are on and the height of their phone above the ground, we
only need to receive signals from three metasurfaces to obtain
the user’s position).

5.2 Matching Paths with Metasurfaces

Our localization algorithm requires identification of the spe-
cific metasurface each GNSS signal passes through indoors.
Thus, we need an algorithm that can automatically determine
the metasurface that a signal traverses through. One idea is to
embed a unique signature in the signal altered by each meta-
surface for easy identification. Yet, this is impractical with
the passive metasurfaces. To address this need, we develop
a novel matching algorithm. As shown in Figure 12(a), we
observe that signals from different satellites going through
the same metasurface share the same path from the metasur-
face to the GNSS receiver (i.e., PR(S1, Mj, rx) — R(S1, Mj) =
PR(SZ, Mj, rx) - R(Sg, M]) xR PR(S,, Mj, rx) - R(Si, Mj),
when satellites 1, 2, ... i go through the j-th metasurface).
Thus, we can use this observation to determine the metasur-
face through which the signal passes.

The GNSS receiver first cycles through all Pseudorandom
Noise (PRN) codes used within its range, which represent
unique GNSS satellites, and we can determine the accurate
coordinates of the satellites from ephemeris data. For each
received GNSS signal, we can obtain the corresponding pseu-
dorange PR(S;, rx) between the i-th satellite and receiver rx.
The GNSS receiver (whether a GNSS chip or a GNSS mod-
ule in a phone) only receives the unique path information
from the current satellite, as its phase-locked loop only locks
onto the signal with the highest received energy [2]. Next,
we enumerate each possible reflecting surface j and calculate
the distance between reflecting surface j and receiver rx to
determine which one is reliable. Specifically, we have:

R(Si, M]) D(Si: Ml, rx)
R(Si, Mz)| | D(Si, My, rx)
D; = PR(S;, rx) — . = ) (6)

R(Si, Mj) D(Si,Mj, rx)
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Figure 13: Experimental setup for measuring indoor GNSS satellite signal quality and indoor positioning accuracy with

deployment of our proposed metasurfaces
where D(S;, Mj, rx) represents the remaining pseudorange if
the satellite signal goes through metasurface j.

To determine the reflecting surface that each path traverses,
we develop a greedy heuristic algorithm. The detailed al-
gorithm pipeline is shown in Figure 12(b). Each time, we
compare each combination of D, and Ds, to find the best
matching residual pseudorange. Then, we remove any pseu-
doranges that still pass through these two satellites, as each
satellite signal should only pass through one reflecting surface.
We repeat this process until all signals match with a reflecting
surface. Our algorithm can be applied to distance estimation
based on either pseudorange or carrier phase. Additionally,
we can use multiple signals from satellites that pass through
the same reflecting surface to estimate the distance between
the reflecting surface and the receiver to improve accuracy.

6 EVALUATION
6.1 Experimental Setup

Metasurface fabrication: We utilize two methods to fab-
ricate large-scale metasurfaces for GNSS: (i) a highly eco-
nomical process based on hot stamping technology [27], and
(ii) metal cutting, which offers better performance. The first
method uses A4 paper, plastic sheets (~1 mm thick), alu-
minum foil hot stamping film, and wooden strips. First, we
use a laser printer to create the desired pattern on the paper.
Next, we place the aluminum foil hot stamping film over the
printed pattern and pass through a laminator. This step makes
the metallic powder in the foil bond with the toner. After peel-
ing off the aluminum foil, the metallic pattern remains on the
paper. Finally we use wooden strips to create the required air
gaps between the inner and outer metasurfaces. The second
method involves cutting metal plates, like stainless steel plate
(with a thickness of around 0.5 mm), and attaching the cut
metal plates to an FR4 substrate. Nylon posts are then used
to secure the air gap between each layer. We also incorporate
materials, such as stainless steel and FR4, into meta-atom
HFSS simulations and determine the structure parameters

to achieve ultra-high transmittance (>95%) and maximum
phase modulation capability (~300°). Table 3 shows the op-
timized meta-atom hyperparameters. We use the optimized
phase maps shown in Figure 8 for fabrications. Figure 13(a)
shows our prototype.

Para. | N | H; H, w L H, Lsy Ls,
Value | 4 | 1mm | 0.5mm | 5mm | 10cm | 25mm | L{/3 | 6mm
Table 3: Final structure of unit cell design, substrate layer

is FR4, metal layer is stainless steel

GNSS coverage measurement and indoor positioning ex-
periment setup: We verify the positioning accuracy of our
system at two indoor spaces: one-floor in an office building
spanning ~10x50 m? and a lecture room spanning ~20x15 m?.
To cover the entire space, we deploy six metasurfaces at both
places, as shown in Figure 13(b) and (c). We employ the
same experimental setup as described in section 3 to evaluate
the performance of our metasurface. To ensure fairness, we
deploy the designed metasurface on a window at the same
indoor space and record data from the GNSS sensor array
over 24 hours. To quantify the localization error, we select 80
points inside the office floor, using floor tiles as markers to
calculate their exact geographical coordinates as the ground
truth.

GNSS-based indoor positioning on Android phones: We
implement an indoor GNSS positioning app on Android smart-
phones. Specifically, we use GNSS APIs [8] to obtain the
real-time raw data, extract the pseudorange information and
ToF from each GNSS satellite, and then calculate the user’s
indoor position using the algorithm presented in section 5. We
use a Xiaomi 11 Pro smartphone equipped with our indoor
positioning app. We support the smartphone on a tripod at
each marker and record the estimated positions.

6.2 Performance Results

6.2.1 Indoor GNSS signal coverage. To assess the GNSS
indoor coverage enhancement, our metasurfaces support L1
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Figure 17: Simulation results of metasurface matching

success rates and positioning errors under various pseu-
dorange errors and spacings between two matesurfaces

and L5 bands. We place 7x8 GNSS chips, as shown in Fig-
ure 2(a) to evaluate performance. Initially, we set the chips
to receive only L1 band signals, collecting data for 24 hours
with and without the metasurfaces. We repeat this process for
the L5 band. We analyze the SNR data from all GNSS satel-
lites captured by the 56 sensors, and show the average SNR
in Figure 14. The experimental results indicate that our meta-
surface can effectively steer and scatter outdoor GNSS signals.
It increases C/NO by 14.8 dB-Hz of in the L1 band and by
13.2 dB-Hz in the L5 band for positions that are located far-
thest from windows. This also confirms the multi-frequency
bands support of our designed metasurface. We visualize the
number of visible GNSS satellites at each sensor, as shown
in Figure 15. We find that improving the SNR increases the
number of visible GNSS satellites from 3.6 to 21.5 on average
for positions that are located farthest from windows.

Metasurface size vs. coverage performance: Initially, we
define indoor GNSS coverage. An area is considered to have
effective coverage if the indoor signal attenuation, relative to
the GNSS signal energy at the window, does not exceed -15
dB. Furthermore, this effective coverage must be achieved

simultaneously across both the L1 and LS5 frequency bands.
The coverage distance is defined as the average of the effec-
tive coverage range within the +60° radiation range of the
metasurface. Due to energy conservation, the metasurface’
aperture dictates the coverage performance by scattering sig-
nals. We use simulation to compare indoor GNSS coverage
performance under different metasurface sizes. Figure 16
summarizes the results. We use 10 cm as the unit length of
the meta-atom. To maintain an azimuth range of [-60°, 60°],
a metasurface of size 0.5x0.5 m? achieves a maximum cov-
erage distance of 4.93 m, while a 1x1 m? metasurface can
reach up to 12.56 m. Therefore, we recommend using larger
metasurfaces for increased coverage distance.

6.2.2 Indoor GNSS positioning. We evaluate the perfor-
mance of our indoor GNSS positioning algorithm, which
comprises two components: matching metasurface algorithm
and indoor positioning algorithm. First, to evaluate the match-
ing performance of our algorithm, we develop a simulator to
test how effectively it performs under a range of GNSS pseu-
dorange errors and varying spacing between metasurfaces.
We assume that each GNSS metasurface has a coverage range
of 20 m. Figure 17 summarizes the results, where d represents
the spacing between metasurfaces. It is evident from the figure
that the matching success rate decreases as the pseudorange
errors increase. Nevertheless, the rate of this decline is less
pronounced when the spacing between metasurfaces is larger.

Data collection of the indoor positioning experiments are
conducted using the setups shown in Figure 13(b) and (c). At
the office floor, we mark the user’s test points with markers,
and use their absolute latitude and longitude coordinates as
the ground truth to compare positioning accuracy. In the lec-
ture room, we use chairs to mark the test points and divide the
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Figure 18: Indoor GNSS positioning error w/ and w/o our proposed GPMS in two testing indoor environments

space into three areas: A, B, and C, with A and C being closer
to the windows. In the office floor, the indoor positioning
errors with our proposed GPMS are reported in Figure 18(a).
Our measurements show that the average position errors for
each row of test points are 2.6 m, 3.0 m, 3.4 m, and 4.1 m,
respectively. When considering the collective data from all
test points, the average positioning error is 3.2 m. In com-
parison, positioning errors in scenarios without metasurfaces,
as shown in Figure 18(b), leads to increased positioning er-
rors with larger receiver distance from the window due to the
sharp decrease in SNR. The average positioning error near
the window is about 2.3 m, but degrades to 17.8 m, 38.1 m,
and 64.2 m as we get farther away. These results demon-
strate the effectiveness of our system. In the lecture room,
our GPMS indoor positioning system is utilized, resulting
in average location errors of 2.7 m, 3.0 m, and 2.5 m in the
regions A, B, and C, respectively. In comparison, the corre-
sponding errors without metasurfaces are 7.25 m, 19.3 m,
and 6.82 m, respectively, which indicates our approach yields
significant improvement in indoor localization. The afore-
mentioned experimental results demonstrate that our GPMS
system significantly enhances positioning accuracy in two
different indoor settings. This also indicates that our opti-
mized two-layer metasurface assembly can improve the in-
door GNSS’s SNR through steering and scattering, which in
turn improves indoor GNSS positioning accuracy.

7 DISCUSSION

Deployment cost: We provide a comprehensive breakdown
of the hardware manufacturing and assembly costs for a com-
plete metasurface assembly, which includes both the outside
and inside metasurfaces. All of the following cost analyses
are based on a 1 m? metasurface. Using the hot stamping
fabrication method, the cost of aluminum foil is $3, A4 paper
is $0.5, PVC is $6, and the cost of wooden frames used to fix
the air gap is $4. The total cost for one metasurface assembly
is $13.5, and it weighs approximately 6.5 kg. Alternatively,
using the metal cutting fabrication method, the cost of metal
cutting (including the stainless steel materials) is $120, the
cost of FR4 substrate is $40, and the cost of nylon columns
used to fix the air gap is $6. The total cost for one metasurface
assembly is $166, and it weighs approximately 11 kg. Each

metasurface assembly will be accompanied by 2-4 tripods,
which cost approximately $5 each. Mass production can sig-
nificantly reduce the cost of both fabrication methods.

Through-wall metasurface design: In indoor GNSS posi-
tioning systems, there is a need to solve the problem of signal
penetration through walls. Metasurfaces can be deployed to
help GNSS signals penetrate the walls. This can be achieved
by designing the metasurface to match the impedance of the
wall, which increases the efficiency of EM wave penetra-
tion [33]. In our proposed metasurface, impedance matching
can be added to create a wall-penetrating friendly solution.
We leave this as future work.

Materials for metasurface fabrication: Our proposed meta-
surface design for indoor GNSS positioning is versatile in
terms of fabrication materials. In this paper, we have demon-
strated the feasibility of our design using two different fabrica-
tion methods. Additionally, transparent conductive materials,
such as Indium-Tin-Oxide (ITO) [48] can be utilized to manu-
facture the metasurface, enabling its deployment on windows
without obstructing light. The feasibility of fabricating meta-
surfaces with transparent conductive materials has also been
corroborated by certain transparent metasurface cases in the
industry [1, 5].

8 CONCLUSION

In this paper, we propose GPMS, a system that enables indoor
GNSS positioning using passive metasurface techniques. Our
passive metasurfaces can effectively redirect outdoor GNSS
signals indoors to enhance SNR and increase the number of
visible satellites. Our optimized metasurfaces can be fabri-
cated using transparent conductive materials and integrated
seamlessly with windows. We also develop an indoor local-
ization algorithm to support the use of passive metasurfaces.
Our evaluation results show it is promising to use passive
metasurfaces to enable GNSS indoor positioning.
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