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ABSTRACT

Despite the prevalence of GPS services, it still suffers from
intermittent positioning with poor accuracy in partially shad-
owed regions like urban canyons, flyover shadows, and facto-
ries’ indoor areas. Existing wisdom relies on hardware mod-
ifications of GPS receivers or power-hungry infrastructures
requiring continuous plug-in power supply which is hard to
provide in outdoor regions and some factories. This paper
fills the gap with GPSMirror, the first GPS-strengthening
system that works for unmodified smartphones with the
assistance of newly-designed GPS backscatter. The key en-
abling techniques in GPSMirror include: (i) a careful hard-
ware design with yW-level power consumption that pushes
the limit of backscatter sensitivity to re-radiate extremely
weak GPS signals with enough coverage approaching the
regulation limit; and (ii) a novel GPS positioning algorithms
achieving meter-level accuracy in shadowed regions as well
as expanding locatable regions under inadequate satellites
where conventional algorithms fail. We build a prototype of
the GPSMirror tags and conduct comprehensive experiments
to evaluate it. Our results show that a GPSMirror tag can
provide coverage up to 27.7 m. GPSMirror achieves median
positioning accuracy of 3.7 m and 4.6 m in indoor and urban
canyon environments respectively.
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« Information systems — Global positioning systems;
« Hardware — Networking hardware.
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1 INTRODUCTION

Global Position System (GPS) has long been advocated as
an indispensable infrastructure for many location-based ser-
vices, including navigation for automobile [32, 35], pedes-
trian [34], ride-sharing [9], as well asset tracking for smart
factories [2]. GPS receivers generally perform well in clear
line-of-sight (LoS) regions with a sufficient number of visible
GPS satellites. Such an assumption does not hold in those
partially shadowed regions, e.g., urban canyons, flyover shad-
ows, and factories’ indoor areas with iron sheds, where, un-
fortunately, navigation and tracking services are frequently
needed. These services desire meter-level accuracy while
positioning errors of conventional GPS in such shadowed
regions often escalate to several hundred meters [9]. The U.S.
Department of Transportation reports that vehicles travel-
ing through urban areas of New York City frequently fail
to obtain reliable street-level accuracy for navigation with
GPS [39]. Google posits that GPS positioning in these shad-
owed regions remains to be “The last great unsolved GPS
problem” [49].

Extensive research efforts have been devoted to tackling
the challenging GPS problem. Infrastructure-based solutions,
including GPS relays [13-15, 42] and DGPS stations [16,
36] are available on the market. However, such solutions
typically require infrastructure support, with the dense de-
ployment of outdoor GPS stations and/or indoor anchors,
which can be expensive and labor-intensive. In particular,
GPS relays and DGPS products [16] require a continuous
power source and are challenging to deploy in existing urban
canyons and flyover areas. Besides, laying power cables in a
certain environment, such as gas factories and gas pipelines,
is not allowed due to safety regulations [20].

This paper demonstrates that it is possible to leverage pas-
sive, ultra-low-power backscatter tags to enable meter-level
GPS positioning for unmodified mobile devices, e.g., smart-
phones, in shadowed regions. As plotted in Figure 1, these
backscatter tags can be deployed on walls, windows and un-
enclosed parts of flyovers to improve the GPS performance
in shadowed regions. Our line of attack starts from the ratio-
nale that we can induce multipath in a deterministic manner
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Figure 1: GPSMirror in shadowed regions.

using backscatter to enrich GPS propagation features that
can be leveraged in positioning algorithms. Building such a
system needs to fulfill requirements along following fronts:

(i) Sensitivity. GPS signals are extremely weak, i.e., below
—125 dBm when reaching the Earth’s surface. The backscat-
ter tags should have a high sensitivity to effectively capture
and scatter such weak incidental signals.

(ii) Coverage. To ensure sufficient coverage, the backscat-
ter tags need to provide sufficient gain as high as regula-
tion permits. For example, the US regulation [47] limits the
coverage of a GPS repeaters’ coverage within 30 m, while
Europe [46] limits a GPS repeater’s gain to 45 dB.

(iii) Performance and compatibility. The positioning
algorithms must achieve comparable or higher accuracy com-
pared to conventional GPS services, and should ideally re-
quire no hardware or firmware modification to existing GPS
receivers (e.g., smartphones) to ensure wide acceptance.

Unfortunately, none of the existing systems meet the above
requirements. On one hand, existing backscatter systems [25,
30, 45] are designed to reflect strong ambient signals, e.g.,
those from TV towers and WiFi access points. They cannot
scatter the extremely weak GPS signals from outer space be-
cause they provide gain against the fast attenuation. While
recent advances [4, 50, 51] use tunnel diodes to extend the
coverage of backscatter communications, their sensitivity is
still limited to around -90 dBm. On the other hand, existing
GPS positioning algorithms [29, 38] are no longer applica-
ble in our scenarios since they do not consider the extra
reflection paths created by backscatter tags.

We present GPSMirror, the first backscatter-based system
that introduces the following innovative techniques to meet
the aforementioned requirements. Inspired by recent innova-
tions [4, 50], we employ tunnel diode as a core component to
build up the RF front-end of our low-power backscatter tag
to achieve amplification with yW-level power consumption.
Previous designs create carrier wave [50] or modulate their
bits on incident signals [51] by employing a tunnel diode
oscillator (TDO). However, our design target is completely
different: we aim to carefully strengthen weak GPS signals
according to regulations while preserving the original GPS
waveforms with high fidelity to ensure correct decoding on
smartphones. Instead, we propose a new design using tunnel
diode amplifier (TDA) [37], and achieve high precision on
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specific gain and bandwidth control using two resonance
circuits [50]. Additionally, to achieve the extreme sensitiv-
ity, GPSMirror hinges on a series of hardware innovations,
including a circularized antenna design to capture a wide
range of GPS signals while reflecting them to the shadowed
regions, a coupling circuit with an open loop ring (OLR) to
reduce the return loss caused by the solder of circuit com-
ponent in the transmission line (TL), a noise suppression
design to minimize SNR degradation caused by tunnel-diode
based reflective amplifier.

We design a novel positioning algorithm that takes advan-
tage of the tag-manipulated paths to (i) achieve positioning
with comparable precision to LoS GPS areas, and (ii) dra-
matically improve positioning precision to meter level in
cases where conventional algorithms are significantly com-
promised (tens to hundreds of meters precision) in NLoS
conditions. GPSMirror only requires the assistance of a sin-
gle tag and works on smartphones as a software update
without any hardware/firmware modification.

We prototype the GPSMirror tag with off-the-shelf com-
ponents and benchmark its hardware performance through
microscopic measurements. We further deploy GPSMirror
tags in three real-world scenarios to verify their effectiveness.
Experimental results show that a GPSMirror tag achieves
a flat 22 dB gain in the L1 band and covers an area with a
radius of about 27.7 m for smartphone reception in an urban
canyon and 30 m in a corridor. The positioning algorithm
achieves a median position error as low as 3.7 m in indoor
scenarios and 4.6 in an urban canyon. The main contributions
are summarized as follows:

(i) GPSMirror is the first backscatter system that scatters
signals from orbiting satellites. The hardware design pushes
the limit of backscatter in that it can re-radiate weak GPS
signals as low as -125 dBm with sufficient coverage.

(ii) We propose novel GPS positioning algorithms to ex-
tend GPS positioning services in shadowed or indoor re-
gions where conventional GPS positioning fails or is severely
undermined. It works seamlessly with off-the-shelf smart-
phones without any hardware or firmware modification.

(iii) We implement and evaluate the GPSMirror in real-
world environments using off-the-shelf smartphones from
different manufacturers. Our experiments verify the feasibil-
ity and compatibility of GPSMirror .

2 OVERVIEW

The GPSMirror system comprises the hardware design of
backscatter tags and the positioning algorithms on smart-
phones to fully use the signals re-radiated by the tags.

(i) Hardware design. We employ two key innovations to
build up the GPSMirror tags: a high-sensitive RF front-end
and a tunnel diode-based reflection amplifier.
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Figure 2: IV-Curve of Tunnel Diode MBD1057E28. Mea-
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current meter (model VC890D).

AA/W,/II " . Equivalent Circuit
GPSMirror Tag .-
\ Simplified

i CE %/ENR

Figure 3: GPSMirror tag. GPSMirror tag enhances the
injected wireless signals using a tunnel diode, which
can be regarded as a combination of a negative resis-
tance Ryg, parasitic capacitors and inductors.

(ii) Positioning algorithm. We present an algorithm to
subtly use GPSMirror tags to improve the GPS positioning
performance in shadowed regions. When the number of visi-
ble satellites is inadequate for conventional GPS positioning
(Figure 1 (a)), we use construct virtual satellites with a single
GPSMirror tag to guarantee coverage. When the number of
visible satellites is adequate (Figure 1 (b)), we take advantage
of the valid propagation path through GPSMirror tags to
eliminate propagation errors of non-line-of-sight (NLoS) and
improve accuracy.

3 HARDWARE DESIGN

This section describes the hardware design of GPSMirror tags
that can scatter weak GPS signals with sufficient coverage.

3.1 Pushing Scattering Coverage to the
Limit

A fundamental challenge facing GPSMirror is the dramatic
attenuation when backscatter tags re-radiate GPS signals,
which severely limits the coverage of the GPSMirror tags. To
maximize the coverage, the tags should be able to enhance
the energy of the scattered GPS signals under the regulation
permit [46, 47]. Such a capability can be characterized by the
standard backscatter reflection coefficient T [25, 31], i.e., the
ratio of the amplitude of the reflected wave to the incident
wave:

r:ZL ZA:1 ZA/ZL W

Zir+Za 1+Z4lZ;

where Z; and Z4 stand for the impedance of the internal cir-
cuit and the antenna, respectively. The gain of the backscatter
tag is defined as |T'|? [37]. Obviously, when Z; is negative,
the gain is greater than 1, i.e., the signals are amplified after
re-radiated by backscatter tags.
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(a) Reflection amplifier circuit. (b) Bandwidth control.

Figure 4: Reflection Amplifier. Two resonant circuits
are used to match the impedance of the circuit and

achieve the desired bandwidth.
To achieve this, we adopt tunnel diodes as a core compo-

nent, as they can realize negative resistance with yW-level
power consumption. Plotted in Figure 2 is the IV-Curve of
the diode, which holds a region of negative resistance (NR)
due to the quantum tunneling effect [51]. The negative resis-
tance (RyRr) can be calculated from the slope of the IV-Curve.
For MBD1057, which is used in GPSMirror, Ryg is about
—650Q in our design with a bias voltage set around 140mV.

Classical tunnel diode was invented in the 1950s [26] and
revived in recent backscatter systems [4, 50, 51] as a low
power amplifier. These systems aim to use a tunnel diode
oscillator to re-modulate the incident signals, e.g., in the
form of low-rate ASK or FSK, which can be decoded by
a specialized demodulator. In other words, the backscatter
tag’s modulation differs from the signal source. In contrast,
GPSMirror needs to provide a high gain while preserving
the incident signal’s waveform. Therefore, we employ the
tunnel-diode-based reflection amplifier (TDA) [12, 37] to
build GPSMirror instead.

Gain and Bandwidth. The Ry of the tunnel diode is
about —650 Q while standard antennas’ impedance Zy4 is
50 Q. To realize the amplification effect according to Equa-
tion 1, we need an impedance matching network to trans-
form the impedance of the internal circuit’s Z;, to make it
approach —Z4.

Yet, the tunnel diode cannot simply be regarded as a neg-
ative resistance alone. Instead, it is equivalent to a com-
bination of multiple parasitic elements, including internal
junction capacitance C;, packaging parasitic elements Cp,
L, and r, whose typical values are 0.1pF, 0.3pF, 1.2nH and
6Q, respectively, according to the datasheet [1]. With the
center frequency f; fixed in GPS L1 band, we simplify the
tunnel diode circuit by series-parallel conversion step by step
and then acquire an equivalent circuit as plotted in Figure 3,
where the equivalent capacitor is about 0.465 pF.

The conventional approach directly computes the overall
impedance of the tunnel diode and builds a matching net-
work. However, as the tunnel diode amplifier is susceptible
to impedance changes, a straightforward search for values as
in the conventional approach may introduce more parasitic
parameters during manufacturing, resulting in unexpected
performance.
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Figure 5: Structure of reflection amplifier circuit.

To address this issue, GPSMirror achieves desired band-
width and gain by using two resonance circuits instead, thereby
making the circuit highly repeatable and easily debugged.
The first resonant circuit aims to eliminate the effects of the
parasitic elements inside the tunnel diode, while the second
considers the impedance changes caused by the first reso-
nant circuit and tunes the circuit to desired bandwidth and
gain. In a typical series “LC” resonator circuit, the relation-
ship of inductance L, capacitance C and frequency f, can be
described as [56]:

fo = 1/2z2VLC ()
Given the equivalent capacitance C, = 0.465pF inside the
tunnel diode, the only suitable inductance L; = 2.195nH can
be derived.

Then, the gain and bandwidth can be estimated through
the quality factor Q, i.e., the ratio of resonant frequency to
bandwidth, given by

Q=2nfcL/R ®)

where R is the parasitic resistance inside the inductor and
transmission lines. A smaller R contributes to a higher Q,
and thus we use low-loss microstrip lines to route the circuit.

The second “RLC” circuit aims to achieve the desired gain
and bandwidth. Given the needed bandwidth and impedance,
we can determine a set of inductance and capacitance to
achieve our goal according to the above equations. To ensure
the gain’s flatness over the band, we slightly staggered the
center frequency of the two resonant networks to ensure a
consistent gain over the GPS band and sharp roll-off, which is
the gain’s decreasing speed [28], beyond the band, as plotted
in Figure 4 (b).

Unfortunately, integrated inductors and capacitors con-
tain many parasitic elements along with soldering artifacts,
making it difficult for circuit diagnosis. Thus, we transform
the reflection amplifier circuit, as illustrated in Figure 4 (a),
to practical microstrip lines on a PCB substrate to ensure
the accuracy, as illustrated in Figure 5 (a). Furthermore, to
deal with the PCB manufacturing imprecision that causes
the resonant frequency to deviate from the design, we em-
ploy a tuning stub on board to adjust the center frequency
of the first resonator and a tune pad with a tuning screw
for the second one. Figure 5 (b) shows the stack-up of the
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GPSMirror reflection amplifier circuit. As the screw is closer
to the tuning pad, the values of L, and C; increase and the
resonant frequency of resonator 2 decreases, and vice versa.

3.2 High-Sensitivity RF Front-end for
GPSMirror

Sensitivity [33] is a measure of the magnitude of input signal
needed for the amplifier to produce full output at maximum
volume. To scatter GPS signals with sufficient gain, GPSMir-
ror must be sensitive enough to acquire the weak GPS signals
in the first place.

This is different from traditional passive backscatter tags
which do not need to detect and amplify the incident signals
and hence do not need to optimize sensitivity. It also differs
from traditional radio receivers which consider the modu-
lation/encoding gain as part of the sensitivity. In effect, the
sensitivity of GPSMirror is the detector sensitivity which
describes how efficiently the radiation is converted into a
usable signal. We design a highly sensitive RF front-end for
GPSMirror via three steps, including an antenna design that
maximizes the incident signals, a low loss coupling design
that reduces the return loss when the signal is coupled into
the internal circuit, and a low noise amplifier design that
minimizes the current noise in the circuit.

Capturing and radiating signals with a wide field-
of-view (FoV). Traditional backscatters [30, 51, 57] employ
dipole antennas to scatter signals within the azimuth plane.
In contrast, GPSMirror reflects GPS signals over a wide 3D
FoV by adapting the classical Quadrifilar Helix Antenna
(QHA) structure [44].

We build the antenna with a diameter of 3.8 cm, a compara-
ble size to GPSMirror tags. Recall that the wavelength of the
GPS signal in the L1 band is valid, and the rest parameters of
the antenna can be acquired from the helix antenna structure
equation. we also conduct simulations in ANSYS HFSS to
verify the above design choices. As plotted in Figure 8 (b),
QHA significantly outperforms the standard dipole antenna
in the horizontal upward direction with an average of 7.3 dB
gain in all upward directions.

Reducing loss using resonant coupling. After the sig-
nals are captured by the antenna, they need to be passed to
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the RF front-end which may induce additional loss. A cou-
pling circuit can be used to minimize such loss. Traditional
backscatter tags use inductors and capacitors to build the
matching network to couple the signals from the antennas
to the internal circuit as shown in the Figure 8. However,
these components need to be soldered on, which tends to
damage the integrity of the transmission line (TL), resulting
in the return loss, i.e., signal reflection and energy dissipation
before coupling into the internal circuit.

We design a new type of microstrip coupling circuit to
minimize the TL loss, as illustrated in Figure 7(b). We use a
microstrip couple filter, which consists of two parallel TLs,
to couple the returned signal to the OLR for additional trans-
mission delays. Intuitively, when the signal which is coupled
to the OLR gets back to the pad with the opposite phase, the
return signal is canceled and loss minimized. The overall
length of the loop determines the phase delay, an additional
A/2 delay contributes to maximum signal deconstruction. We
conduct an RF circuit simulation to verify our design. The
simulation results in Figure 7 (c) show that our design signif-
icantly reduces the return loss. The S11 parameter, which is
defined in Figure 7 (a), is considerably lower when compared
to directly soldering a capacitor.

Operating with minimal noise. Before introducing the
noise suppression design, we first describe the noise figure
(NF) of the GPSMirror circuit. NF determines the degradation
of SNR of the output signal compared to the incident signal,
which should be minimized to maintain good signal quality.
Specifically, the NF of a tunnel diode is given by [37, 54]:

NF = 1+K, @
" [1-r/RNrl[1- f/frol

where r is the resistance of the Ge board as plotted in Fig-
ure 3, f,o the cutoff frequency, f the operating frequency,
K, = 1.2 the noise factor [37], and Ryg the negative resis-
tance of the tunnel diode.

As shown in Figure 2, we can fit the relationship between
the bias voltage Vpjas and the current I with a polynomial
I = ¥ (VBjas)- Thus, there is a one-to-one mapping between
the voltage and Rygr. We thus calculate all the NF values
according to Equation 4 to obtain the minimal value of NF,
as plotted in the Figure 3.
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4 GPS-COMPATIBLE POSITIONING
THROUGH BACKSCATTER SIGNALS

Conventional GPS algorithms on smartphones may perform
poorly in the shadowed regions due to the following two
reasons. First, inadequate visible satellites, which are caused
by the obstruction of buildings, make the traditional algo-
rithm unsolvable. Conventional GPS algorithms, however,
require receiving signals from at least four visible satellites
in order to estimate four unknown variables [x,y, z, f] si-
multaneously [17]. Second, errors in distance measurements
caused by NLoS propagation lead to inaccurate results.

Therefore, we develop a new algorithm that leverages the
capabilities of GPSMirror tags to offer users the flexibility of
prioritizing either extending locatable regions or improving
accuracy. In this section, we first clarify the characteristics
of scattered GPS signals and then proceed to describe the
details of our positioning algorithm.

4.1 Features of Scattered GPS Signals

Different from traditional GPS relay systems that just am-
plify GPS signals to enhance the coverage, we modulate
sequences on GPS signals with the “ON-OFF” switching on
the GPSMirror tag. These sequences can help distinguish the
scattered and non-scattered signals. Before elaborating on
our algorithm design, we first introduce the accessible raw
GPS measurements GPSMirror used [17]. Signal strength
measurements. Smartphones provide the carrier-to-noise-
density ratio (C/Np) as the signal strength measurements to
indicate the strength of the received GPS signal. Since the
GPSMirror tags can enhance the GPS signals, the scattered
GPS signals have higher C/N, measurements than the non-
scattered signals of the same satellites. Therefore, we can
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modulate significant features on C/Nj to determine which
piece of signals of which satellites have been scattered.

To discriminate the tag and extract the signal that is scat-
tered by a GPSMirror tag, we configure the tag periodically
switching between “ON” and “OFF” states to generate a cer-
tain pattern for discrimination. During the “ON” state, the
DAC provides bias voltage to the tunnel diode amplifier and
the GPSMirror tag starts to re-radiate GPS signals with gain;
whereas the “OFF” state shuts down the bias voltage so the
GPSMirror tag keeps silent. Such ON-OFF keying can signif-
icantly change the measured signal strength of GPS signals
and thus changes the C/N,; measurements on smartphones,

For a better understanding, we use a smartphone to record
the C/Ny samples with a GPSMirror tag deployed 1 m away.
Plotted in Figure 9 is the measured C/Ny from GPS satellite
PRN-20 and PRN-5. The C/Nj changes significantly with the
GPSMirror tag switching from the “ON” state to the “OFF”
state. We define the ratio of the C/Ny between the “ON” state
and “OFF” state is the gain of GPSMirror , and use this value
to evaluate the coverage of GPSMirror tags in § 6.3.

Distance measurements. Smartphones provide two types
of measurements related to the distance between the satel-
lites and the smartphone: the Pseudorange and the Accumu-
lated Delta Range measurements. The Pseudorange is a time-
of-flight measurement calculated using the local clock of the
smartphone, while the Accumulated Delta Range is a count
of carrier cycles since the GPS sensor was started. Both mea-
surements contain bias errors and cannot be directly used
for positioning. Since we deploy GPSMirror to re-radiate
GPS signals with “ON-OFF” scattering, the scattered GPS
signals have additional delay t; which is not contained in
conventional GPS algorithm [21].

Pseudorange p of scattered GPS signals can be modeled as

p=r+cty+ctg+e, (5)
where t;, is the clock bias between a satellite and a receiver,
which is the main bias error in GPS distance measurements
and needs to be correctly estimated to extract accurate dis-
tance. r is the distance between the smartphone and the
GPS satellite without error, c is the speed of light, and ¢, is
the measurement error caused by other uncertain factors
including ionospheric delay I, tropospheric delay T, etc. The
scattered GPS signals have additional delay ¢; while t; = 0
for the non-scattered signals.

The distance measurements from accumulated carrier
phase ¢, denoted as ® = A¢, can typically be extracted from
Accumulated Delta Range measurements. The relationship
between ® and r can be expressed by

O =r+cty+cts + AN + g 6)

where A is the wavelength of the GPS signals, N the phase
offset relative to the initial reference phase value (commonly
called ambiguity of whole cycles), and eg the measurement
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errors. Note that N is fixed since the carrier phase is kept

locked by the receiver and can be estimated using a double

difference of pseudorange measurements between satellites.

We can estimate N by N ~ [® — p/A] [27].

4.2 Extending Locatable Regions under
Inadequate Satellites

Under inadequate satellite conditions (<4), the measurable
propagation paths for localization are insufficient to estimate
the position and clock bias. Hence, to turn these regions into
locatable regions, we use GPSMirror tags to create additional
measurable propagation paths through “ON-OFF” switch-
ing. To make the position estimation algorithm solvable, we
then extract propagation delays through a GPSMirror tag
and create “virtual satellites” that matched these measurable
propagation paths. Finally, we estimate the position with
combined measurements.

Estimating position of virtual satellites. To correctly
solve Equation (5), the virtual satellites must comply with
the following rules. (i) A virtual satellite and the real satellite
that emits the scattered GPS signals need to share the same
pseudorange and Doppler shift to ensure the correctness of
the solution. (ii) The orbit of a virtual satellite is still a true
GPS orbit. (iii) A virtual satellite needs to be far away from
the real satellite to ensure a small Dilution of precision (DOP)
and make the solution robust to measurement uncertainty.

To meet such requirements, we create virtual satellites
by rotating the original satellites’ position vectors by 180°
centered on the GPSMirror node, as shown in Figure 10. In
particular, we create a virtual satellite with coordinates Py
from a real satellite with coordinates P,s according to the
standard rotation equation [3].

Extracting the delay of scattered signals. The delay
of propagation through a GPSMirror tag, s in Equation (5),
should be extracted before positioning. Since the scattered
and non-scattered GPS signals are received by the same
smartphone, the clock bias remains the same. Assuming
that we get nearby samples of GPS signals statically and
acquire clock bias t,; from non-scattered GPS signals, we
presume the clock bias from scattered GPS signals #;; equals
to ts + tp;. We can estimate ts; from a pair of scattered and
non-scattered GPS measurements and update the t; with
further measurements.
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Positioning the receiver with a single GPSMirror
tag. Combining the measured pseudorange directly from
scattered and non-scattered GPS signals, we estimate the
receiver’s position with the weighted least squares (WLS).
Below we elaborate on this process.

We first set an initial position Ly = [xo, 3o, z0] = [0, 0, 0] to
activate the iterative algorithm, and then obtain the locations
of the tracked satellites from the ephemeris, which is the
GPS satellites’ orbital information forecast by NASA.

Different from conventional algorithms, GPSMirror needs
to calculate the distance from both the real and virtual satel-
lites to the given initial position. Suppose m satellite signals,
including real and virtual satellites, are to be acquired. For
the k-th satellite (k < m), using L) = [xy, yg, z¢] to repre-
sent its location and tp( as the initial clock bias, then the true
distance 7 in the Equation (5) can be derived as ||L%) — Lo||,

and the measured pseudorange pék) follows
k
Pt = IL®) = Lol + ety + 2 ™
Next, we linearize the above equation. Assuming that the
true position is L = Ly + JL, the difference between the true
position, which is the target of this algorithm, and the initial
position can be derived as
5pk) = pk) _ k)

=1L — (Lo + L)1 = [IL%) ~ Lol + (1~ tp0) + 5 (g

L®) 14
O = 1)
~ L(k)_L05L+c5tb+£p— I OL + ¢ty + ¢

which present that §p(¥) and SL are linearly related. There-
fore, both pseudorange measurements from real satellites
and virtual satellites can be linearized using Equation (8).

Different from conventional GPS algorithms which simply
apply the WLS solver with these measurements, the position
estimation equations are reconstructed with the extracted
delay of scattered signals. Specifically, suppose we obtain two
consecutive pseudorange measurements, p*™ | from non-
scattered GPS signals, and p(k’S ), from GPSMirror , which can
be regarded as the signal from virtual satellites. Let 8¢5, be
the clock bias directly from the satellites and &ty = Stpq + s
be the estimated clock bias, where 6t} is the true clock bias
and t; is the propagation delay through GPSMirror node.
If we obtain k measurements P,, = [p(l’"), . ,p(k’”)]T -
po directly from the satellite and m measurements Py =
[p(l’s), e ,p(m’5>]T — po from the GPSMirror node, We can
organize the pseudorange of all measurements as

: 5L
T
sp=| En ]: I, 1 ety [+ep  (9)
PS _Is 0 Cé‘tbz

Then, we can estimate the §L through WLS:

SL
Sty | = (GTWG)™16Twsp) (10)
C(Stbz ]
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Figure 11: Typical use cases of a GPSMirror tag in shad-
owed regions.

where W is the weight of each equation from the mea-
surement uncertainties. Then we obtain the true position
L = Ly + 6L. Since t; can be extracted by comparing pairs
of scattered and non-scattered GPS signals from the same
satellites. Therefore, in the best case, a single GPSMirror
tag can help smartphone positioning with only two visible
satellites after t; has been extracted. If the number of satel-
lites exceeds 2, we also can improve the accuracy with extra
measurements.

4.3 Differential Positioning for Accuracy
Improvement

The other problem in the shadowed regions is NLoS propa-
gation. Intuitively, the lack of LoS leads to rapid degradation
of positioning accuracy. Since the LoS from the satellites
to GPSMirror tags and LoS from GPSMirror tags to smart-
phones are relatively easily guaranteed, an important ques-
tion is: can we convert the legacy positioning method that
requires LoS from the receiver to satellites into a positioning
method that requires LoS to a GPSMirror tag?

Our basic idea is to cast the GPSMirror tags as reference
stations, which create deterministic multipath to improve po-
sitioning accuracy and mitigate the errors caused by random
ambient reflections. Unlike conventional reference station-
based systems (e.g., DGPS [36]) that the stations can process
and compute the propagation delays correctly and deliver
them to smartphones, the low-power GPSMirror tags with
limited resources cannot process GPS signals or tell the prop-
agation delays. Thus, GPSMirror needs to extract distance
measurements and finish the computation on smartphones.
Since the satellites are far from the ground (about 20000 km),
scattered and non-scattered GPS signals from the same satel-
lite in a short interval can be considered as arriving in paral-
le] with the common propagation errors, which are mainly
caused by NLOS in shadowed regions. We cast the GPSMirror
tags as reference stations to eliminate these errors.

Different from DGPS stations, GPSMirror tags cannot pro-
cess GPS signals and extract errors of the referenced propa-
gation path directly. We need to process signals from refer-
enced propagation path and eliminate the propagation error
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on smartphones. Following are detailed steps. As shown in
Figure 11, we use a GPSMirror tag to scatter GPS signals to
a smartphone and differential the distance measurements
of scattered and non-scattered GPS signals to eliminate the
common delay error. Specifically, suppose we obtain two
nearby samples of carrier phase measurements, ®,,;; from
non-scattered GPS signal at t1 and @ ;, from scattered sig-
nals of the same satellite at ¢2. During this short interval, the
angle of arrived GPS signal changes negligibly [40]. There-
fore, we can assume that nearby samples of scattered and
no-scattered GPS signals share the same common error, in-
cluding the delay caused by reflection and atmospheric delay
Tand T.

Further, we can differentiate these measurements from
scattered and non-scattered GPS signals to eliminate the com-
mon errors that compromise positioning accuracy. Specif-
ically, We can acquire ®; = ;5 — D, 41, in which &g is
the distance measurements from scattered GPS signals and
®,, 11 from non-scattered GPS signals of the same satellites.
According to (6) can be expressed by

(I)d =Tst2 —Ingt1t+ c¢AT + AN + ¢p (11)

where AN is the difference of the phase offset and remains
constant when the carrier phase is locked, both 7, and r,, 1
are the distance between the same satellite to the smartphone
at a different time. AT = (trs2 — trs1) — (tss2 — tsp1) is the
difference of clock bias between the 2 measurements. As
the clocks of satellites are stable, AT mainly depends on the
stability of the local clock of smartphones.

Different from conventional DGPS stations, GPSMirror
cannot estimate the ®;. Thus, we model an unknown vector b
to stand for a position vector from the tag to the smartphone
and estimate it on the smartphone. As shown in Figure 11,
we userr;, to denote the distance from the satellite to the
GPSMirror tag from scattered GPS signals. Then we can pre-
sume rs ;3 = 142 + ||b|| based on the geometric relationship
in Figure 11. Further, we can acquire r,;1 = rrs1 +b - e,
where e is the unit directional vector from the satellite to the
smartphone and @4 can be expressed as

Oy =Arr +||b|| —b-e+cAT + AAN + ¢ (12)

where Arr = rr5 —rr 41 is the distance from the satellites to
the GPSMirror changes between ¢1 and ¢2. So far we obtained
the relation between the measurements and the base vector
b. Then we re-organized the equation by placing the known
quantities on the left side of the equation.
Oy — Arr —AAN — Ao = ||b|| = b - e + cAT + ¢p
(13)
:\/ﬁ—b-e+cAT+gq>
In order to solve b, we linearize this equation using New-
ton’s iterative method. Given a by for initialization, the Equa-
tion (13) can be approximately expressed by
T
@y — Arr = AAN ~ /bl — by - e + @&) (14)

+ cAT + e
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(a) RF front-end of GPSMirror tags.

(b) Control circuit that
provide bias voltage.

Figure 12: GPSMirror prototype.

We use S¢ = ©g— Arp —AAN — 4 [bOTbO +by - e to represent
the known quantities. The Equation (14) can be re-organized
as

So

\ T —_— .
= W§b+cAT+£¢ (15)

Now according to Equation (15), the measured phase of GPS
signals can be simply determined by the b from the GPSMir-
ror tag to the smartphone, which eliminates the requirement
for LoS satellites. An intuitive explanation is that since the
tag’s position is known and the position of satellites can also
be calculated based on the orbit information, the propaga-
tion path between satellites and the GPSMirror tag is derived
indirectly.

Then we start to solve the base vector b with multiple
functions. We can obtain the base vector b by estimating
the &b since they are linearly related. There are 4 variable
in Equation (15)’ b = [XSmartphone - XTag’ YSmartphone -
Y7ags Zsmartphone=Z1ag] and AT.So 4 independent equations
can help solve for b. After we obtain n > 4 equations, we
have

(1) aVb b-b-

So i
So = : = : : ob + (16)
®= (i) - : S| ear | TEP

s Vb b-b-e

@ b 1

Then, we can estimate the §b through the WLS estimation
equation as

b
cAT
We then update by = by + b and iterate until the &b less
than a preset threshold. Then we can obtain the estimated
base vector b. Further, since the location of GPSMirror tags
and the floor plan is known after deployment, we filter out
outlier b with impossible directions to further improve accu-
racy. Finally, we obtain the position of the smartphone with
Psmartphone = PGPsMirrorTag + b as shown in Figure 11.

} = ((GTWG)'GTwWSg) (17)

5 SYSTEM IMPLEMENTATION

In this section, we describe the implementation of GPSMirror,
including fabrication of GPSMirror tags, and GPS data logger
on receivers, i.e.,smartphones.
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5.1 GPSMirror Tags.

To provide accurate, stable and configurable bias voltage for
the tunnel diode with off-the-shelf components, we proto-
type each GPSMirror tag with the following components: a
tunnel diode to provide negative resistance for GPS signal
amplification, a DAC to provide accurate bias Voltage for
the tunnel diode, a voltage reference chip that provides volt-
age reference against voltage-drift of the circuit, an MCU
configures and controls other components, a voltage buffer
to holds the bias when other components are shut down to
save energy and a low dropout regulator (LDO) that provides
energy for above components.

To facilitate manufacturing and commissioning, we divide
the above components into two circuits. One is the front-end
circuit that handles the RF signals with a tunnel diode and
micro-strip lines, the other is the baseband control circuit
that configures the bias voltage for the tunnel diode. As
shown in Figure 12 (a), we fabricate the front-end circuit
on a low-loss Rogers 4350B substrate with an immersion
gold craft to reduce the impact of surface roughness and
oxidation on impedance. Each circuit is fixed in a customized
metal cavity to avoid ambient electromagnetic noise. Shown
in Figure 12 (b) is the baseband control circuit fabricated on
FR4. Besides, we also build the customized antenna with FR4
printed circuit board and copper wires.

Table 1: GPSMirror Cost Breakdown.

Components Model Price
Tunnel Diode MBD1057 $45.2
MCU KL03Z16 $2.99
Timer TPL5111DDCR $0.30
Voltage Buffer LTC20635C6 $1.38
Voltage Reference REF3012 $0.45
DAC MAX5531 $4.34

LDO TPS78218DDCT $0.50

Total - $55.16

Cost. Table 1 is the latest detailed breakdown of cost
based on quotes for 1000 units, where the unit cost is around
$55.16, but only $9.96 if excluding the tunnel diode. Tunnel
diodes contribute to 82% of the total cost due to the lack of
market demand. If GPSMirror were successfully promoted
and widely deployed, mass production would further lower
the unit price of tunnel diodes.

Power Consumption. The tunnel diode consumes ap-
proximately 126 yW according to Figure 3 and the off-the-
shelf LDO consumes approximately 1.6 pW. To reduce overall
energy consumption, the MCU and DAC operate duty-cycled
to provide precise voltage output and the voltage buffer helps
to hold the bias voltage for the tunnel diodes when the MCU
and DAC are shut-down. The scattering control and configu-
ration of DAC can be finished within 10 ms, thus the average
power consumption of all these components is as low as 0.9
1#W. The voltage buffer consumes 6 pW and the total power
consumption is approximately 134.5 pW. 134.5 pyW-power-
consumption can enable the GPSMirror continuous work
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Figure 13: Hardware testbed.

for about 31 months with a coin-battery CR2477, which is
also used in duty-cycled iBeacon [7] for a maximum of 24
months, while GPS relays/repeaters consume W-level power
and require a plug-in supply. In addition, since distance mea-
surements can be derived from any 1 ms-long GPS signal [27],
the tunnel diode can also operate in duty-cycled mode to
amplify GPS signals. GPSMirror tags can achieve battery-
free with RF or PV energy harvesters like other backscatter
systems.

5.2 Receiver.

We use various smartphones including XIAOMI 8, HUAWEI
Mate20 Pro and SAMSUNG Galaxy S20 Ultra with the Gnss-
Logger 3.0 [17] app installed, which are used for data record-
ing. We process the data and calculate the localization offline.

6 EVALUATION

In this section, we first evaluate the hardware performance of
the GPSMirror tags with signal analyzers and smartphones.
Then we conduct a series of experiments to test its coverage
and localization performance under different conditions.

6.1 Experimental Setup.

Hardware Testbed. The hardware testbed is used to profile
the GPSMirror tag, including the gains in the L1 band, the
impedance of antennas, and the front-end circuit. As shown
in Figure 13 (b), we use the network analyzer E5061B in an
electromagnetic darkroom to measure the impedance and
radiation pattern of the antenna and to tune the antenna to
50 ohms in the L1 band. The network analyzer N5225B is
used to measure the reflection coefficient of the tag with a
weak excitation power. The AWG 5000 arbitrary waveform
generator provides accurate bias voltages to the GPSMirror
tags. We use the Keysight MXG analog signal generator
N5182B and the Keysight UXA signal analyzer N9020A to
measure the gain of the GPSMirror tags. N5182B can generate
RF signals as low as -140 dBm, and N9020A has a typical
sensitivity of -150 dBm.

Ground Truth. We use a Xiaomi LS-P laser range finder
with a range error of 3 mm to obtain the ground truth for
distance measurements. We use a Unistrong P40 board in real-
time kinematic positioning (RTK) mode to obtain the ground
truth for coordinates measurements. The position error of the
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Figure 14: Hardware performance of a GPSMirror tag.
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Figure 15: Reception on various smartphones.
Unistrong P40 in RTK mode is 8 mm when synchronized with
differential stations. However, the Unistrong P40 board often
fails to sync when it gets close to buildings or flyovers. We
thus measure the coordinates of test points at least 30 meters
away from buildings and derive all the required coordinates
based on the distances measured by the laser range finder.

Deployment of GPSMirror tags. The GPSMirror tags
can be deployed outside the building, in openings of a build-
ing or in unenclosed parts of flyovers to provide GPS service
for pedestrians. The locations of the GPSMirror tags are reg-
istered in the map or floor plan and stored in the GPSMirror
’s database on smartphones.

6.2 GPS Signal Re-radiation

Performance Profiling with Hardware Testbed. To mea-
sure the gain of the GPSMirror tag, we use the signal genera-
tor to generate a -140 dBm RF signal that passes through the
GPSMirror tag to the spectrum analyzer. The gain is obtained
by comparing the signal strength of the signal generator’s
output and the measured signal strength of the signal ana-
lyzer. The results are presented in Figure 14(a), where we
can see the GPSMirror tag achieves about 22 dB gain with
negligible distortion when the bias voltage is set at 140mV
and higher gains are reachable with the bias voltage changes.
We also evaluated the gain with different input signal power
and the results are presented in Figure 14(b), where we can
see the GPSMirror tag achieves flat gain with distortions less
than 1.3 dB when the input power higher than -125 dBm
and 1.9 dB when input power higher than -140 dBm. Thus,
we can conservatively conclude that the GPSMirror tag has
sufficient sensitivity ( <-125 dBm) to scatter GPS signals.
Received Signal Quality on Smartphones. We test the
signal quality on three different smartphones, including Sam-
sung Galaxy S20, Huawei Mate20 Pro and Xiaomi 8, to verify
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the compatibility. As shown in the Figure 15, we deploy a
GPSMirror tag near a window and use three smartphones to
record data simultaneously, with a distance to the tag rang-
ing from 1 m to 8 m. Results show that smartphones from
different manufacturers can achieve effective reception of
GPSMirror scattered signals without significant differences.

6.3 Coverage of GPSMirror Tags

We define the coverage as the region where a GPSMirror tag’s
“ON-OFF” switching can be detected and smartphones can
position with the tag. GPSMirror enhances the GPS coverage
in two main aspects. On the one hand, GPSMirror tags alter
the propagation paths to increase the number of visible satel-
lites. On the other hand, the GPS signals originally reachable
to GPS receivers are strengthened by the GPSMirror tags.
To evaluate the coverage performance from both aspects,
we deploy GPSMirror tags in various scenarios including a
30m-long corridor, a 50 X 12 m? sidewalk in an urban canyon,
a17.5% 12 m? classroom and a 20 X 14 m? lecture hall. We set
test points in each scenario and use smartphones to record
raw C/N, measurements of scattered and non-scattered GPS
signals for 5 minutes at each test point. We use the C/Nj of
scattered GPS signals to minus that of non-scattered signals
to stand for the enhancement performance. Then we plot the
mean value of 5 minutes in each test point as shown from
Figure 16 to Figure 19.

In all scenarios, GPSMirror tags strengthen the GPS signal
by at least 3 dB including the farthest location. Specifically,
at the farthest test point in Figure 17, which is 27.7 m away
from the tag, there is >4 dB gain from the tag in both wall-
mounted and tripod-mounted conditions. Since the nearest
test point is about 2 m to the tag with gains of 9 dB, the
drop-off of the gain is about 5 dB in this condition. Moreover,
the farthest test point in Figure 19 is about 15.6 m to the
tag with >3 dB in the three conditions. Therefore we can
conclude that the gain’s drop-off is slow. Besides, Figure 16
shows that the GPSMirror tag can enable sufficient coverage
with a radius of up to 30 m. Thus, the coverage of GPSMirror
tags reaches the limit of the US regulation [47], i.e., 30 m.

Impact of Mounting Methods. To evaluate the impact of
different mounting methods, we conduct experiments to eval-
uate the performance of wall-mounted, window-mounted
and tripod-mounted tags in both indoor and outdoor scenar-
ios. Specifically, the Figure 17 shows the coverage perfor-
mance of a GPSMirror tag with different mounting methods
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Figure 17: Coverage performance of a GPSMirror Tag in urban canyon.
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Figure 19: Coverage performance of a GPSMirror tag with different mounting methods in a flat room.

in an urban canyon. We set 33 test points and each point
spaced 5 m apart. Figure 19 shows the coverage of GPSMirror
tags in a lecture hall with different mounting methods. We set
77 test points and each one is spaced 2 m apart. Results show
that different mounting methods have a negligible impact
on the coverage.

Impact of Deployment Location. We notice that the
deployment location of the GPSMirror tag influences the
gain’s distribution in these test points. We compare Fig-
ure 19(a),19(b) and Figure 19(c) can draw a conclusion that it
is better to deploy the GPSMirror tag close to the center of
the open area for more uniform signal enhancement.

6.4 Positioning Accuracy

To fully exploit the performance of positioning accuracy, we
conduct the following experiment to evaluate the perfor-
mance of both static and dynamic positioning. Further, we
conduct a controlled experiment to explore the potential of
using multiple GPSMirror tags for high positioning accuracy.

Static positioning. We evaluate the static positioning
accuracy of the GPSMirror system in the following two sce-
narios: indoors, as shown in the Figure 18 and 19, and in an
urban canyon, as shown in the Figure 17. To assess perfor-
mance, we plot the cumulative distribution function (CDF)
using the average position error of each point. The median
positioning error is about 3.7 m in the indoor scenario and
4.6 m in the urban canyon as plotted in Figure 20. The lo-
calization accuracy in the indoor scenario is a little better
than that in urban canyons. We speculate that this effect
may be caused by the following reason. The propagation
path through a GPSMirror tag in an indoor scenario is more
clear since windows are the only opening to the sky. On the
contrary, GPS signals in an urban canyon are more complex
since smartphones may receive more signals from propaga-
tion paths other than through the GPSMirror tags. Overall,

— Static Localization in Room
—Static L in Urban Canyon
. . . .

0 2 4 6 8 10 12 14 16 18
Localizationing Error (m)

Figure 20: Positioning accuracy.
the accuracy in both scenarios improves a lot with a GPSMir-
ror tag eliminating the common delay errors.

Dynamic positioning. To evaluate the performance of
dynamic positioning, we perform a controlled experiment
with a GPSMirror tag mounted on the window and set 3 types
of trajectories for the receiver as shown in the Figure 21. A
volunteer walks along the trajectories with an average speed
of about 25 cm/s per second and holds a smartphone record-
ing GPS measurements. We compute the location based on
every four samples and compare it with the ground truth,
which is distributed every 1 m on the trajectories. The re-
sults show that we can achieve a median localization error
of about 4.5 m with GPS signals only, which is sufficient
in urban canyons and some indoor regions. However, the
accuracy gets a little worse than in static positioning condi-
tions. We speculate this may be primarily limited by the low
sampling rate of the smartphone, which is default set as 1 Hz
for energy saving. We need multiple samples to eliminate
the common error correctly, the correlation between these
samples reduces more in dynamic localization conditions.
Thus, the accuracy gets a little worse. This limitation can
be mitigated by increasing the sampling rate. Some GNSS
sensors for smartphones support higher sampling rates, e.g.,
40Hz [48]. We can achieve the rate with firmware modifica-
tions [43].

Positioning with multiple Tags. To explore the poten-
tial of using multiple GPSMirror tags for further localization
accuracy improvements, we conduct a controlled experiment
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Figure 21: Dynamic localization with a GPSMirror tag.

with 2 tripod-mounted tags providing GPS-enhancing ser-
vice simultaneously. The 2 tags are synchronized with a
cable and operate with a time-division schedule. We set 3
test points and used a handheld smartphone to record 180
samples at each test point. We estimate the position of the
smartphone with Tagl and Tag2, then use both base vectors
from the two tags to estimate the position of the smartphone.
As shown in Figure 22, the average positioning accuracy of
using two tags in the three test points are about 2.6 m, 2.4 m,
and 3.6 m with error bars on 95 % confidence interval. The
localization results with two tags perform better than that
using one tag significantly.

6.5 Case Studies

We deploy the GPSMirror tags and evaluate the positioning
accuracy of our system in four real-world scenarios, i.e., large
flat room (Factory, Figure 23), flyover (Figure 24), Exterior of
tall buildings (Urban canyon, Figure 25)), and center patio
(Urban canyon, Figure 26). We use an open-source GPS posi-
tion estimation project provided by Google as baseline [17].

Figure 23 shows the results in a large flat room on the
ground, a common architectural structure as in many fac-
tories. We deploy a single GPSMirror tag in the room and
evaluate the localization performance in 3 positions. Google’s
baseline algorithm fails to position in test point 2 and 3 due to
insufficient visible satellites. In contrast, GPSMirror achieves
the positioning accuracy of under 10 m for all test points.

Figure 24 shows the results under a flyover, which is chal-
lenging for a single GPSMirror tag to provide GPS service.
Because the middle is the vehicle way, the GPSMirror tag can
only be deployed at one side, which is not the area that pro-
vides the best coverage. We evaluate the positioning perfor-
mance in 2 test points. As expected, the positioning accuracy
decreases on the other side of the road.

The exterior of tall buildings is a common view in urban
areas. We deploy a single GPSMirror tag 12 m away from
the building and try to provide high-accuracy GPS service
near the building. In position 1 and position 3, GPSMirror
achieves average performance while Google’s baseline algo-
rithm degrades rapidly. However, the positioning accuracy of
Google’s baseline in position 2 (LoS region) achieves better
performance. This is as expected because the position is far
from the GPSMirror tag while conventional GPS positioning
algorithms can achieve good performance in LoS regions,
which are not our target cases.
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The center patio is a common architectural structure in an
urban area, which is surrounded by tall buildings with only
the middle part having a view of the sky. We deploy GPSMir-
ror tags here to further evaluate the generalizability of our
tags in downtown mega-cities. As shown in the Figure 26,
GPSMirror significantly improved the position accuracy for
all test points.

7 RELATED WORK

GPS relays. Commonly used GPS relays [13-15] mainly
consist of two parts. The first part includes an antenna and
an LNA deployed outdoors, to receive the signals from GPS
satellites. The second part is deployed inside the building and
consists of a GPS transmit antenna and a power amplifier.
These two parts are connected by an RF cable and powered
by a plug-in source. Such GPS relays are power hungry,
typically consuming W-level power for coverage of less than
30 m [47]. They are not easy to deploy due to the need for a
stable power supply and the complexity of routing RF cables.
In contrast, GPSMirror re-radiates GPS signals by integrating
an antenna and a reflection amplifier into a single module. It
only consumes pW-level power and can be easily supplied
by a coin battery or an energy harvesting module.

GPS and wireless positioning. Recent efforts [29, 32, 38]
have attempted to improve the performance of GPS position-
ing. CO-GPS [29] designs a cloud-offloaded GPS solution to
save energy for portable sensing devices. GNOME [32] pro-
poses a novel vision-assisted algorithm leveraging Google
Street View for accurate GPS positioning in urban canyons.
COIN-GPS [38] develops a robust GPS receiver with a purpose-
built directional antenna to achieve indoor GPS positioning.
GPSMirror is inspired by this literature while aiming to pro-
vide practical indoor GPS positioning services for off-the-
shelf smartphones. DGPS [36, 53] use one or more reference
stations to eliminate the propagation errors for accurate
positioning. GPSMirror shares similar principles to reduce
positioning errors, but differs from DGPS in that the posi-
tioning algorithm runs entirely on unmodified smartphones,
merely using the GPS service APIs.

Wireless indoor positioning systems, such as Bluetooth
low energy (BLE) [6, 8, 23], ultra-wide-band (UWB) [10, 11,
41, 55], and WiFi [22, 24], have demonstrated high precision
for indoor localization. However, such specialized infras-
tructures entail laborious mapping and calibration at the
deployment phase and also require a power supply for con-
tinuous positioning. They are not compatible with the GPS
service on smartphones and have not seen wide deployment.

Tunnel diode-based backscatter. Recent research demon-
strated that tunnel diodes enable orders of magnitude im-
provement in backscatter communication range with pW-
level power consumption [4, 5, 19, 50-52]. GPSMirror also
uses a tunnel diode to amplify incident signals, but differs
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from the prior work through new noise suppression and pre-
cision impedance control mechanisms. Specifically, GPSMir-
ror needs to be highly sensitive in acquiring weak GPS sig-
nals and to ensure that the scattered signals still preserve the
modulated waveforms of incident signals. The backscatter
design in GPSMirror is the first to meet these requirements.
Moreover, GPSMirror strictly works as a reflective amplifier
rather than a tunnel diode oscillator [4, 5, 19, 50, 51]. GPSMir-
ror does not need to generate a carrier by itself because it
only captures and amplifies the GPS signals. Jodu [52] also
employs a tunnel diode to achieve a reflective amplifier for
communication. However, it cannot be applied to GPSMirror
because it suppresses the harmonics of carriers to reduce
interference. The harmonics suppression would lead to dis-
tortion of GPS signals since GPS signals are spectrum-spread.

8 DISCUSSION

Positioning error. GPSMirror demonstrates significant im-
provement in localization accuracy compared to other GPS
solutions, however, there is still room for further improve-
ment to reduce positioning errors. The source of the posi-
tioning error of GPSMirror may include (i) the average user
range error (URE) set by government limitations, which is
approximately 0.6m [18], (ii) wrong measurements due to
low SNR, (iii) insufficient spatial diversity with the use of a
single tag. The limitations (i) and (ii) are fundamental to GPS
signals, while (iii) can be addressed through the deployment
of multiple tags. Additionally, the accuracy can be further
improved through the use of continuous-time Kalman filters
and sensor-fusion techniques.

Deployment cost. The GPSMirror has several advantages
over traditional GPS relays/repeaters in terms of cost effi-
ciency for deployment. First, GPSMirror does not need a
plug-in power supply, which can significantly reduce system
deployment and maintenance costs. Second, GPSMirror costs
$55.16 and 82% of the tag’s cost comes from tunnel diodes,
which will further “reduce cost if developed at scale” [50],
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while a GPS relay/repeater system costs $1209 [14] or $1224 [13]
with similar coverage under regulations. Besides, GPSMir-
ror also has a lower deployment cost than BLE beacons in
GPS-shadowed regions. Typically, only one GPSMirror tag
is needed to provide positioning services for smartphones,
whereas at least three BLE beacons are required for the same
purpose. The cost of a GPSMirror tag is cheaper than BLE
beacons (such as an iBeacon, which costs $69 [7] for 3). There-
fore, GPSMirror is more cost-efficient for deployment.

9 CONCLUSION

We designed and validated GPSMirror, an ultra-low power
system to expand accurate GPS positioning to shadowed and
indoor regions for smartphones. The key enabling hardware
in GPSMirror is the first high sensitive backscatter that can
re-radiate extremely weak GPS signals and provide enough
coverage that approaches the regulation limit. Beyond GPS
positioning, we also envision the GPSMirror design can be
adapted to accommodate a wider range of use cases, such as
satellite communications through backscatter.
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