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500 W

1.4 x 10-16 W

GNSS Satellite sends signal
from SPACE to GROUND

TX power:           500W
strong path loss

RX at ground:    1.4 x 10-16 W

Global Navigation Satellite System (GNSS)

4 satellites -> (X,Y, Z, T)

Localization error (outdoor)
~1 meter



500 W

~10-16 W ≈ -130 dBm

GPS signal indoors:
~10-18 W ≈ -150 dBm

We CANNOT decode GNSS signals with such a low signal strength indoor.

GPS signal outdoors:

When GNSS comes to indoors

C/N0 <= 22dB

RSS <= -150dBm 
BG noise power = -172Bm



Indoor GNSS measurements

Top viewReal-world measurement setup



Indoor GNSS measurements

The closer to the window, 
the higher the number of 
received GPS satellites

The closer to the window, the 
higher SNR of received signals
The closer to the window, the 
smaller the positioning error



All received GPS 
traces over 24 hours

Indoor GNSS measurements
Sky plot

At the position near the window, the greater the angle of 
incidence, the greater the SNR of the received signal.



Shopping mall 
(indoor environment)

Two mainly reasons:
1. Windows are good GNSS 
incidence areas, but reflections can 
attenuate the signal power

Why low SNR of GNSS signals indoors

2. Severe attenuation of GNSS 
signals by walls

Can we make GNSS serve for indoor positioning?



Shopping mall 
(indoor environment)

Metasurface 

Steering 
and 

scattering

GNSS satellites

Metasurface Steering 
and 

scattering

Metasurface 

Steering 
and 

scattering

Attach metasurface on the 
windows and walls

Our idea: Design passive metasurface to 
enhance GNSS signals indoors



Metasurface 
2 

GNSS satellites

Metasurface 
1 

Steering 
and 

scattering

Metasurface 
3 

Deploy metasurfaces on 
the windows and walls

Our idea: Effective steering and scattering

Challenges:
p Metasurface design

Ø GNSS satellites are moving, and have 
different incident angles 

Ø Indoor users are also moving and 
everywhere

p Indoor positioning algorithm design
Ø Satellite -> mts -> user

Powerful steering for any incident angles

Powerful scattering for maximum coverage

Novel indoor positioning compatible with 
deployed metasurfaces



Far-field
channel 
𝑮𝒎 Target radiation 

matrix 
𝑫(𝜶, 𝜷)

GNSS 
satellites

Near-field
channel
𝑯

Metasurface Assembly System

Metasurface 1
𝑴𝟏

Metasurface 2
𝑴𝟐

…
Users

Macroscopic: Metasurface design (phase map) for GNSS

𝑆*

𝑆+
…



Far-field
channel 
𝑮𝒎

𝑆+

Radiation out 
from mts
𝑷 𝜶, 𝜷,𝑾

Macroscopic: Metasurface design (phase map) for GNSS

𝑆*

Near-field
channel
𝑯

Metasurface 1
𝑴𝟏

Metasurface 2
𝑴𝟐

…

Target radiation 
matrix 
𝑫(𝜶, 𝜷)



Macroscopic: Metasurface optimization model

min $
!"#

$

% 𝑃 𝜶, 𝜷,𝑾 − 𝐷 𝜶, 𝜷
%
𝑑𝛼𝑑𝛽

𝑊 = 	𝐺!𝑀#𝐻𝑀%	

Element weights radiated out from metasurface 2:

Radiation pattern radiated out from metasurface 2:

𝑃 𝛼, 𝛽,𝑊 =
𝐴𝐹(𝛼, 𝛽,𝑊)

𝑚𝑎𝑥(𝐴𝐹(𝛼, 𝛽,𝑊))

Optimization Problem: for all GNSS satellite signals, we determine the optimal 𝑴𝟏 and 𝑴𝟐 to 
make the radiation patterns from the metasurfaces close to the target radiation pattern.

where



Optimized metasurface design

Metasurface 1
𝑴𝟏

Metasurface 2
𝑴𝟐

…

Metasurface 1’s phasemap

Metasurface 2’s phasemap



Comparison of not using optimized mts vs. using optimized mts

No optimization
Metasurface 1 Metasurface 2

Optimization results
Metasurface 1 Metasurface 2



Metasurface 
Steering and 

scattering

Metasurface 

Steering and 
scattering

Simulation: scattering and steering performance

How to design an indoor positioning algorithm that is 
COMPATIBLE with metasurfaces?



GNSS-based Indoor Positioning

𝑆#

𝑆% 𝑆(

𝑤𝑖𝑛𝑑𝑜𝑤#

𝑤𝑖𝑛𝑑𝑜𝑤%

𝑃𝑅 𝑆#, 𝑢𝑠𝑒𝑟	 = 𝑅 𝑆#, 𝑤𝑖𝑛𝑑𝑜𝑤 +
𝑅(𝑤𝑖𝑛𝑑𝑜𝑤, 𝑢𝑠𝑒𝑟)

𝑅(𝑆%, 𝑀%) 𝑅(𝑆(, 𝑀%)

𝑢𝑠𝑒𝑟 Positioning error is too large,
e.g., 10-80 meters 

𝑆#

𝑆% 𝑆(

𝑤𝑖𝑛𝑑𝑜𝑤#

𝑤𝑖𝑛𝑑𝑜𝑤%

𝑅(𝑆#, 𝑀#)

𝑅(𝑆%, 𝑀%) 𝑅(𝑆(, 𝑀%)

GNSS treats 𝑹 𝑺𝟏, 𝑴𝟏 	as the direct path

𝑢𝑠𝑒𝑟



GNSS-based Indoor Positioning with Metasurfaces

𝑆#
𝑆% 𝑆(

𝑀#

𝑀%

𝑅(𝑆#, 𝑀#)

𝑅(𝑆%, 𝑀%) 𝑅(𝑆(, 𝑀%)

same length

𝑀#

𝑀%

𝑢𝑠𝑒𝑟
𝑢𝑠𝑒𝑟𝑃𝑅 𝑆#, 𝑀# = 𝑅 𝑆#, 𝑀# +

                     𝐷(𝑀#, 𝑢𝑠𝑒𝑟)



GNSS-based Indoor Positioning Alg. with Metasurfaces

𝑆#
𝑆% 𝑆(

𝑀#

𝑀%

𝑅(𝑆#, 𝑀#)

𝑅(𝑆%, 𝑀%) 𝑅(𝑆(, 𝑀%)

same length

Calculate pseudorange 
use ephemeris

Find a minimal matching 
residual pseudorange

Calculate residual 
pseudorange 𝐷) of all mts

All signal paths 
matched?

End

Yes

No

Remove remaining 
residual pseudorange of
new matched signal path



GNSS metasurface 
deployment

𝟕×𝟖
GPS sensors

Metasurface 
fabrication

Experiment Setup and Metasurface Fabrication

https://www.docomo.ne.jp/english/info/media_center/pr/2020/0117_00.htmlhttps://global.kyocera.com/newsroom/news/2022/000526.html



Metasurface performance on indoor coverage

Comparison of the number of in-use GNSS satellites

Comparison of the SNR of received GNSS satellites

SNR of visible GNSS satellites
9.1dB -> 23.2dB

𝟕×𝟖
GNSS sensors

# of in-use GNSS satellites
3.6 -> 21.5



Indoor positioning performance

Average absolute 
positioning error:

3.2 meters

Average absolute 
positioning error:

30.6 meters

w/o mts

w/ mts



Thanks	for	listening!
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