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ABSTRACT In regions where global navigation satellite systems (GNSS) signals are unavailable, such
as underground areas and tunnels, GNSS simulators can be deployed for transmitting simulated GNSS
signals. Then, a GNSS receiver in the simulator coverage outputs the position based on the received GNSS
signals (e.g., Global Positioning System (GPS) L1 signals in this study) transmitted by the corresponding
simulator. This approach provides periodic position updates to GNSS users while deploying a small number
of simulators without modifying the hardware and software of user receivers. However, the simulator clock
should be synchronized to the GNSS satellite clock to generate almost identical signals to the live-sky
GNSS signals, which is necessary for seamless indoor and outdoor positioning handover. The conventional
clock synchronization method based on the wired connection between each simulator and an outdoor
GNSS antenna causes practical difficulty and increases the cost of deploying the simulators. This study
proposes a wireless clock synchronization method based on a private time server and time delay calibration.
Additionally, we derived the constraints for determining the optimal simulator coverage and separation
between adjacent simulators. The positioning performance of the proposed GPS simulator-based indoor
positioning system was demonstrated in the underground testbed for a driving vehicle with a GPS receiver
and a pedestrian with a smartphone. The average position errors were 3.7 m for the vehicle and 9.6 m for
the pedestrian during the field tests with successful indoor and outdoor positioning handovers. Since those
errors are within the coverage of each deployed simulator, it is confirmed that the proposed system with
wireless clock synchronization can effectively provide periodic position updates to users where live-sky
GNSS signals are unavailable.

INDEX TERMS Indoor navigation, GNSS simulators, clock synchronization, network time protocol (NTP).

I. INTRODUCTION
Global navigation satellite systems (GNSS) [1], [2], [3], [4],
[5], [6], including the Global Positioning System (GPS) of
the United States and Galileo of Europe, provide users with
accurate position and time information using satellite-based
navigation signals that can be received easily almost any-
where in an open-sky environment. Such high accuracy and
wide availability have made GNSS the most widely-used
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positioning, navigation, and timing (PNT) system. However,
as GNSS navigation signals are transmitted from satellites,
the received signal strength on the ground is very weak.
Consequently, GNSS is vulnerable to signal blockage and
radio frequency interference (RFI) [7], [8], [9], [10], [11],
[12], [13]. Especially, receiving GNSS signals in indoor envi-
ronments such as buildings, underground areas, and tunnels,
is challenging [14], [15], [16].

For navigating these environments, various approaches
using other sensors have been studied. The inertial navigation
system (INS) is one of the most widely-used navigation
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FIGURE 1. Overview of the proposed GPS simulator-based indoor positioning system that is capable of seamless indoor and outdoor positioning
handover. The wireless clock synchronization feature between the reference server and indoor GPS simulators significantly reduces the difficulty and
cost of simulator deployment.

systems for both indoor and outdoor applications [17], [18],
[19], [20], [21], [22], [23]. Other commonly-used sensors for
navigation include vision sensors [24], [25], [26], [27], [28],
[29], ultrasonic sensors [30], [31], [32], [33], lidar [34], [35],
[36], [37], and ultra-wide band (UWB) radar [38], [39], [40],
[41], [42], [43]. However, for these approaches, users must
carry additional sensors other than a GNSS receiver.

To avoid the requirement of additional sensors,
infrastructure-based approaches have also been studied. If
infrastructures transmit GNSS-like signals in an indoor envi-
ronment where GNSS signals are unavailable, nearby users
would be able to obtain their positions with GNSS receivers.
GNSS repeaters, pseudolites, or GNSS simulators can serve
as the infrastructure for this purpose.

A GNSS repeater [44], [45], [46] broadcasts the GNSS
signals received by an outdoor antenna through an indoor
antenna. Within the coverage of a repeater, a user’s GNSS
receiver acquires delayed signals proportional to the dis-
tance between the repeater’s indoor transmitting antenna and
GNSS receiver’s receiving antenna, resulting in a uniform
increase in the pseudorange measurements across all visi-
ble GNSS satellites. As a result, the position output of the
GNSS receiver is limited to the position of the repeater’s
outdoor antenna but the receiver’s time correction will be
changing according to the distance to the repeater’s indoor
antenna [47]. Delay-based continuous positioning using mul-
tiple indoor repeater antennas [44], [45] has also been stud-
ied, but a GNSS receiver must have prior knowledge of the
repeater’s antenna positions. Thus, software modifications
of GNSS receivers in the market are required to use this
technique.

A pseudolite [48], [49], [50], [51] transmits specially
designed navigation signals from a fixed location. If a user
receiver can receive and process such signals from four or
more pseudolites, the receiver can calculate its 3D posi-
tion similar to the GNSS positioning. However, a specially

designed receiver may be required to process the pseudolite
signals, and many pseudolites would need to be deployed to
provide a sufficient geometric distribution of transmitters for
users in large and complex indoor spaces.

A GNSS simulator [52], [53], [54], [55] generates simu-
lated GNSS signals so indoor user receivers can output the
intended position by solving it via reception of these signals.
In this case, unmodified conventional GNSS receivers should
be sufficient to generate the position output. However, as dis-
cussed in the GNSS repeater case, user receivers at different
locations within the same coverage of a certain GNSS sim-
ulator display the same position but varying receiver time
corrections according to the distance between the receiver
and simulator antennas [47]. Unlike the pseudolite case,
the user position cannot be continuously updated; however,
it is updated only when the user moves from one simulator
coverage to another simulator coverage. Nevertheless, the
GNSS simulator approach requires fewer transmitters than
the pseudolite approach because a user receiver must receive
only one signal instead of a minimum of four transmitter
signals.

A major technical challenge to implement such an indoor
positioning system using GPS simulators, which is the topic
of this study, is seamless positioning handover between the
live-sky GPS signals and simulated indoor GPS signals. As
illustrated in Fig. 1, live-sky GPS signals are blocked when
a car enters a tunnel. When the car enters the coverage of
the first GPS simulator, the GPS receiver of the car should
be able to acquire and track the simulated GPS signals and
output the simulated position before it exits the coverage. The
simulated position (that is, intended user position) from each
GPS simulator can be prearranged as the 3D position of the
center point of the simulator coverage.

For the receiver to quickly acquire and track the simu-
lated GPS signals after the brief signal blockage and output
the appropriate position solution, the simulated GPS signals
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should be very similar to the live-sky GPS signals. Specifi-
cally, the clock of the GPS simulator should be synchronized
with the GPS satellite clock, and the navigation messages
modulated on the simulated signals should be the same as
those on the live-sky signals. Otherwise, the receiver may not
output the desired position before the car passes through the
simulator coverage.

Commercial off-the-shelf (COTS) GNSS simulators sup-
port clock synchronization via pulse-per-second (PPS)
inputs. For example, in [53], the clock synchronization of
GPS simulators was achieved using PPS signals from com-
mercial high-precision clock synchronization equipment con-
nected to the GPS simulators via wires. However, clock
synchronization based on wired connections increases the
difficulty and cost of simulator deployment in actual indoor
environments. Usually, PPS signals are generated by a GNSS
timing receiver connected to an outdoor GNSS antenna.
The wiring between the outdoor antenna and indoor timing
receiver can be very complex, especially when deployed in
a tunnel or underground area. Considering the practicality of
GNSS simulator deployment, wireless clock synchronization
is much more appealing, although wireless clock synchro-
nization is less precise than the wired case and challenging
to achieve due to the uncertainty of the connection [56].

Another technical issue in implementing an indoor posi-
tioning system usingGPS simulators is the optimal placement
of the simulators. If the separation between adjacent simula-
tors decreases, the number of simulators required to cover the
same area increases, thus increasing the overall system cost. If
the separation between simulators increases, the signal block-
age time (e.g., Fig. 1) increases, and thus a user receiver may
not quickly acquire and track the simulated signals after the
signal blockage. Therefore, an optimal separation between
simulators must be designed for deployment.

This study addresses the two aforementioned technical
challenges for implementing GPS simulator-based indoor
positioning system. We propose methods for wireless clock
synchronization and derive the constraints for designing the
optimal simulator coverage and separation between adjacent
simulators, which can significantly improve the practicality
of the system deployment.

An underground testbed was implemented to demonstrate
the proposed methods’ performance. The reference server
was connected to an outdoor GPS receiver that received
live-sky GPS signals and decoded the real-time GPS navi-
gation data. The outdoor GPS receiver also provided the GPS
timing information to the reference server via PPS signals.
The server and the indoor GPS simulators were connected via
long-term evolution (LTE) wireless communication channels
to distribute navigation data and synchronize clocks wire-
lessly. Field tests demonstrated the positioning capability of
the implemented testbed for a moving car and pedestrian.

The contributions of this study are summarized as follows:
• We analyzed GPS simulator’s required clock synchro-
nization accuracy for seamless indoor and outdoor posi-
tioning handover. The required level of accuracy we

found opened the possibility of wirelessly synchronizing
the simulator clocks.

• We proposed methods for the wireless clock synchro-
nization of GPS simulators with the required accuracy.
A private time server was implemented, and the time
delay in the GPS simulation process was measured and
calibrated. This wireless clock synchronization reduces
the difficulty and cost of system deployment.

• We derived the constraints on the simulator coverage
and separation distance between adjacent simulators.
This information is useful for optimally deploying the
proposed system.

• We implemented an underground testbed with three
simulators transmitting live signals to demonstrate the
proposed system’s positioning performance. The field
tests were performed for a driving vehicle with a GPS
receiver and a pedestrian with a smartphone.

The remainder of this paper is organized as follows.
Section II analyzes the required clock synchronization accu-
racy for the proposed indoor positioning system, and
Section III describes our wireless clock synchronization
methods. Section IV derives the constraints for optimal
deployment of the GPS simulators. Section V presents field
test results that demonstrate the performance of the proposed
indoor positioning system. Finally, Section VI concludes the
study.

II. REQUIRED CLOCK SYNCHRONIZATION ACCURACY
FOR GPS SIMULATOR-BASED INDOOR POSITIONING
SYSTEM
A. IMPORTANCE OF CLOCK SYNCHRONIZATION FOR
SEAMLESS POSITIONING HANDOVER BETWEEN LIVE-SKY
AND SIMULATED GPS SIGNALS
The operation of a GPS receiver channel switches between
the acquisition and tracking modes [57]. In the acquisition
mode, coarse search is performed by changing the pseudo-
randomnoise (PRN) code, code delay, andDoppler frequency
of the local replica of the GPS signal. In the tracking mode,
the code and carrier phases of the GPS signal are precisely
tracked to generate pseudorange measurements. The quality
of the tracking status is also evaluated.

If tracking a certain GPS satellite signal is interrupted by
signal blockage or other reasons, the corresponding receiver
channel returns to the acquisition mode. Because the receiver
channel already has the previously tracked GPS signal infor-
mation, such as PRN code, code delay, and Doppler fre-
quency, the channel can quickly reacquire the lost signal
when the signal is reintroduced if the signal loss duration is
brief. Reacquiring the lost signal is called reacquisition, and
the time required for the receiver to output a position solution
when the signal is reintroduced after the interruption is called
the reacquisition time [54], [58], [59].

The clock synchronization error of the GPS simulator
causes a difference in code delay between the live-sky
and simulated GPS signals. Thus, the receiver channel
has slow reacquisition after a temporary blockage if the
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FIGURE 2. Types of signals provided to the GPS receiver over time in the
experiment for analyzing the effect of the clock error of a GPS simulator.

synchronization error is significant because the previous
code delay information before the blockage would be very
different from the current code delay information. This is
problematic because fast reacquisition is crucial for seamless
positioning handover between the live-sky and simulated
GPS signals. Furthermore, the clock synchronization error
leads to a position error in a user receiver.

To develop an appropriate wireless clock synchronization
method for a GPS simulator-based indoor positioning sys-
tem, the clock synchronization accuracy that enables fast
reacquisition and ensures acceptable positioning accuracy
must be known. Therefore, we established the requirement
for the clock synchronization of a GPS simulator through
performance tests of a conventional GPS receiver, which is
described in Section II-B.

It should be noted that the GPS simulator coverages in
Fig. 1 do not overlap, and there are blockage regions between
the simulators on purpose. If the coverages of different
simulators overlap, interference and multipath issues need
to be resolved. As a straightforward solution, we propose
non-overlapping simulator coverages. This configuration has
additional benefit of reducing the number of deployed simu-
lators for a given area, thus reducing the overall cost of the
system.

B. ANALYSIS FOR ESTABLISHING CLOCK
SYNCHRONIZATION ACCURACY REQUIREMENT
We designed a test to analyze the reacquisition performance
of a conventional GPS receiver under simulated GPS signals
according to the clock synchronization error of the GPS
simulator. Fig. 2 illustrates the signal conditions provided
over time to the tested GPS receiver. Here, we generated the
simulated GPS signals before and after the blockage based
on the GPS simulator clock. The transmission and blockage
durations of the simulated GPS signals were both 60 seconds.

The GPS simulator in this study was developed based
on the open-source software, GPS-SDR-SIM [60]. The
GPS-SDR-SIM uses recorded ephemeris files to generate
baseband signals for offline testing, and does not support
real-time GPS simulation. For the real-time GPS simulation
of this study, we modified the source codes and implemented
a function to enable the transmission of signals synchronized
to the current time. In addition, we developed the func-
tionality to reproduce the navigation data, such as teleme-
try (TLM) words, for the simulator according to the interface

FIGURE 3. Measured reacquisition times of a user receiver according to
the clock errors of the GPS simulator. The standard deviations of the
measured reacquisition times are indicated by error bars.

specifications [61] based on the real-time raw navigation data
provided by the reference server. Consequently, the simulated
GPS signals from our simulator become almost identical to
the current live-sky GPS signals.

To simulate the clock synchronization error of the GPS
simulator, we generated an artificial clock offset d in Fig. 2
when simulating the GPS signal after the blockage. Unlike
the previous study [54], where only a positive clock offset
was considered, we also tested the negative d case. This
means that the reacquisition performance of a GPS receiver
was tested when the clock of the GPS simulator was slower
than that of the actual GPS satellite and when it was faster.
A u-blox M8T GNSS receiver was utilized as a conventional
GPS receiver. The position output rate of the receiver was
set to 10 Hz. The receiver was connected to the GPS sim-
ulator with a cable to protect it from other possible error
sources. The reacquisition time of the receiver was measured
by changing the clock offset d from −250 ms to +250 ms
with an increment of 50 ms under the test scenario shown
in Fig. 2.

Fig. 3 shows the statistics of the measured reacquisi-
tion times. As expected, the reacquisition time tends to
increase as the simulated clock synchronization error magni-
tude increases. Furthermore, the clock synchronization error
causes increased positioning error. Fig. 4 presents the statis-
tics of the measured position errors of the user receiver
according to the clock errors of the GPS simulator. Here,
the position error is defined as the difference between the
intended user position of the simulator and actual position
output from the user receiver.

The required clock synchronization accuracy can be estab-
lished based on these test results. When the clock synchro-
nization error was within 50 ms, the reacquisition time in
Fig. 3 and position error in Fig. 4 were close to the cases
with no clock synchronization error. This is an important find-
ing because this level of synchronization accuracy may not
require wired clock synchronization. We propose methods
to achieve a better than 50 ms clock synchronization accu-
racy wirelessly in Section III. Our wireless solution provides

55864 VOLUME 11, 2023



W. Kim, J. Seo: Low-Cost GNSS Simulators With Wireless Clock Synchronization

FIGURE 4. Measured GPS position errors of a user receiver based on the
simulated GPS signals according to the clock errors of the GPS simulator.
The standard deviations of the measured position errors are indicated by
error bars.

significant benefits over a wired solution for the cost and
convenience of system deployment.

As mentioned in Section I, the indoor positioning system
in Fig. 1 does not intend to provide continuous position
updates for users. The position output from a user receiver
is updated only when the receiver enters the next simulator’s
coverage. The pseudorange measurements include the time
delay effect according to the distance between the receiver
and simulator antennas. Since this effect is uniform across
all simulated satellites, the receiver’s position solution per-
ceives it as a change in the receiver’s time correction [47].
Therefore, within the same coverage, the position output from
the receiver remains the same as the intended user position
of the simulator (that is, the center point of its coverage),
while the time correction output changes according to the dis-
tance between the receiver and simulator antennas. Although
this system cannot provide continuous position updates to a
car, the periodic position update enabled by this system in a
tunnel or underground area, where no GPS position update is
available, will be beneficial for a car GPS navigation system
to provide proper driving guidance to a destination. It should
be noted that the user’s GPS receiver does not require any
hardware or software modifications to calculate its position
utilizing the signals from the proposed GPS-simulator-based
indoor positioning system.

III. PROPOSED WIRELESS CLOCK SYNCHRONIZATION
METHOD
To achieve a wireless clock synchronization of GPS simula-
tors with an accuracy of better than 50 ms, we utilized the
network time protocol (NTP) [62]. Since NTP is a proto-
col for synchronizing clocks through a network connection,
it has low implementation difficulty and cost. The accu-
racy of clock synchronization using NTP in a wired local
area network (LAN) connection is approximately 1 ms [63].
However, the GPS simulators in our proposed system in Fig. 1
are connected to the reference server through a wireless LTE
mobile network. Thus, a clock synchronization error of more

FIGURE 5. Clock synchronization error model of the proposed GPS
simulator. 1tNTP is the most problematic error component for wireless
clock synchronization over the LTE network.

than 50 ms was frequently observed when we directly applied
NTP in the wireless network. Therefore, this section proposes
methods for mitigating the NTP clock synchronization error
for synchronization accuracy within the 50 ms requirement.

A. CLOCK SYNCHRONIZATION ERROR MODEL
The components of the clock synchronization error in the
proposed system are illustrated in Fig. 5. The tGPS, tRef,
tTX, and tSim represent the time scales of an actual GPS
satellite, reference server, GPS simulator, and simulated GPS
satellite, respectively. Once a GPS receiver calculates its
position and clock bias based on the simulated GPS signals,
the receiver’s clock can be synchronized to the simulated GPS
satellite’s clock. Thus, the time scale of a user receiver is not
explicitly shown in this figure.

The system-wide clock synchronization error
(i.e., tSim − tGPS) can be expressed as follows.

tSim − tGPS
= (tSim − tTX) + (tTX − tRef) + (tRef − tGPS)

= 1tSim + 1tNTP + 1tRef (1)

The clock synchronization error in (1) should be less
than 50 ms, as discussed in Section II-B.

1tRef in (1) is the synchronization error between the clocks
of the actual GPS satellite and GPS timing receiver connected
to the reference server. 1tRef is negligible for the 50 ms error
requirement, which will be discussed in Section III-B. 1tSim
is the delay that occurs during the GPS signal simulation pro-
cess, which can bemeasured and calibrated because this delay
does not significantly change over time. However, 1tNTP is
the most problematic. 1tNTP represents the synchronization
error between the reference server and simulator clocks,
which cannot be calibrated because it continuously changes
depending on the status of the wireless network con-
nection between the reference server and simulator.
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FIGURE 6. Comparison between the public NTP server and private NTP
server cases for the clock synchronization of GPS simulators. Public NTP
servers use multiple layers of secondary time servers to alleviate traffic
concentration; thus, the clock uncertainty is accumulated over each layer.

Therefore, we propose methods to reduce 1tNTP using a
private NTP server in Section III-B and calibrate 1tSim using
the measurement setup in Section III-C.

B. WIRELESS CLOCK SYNCHRONIZATION USING A
PRIVATE NTP SERVER OVER LTE NETWORK
An NTP time server can be configured as sub-servers
of several layers. The stratum number of an NTP server
indicates the number of layers between the server and a
high-precision time source. High-precision time sources such
as atomic clocks or GNSS timing receivers are considered
stratum 0 devices. A stratum 1 time server is connected
directly to a stratum 0 device and serves as a primary time
source on the network. A stratum n server provides time
information received from a stratum n − 1 server. If the
stratum number exceeds 15, the clock is considered out of
sync [64].

In many cases, a public NTP server handles clock synchro-
nization requests through stratum 2 ormore secondary servers
to disperse the traffic of clock synchronization requests. How-
ever, this is disadvantageous in our application because the
clock error of the GPS simulator, which is an NTP client,
increases as the clock errors of the secondary time servers
accumulate. Fig. 6 illustrates the difference between a public
NTP server case and a private stratum 1 NTP server case.
To minimize the clock error accumulated over the strata
of the secondary time servers, we implemented a private
stratum 1 time server for the direct connection to the GPS
simulators.

One way to configure a stratum 1 time server is to uti-
lize the precise PPS outputs of a reference GNSS timing
receiver. We used a low-cost single board computer (SBC)
with general purpose input/output (GPIO) pins, Raspberry
Pi 3, to receive PPS signals for implementing a private
stratum 1 time server. As the reference GNSS timing receiver,
the u-blox M8T GNSS timing receiver was used. The times-
tamps and PPS outputs from the GNSS timing receiver were
processed by an open-source NTP software, chrony [65],

TABLE 1. Comparison of clock synchronization performance according to
network connection and NTP server types.

FIGURE 7. Measurement setup for measuring the time delay of the GPS
simulation process, 1tSim.

for synchronizing the clock of the Raspberry Pi 3 with the
coordinated universal time (UTC). According to the max-
imum clock error estimated by chrony, the clock synchro-
nization error between the private NTP server and UTC,
approximately the same as 1tRef in (1), was less than 200 ns.
Although 1tRef in (1) is expressed in terms of the GPS time
(GPST), tGPS, UTC can be estimated based on GPST with an
approximately 25 ns accuracy [66]. The 200 and 25 ns errors
are negligible compared with our 50 ms error budget.

A private NTP server was implemented to reduce 1tNTP
in (1), which is the most problematic error component for
wireless clock synchronization. Table 1 compares the esti-
mated maximum 1tNTP according to the network connection
and NTP server types used for the clock synchronization of
the GPS simulator. For the public NTP server in the experi-
ment, we selected the NTP server with the lowest measured
clock error among the servers in the Korean NTP pool,
a collection of public NTP servers in South Korea [67]. The
estimated maximum 1tNTP values in Table 1 were provided
by chrony. Those values do not represent 1tNTP but the
estimated upper bound of 1tNTP.

As shown in Table 1, the clock synchronization per-
formance using a wireless LTE network is significantly
worse than for a wired network. To satisfy the 50 ms error
requirement of the proposed wireless GPS simulator, the
private NTP server we implemented is necessary for clock
synchronization.

C. TIME DELAY CALIBRATION IN GPS SIMULATION
PROCESS
The time delay in the GPS simulation process, 1tSim in (1),
includes the computational delay that occurs during the gen-
eration of GPS signals based on the input navigation data and
parameters, and the transmission delay that occurs during the
transmission process of the generated GPS signals with the
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TABLE 2. Comparison of the user position errors according to the clock correction methods under a static test.

FIGURE 8. 1tSim measured every second for 30 min. The mean and
standard deviation of 1tSim measurements are also shown.

RF and antenna components. Since 1tSim is related to the
simulator hardware specifications, its variation over time is
small for the given hardware. Thus, 1tSim can be mitigated
by one-time calibration.

To measure the 1tSim of the given simulator hardware,
we implemented a measurement setup with a GPS simulator
and GPS timing receiver, as shown in Fig. 7. Here, the clock
of the GPS simulator is synchronized via PPS signals with
the clock of the GPS timing receiver that receives live-sky
GPS signals. As mentioned in Section III-A, the clock syn-
chronization error caused by the GPS timing receiver, 1tRef
in (1), is negligible for our application because we require
a 50 ms clock synchronization accuracy. Since the GPS tim-
ing receiver is directly connected to the GPS simulator by a
wire in this measurement setup, the 1tNTP error in Fig. 5 is
also negligible. Therefore, the difference between the actual
and simulated GPS satellite time in Fig. 7 can be considered
as 1tSim.

To measure this time difference, 1tSim, two GPS timing
receivers were set up to receive the actual and simulated
GPS signals, respectively, and generate PPS signals. The time
difference between the PPS signals from the two receivers
is the difference between the actual GPS satellite time and
simulated GPS satellite time. We developed Python software
that recorded the computer’s system clock and the difference
between the two receivers’ timestamps when their PPS out-
puts were activated on the GPIO pins.

In this manner, 1tSim was measured every second
for 30 min. The results are presented in Fig. 8. We used
the mean value of the measured 1tSim as the correction
for calibrating the GPS simulator clock. As 1tSim does not
significantly vary over time in Fig. 8, the residual clock error
after the calibration is well within the 50 ms error budget.

FIGURE 9. Comparison of the user position errors according to the clock
correction methods under a static test.

D. POSITIONING PERFORMANCE OF THE PROPOSED
CLOCK SYNCHRONIZATION METHOD UNDER A STATIC
TEST
To evaluate the improvement of the positioning performance
due to the proposed clock correction method, a static test
similar to the test in Section II was conducted. In this test,
a GPS user receiver first received the live-sky GPS signals
for 30 s. Then, the live-sky signal was blocked for 30 s. After
the blockage, the GPS user receiver received the simulated
GPS signals for 20 s, and the accuracy of the position output
from the receiver based on the simulated signals was eval-
uated. This scenario considers the outdoor to indoor posi-
tioning handover case. As in Section II, the position error
was calculated as the difference between the intended user
position of the GPS simulator and output position from the
user receiver.

Fig. 9 compares the user position errors according to four
clock correction methods. The position error shortly after
receiving the simulated signals is important because a user
may not spend a long time within the coverage of a single
simulator. For example, the car in Fig. 1 can quickly move
from one simulator coverage to the other depending on its
velocity. The benefit of the private NTP server is evident
in Fig. 9; it has significantly less position errors than the
public NTP server cases for the initial 5 s. The calibration
of the delay in the GPS simulation process, 1tSim, further
reduced the position error. The maximum position errors and
95% position errors during the 20-s period are summarized in
Table 2.
In addition to the static test, dynamic tests with a car and

a pedestrian were also performed. The dynamic field test
results are presented in Section V.
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FIGURE 10. The coverage parameters of the deployed GPS simulators and
the velocity of a vehicle in the service area.

IV. OPTIMAL PLACEMENT OF GPS SIMULATORS
As mentioned in Section I, placing a minimum number of
GPS simulators for a given area is desirable. In other words,
the separation distance d between the simulators in Fig. 10
must be maximized. Simultaneously, a sufficient number of
simulators should be deployed to provide position updates to
users in the given area.

First, the radius r of the simulator coverage in Fig. 10
should be large enough for a user receiver to receive the sim-
ulated GPS signals for a period longer than its reacquisition
time. This condition is mathematically expressed as

treacq ≤ trcp

trcp =
2r
v

v ≤ vmax (2)

where treacq is the reacquisition time of a user receiver after
a brief signal loss, trcp is the signal reception time within a
simulator coverage, v is the speed of a car, and vmax is the
speed limit.

From (2), a trcp vs. v graph can be drawn for a given r .
Fig. 11 shows those graphs for four r values when vmax
is 110 km/h and treacq is 5 s. Although the u-blox GNSS
receiver utilized for the test in Fig. 3 had a reacquisition
time of less than 0.5 s under a clock synchronization error
of a few hundred ms, the reacquisition performance of a
GNSS receiver within a smartphone was significantly worse.
The observed reacquisition time of a Samsung Galaxy A5
smartphone under our testbed was approximately 4 s. (The
detailed performance of a smartphone under our testbed will
be discussed in Section V-D.) To provide a margin, a treacq
of 5 s is used in Fig. 11, which is indicated by the gray
horizontal line. The gray vertical line represents the speed
limit of 110 km/h. At the intersection point of two gray lines,
we have the following expressions:

treacq =
2r
vmax

r =
vmaxtreacq

2
(3)

The dotted lines in Fig. 11 imply that a user receiver
may not have a position update within the corresponding
simulator coverage because a car passes through the cover-
age earlier than treacq. Therefore, (3) and Fig. 11 show that
r ≥

vmaxtreacq
2 = 76.4 m is required for a position update for a

smartphone in a car with a velocity within the speed limit
of 110 km/h. Thus, the r of 80 m is selected in our case

FIGURE 11. Reception time of the simulated GPS signals vs. vehicle
velocity according to the coverage radius. The dotted lines indicate that
positioning a GPS receiver may not be possible because the signal
reception time is shorter than the reacquisition time of the receiver.

study. The coverage radius r can be adjusted by changing the
transmitter power of the GPS simulator and gain pattern of
the transmitter antenna.

Once r is determined, the separation distance d between
simulators in Fig. 10 should also be determined. If the signal
blockage time tblk to a user between two adjacent simulator
coverages is longer than a certain time limit tmax, fast reac-
quisition may not be possible because a typical GPS receiver
broadens its search space in this situation. If it happens,
a longer acquisition time tacq than treacq is needed to acquire
the lost signal. The tacq of a GPS receiver is usually 30 s.
These two conditions for a user receiver to have a position

update under the proposed indoor positioning system are
mathematically expressed as follows:

tblk ≤ tmax or tacq ≤ trcp

tblk =
d − 2r
v

(4)

Since trcp =
2r
v , the inequality constraints are represented as

follows.

tblk ≤ tmax or v ≤
2r
tacq

(5)

Now we can draw a tblk vs. v graph for given r and d using
(4) and (5). The graphs for the r of 80 m are presented in
Fig. 12 for five different d values. The gray horizontal and
vertical lines indicate tmax and 2r

tacq
, respectively. According

to our smartphone experiment, tmax was approximately 180 s,
and we used 135 s for Fig. 12 to be conservative because a
different smartphone may have a different tmax. A smaller
tmax is more conservative because it reduces the acceptable
region with solid lines in Fig. 12. With the r of 80 m and tacq
of 30 s, 2r

tacq
is 19.2 km/h (5.3 m/s).
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TABLE 3. Receiver specifications and maximum velocity set for the validation of the proposed coverage model.

FIGURE 12. Blockage time vs. vehicle velocity according to the separation
distance. The dotted lines indicate that positioning a GPS receiver may
not be possible because the blockage time is longer than the time limit
for fast reacquisition, and the velocity is too high for the receiver to
receive the signals for a sufficient acquisition time.

At the intersection point of two gray lines, the following
equations hold:

tmax =
d − 2r

2r
tacq

d = 2r
(
1 +

tmax

tacq

)
(6)

As the solid lines in Fig. 12 satisfy the constraints of (5),
we know from Fig. 12 and (6) that d ≤ 2r

(
1 +

tmax
tacq

)
=

880m is necessary for a smartphone in a car to have a position
update.

To summarize, the constraints of r and d for the deploy-
ment of GPS simulator-based indoor positioning systems are
expressed as follows:

r ≥
vmaxtreacq

2
(7)

d ≤ 2r
(
1 +

tmax

tacq

)
(8)

The speed limit vmax is specified by a law, and treacq, tmax,
and tacq are receiver characteristics. The specific numbers of
those parameters for our case study in this subsection are
summarized in Table 3.

When deploying the GPS simulators for the indoor posi-
tioning purpose, the power consumption of the simulator and
the position update rate for a user should also be considered
along with the constraints in (7) and (8). A larger r requires
a higher transmission power of the simulator, which causes
more power consumption. If the simulator with wireless clock
synchronization is battery powered, the smallest r that sat-
isfies the constraint of (7) is desired to reduce power con-
sumption. After r is determined, the largest d that satisfies

FIGURE 13. Implemented (a) reference server and (b) GPS simulator for
the underground testbed.

the constraint of (8) can be selected to reduce the number of
deployed simulators. However, a position update of a user is
not frequent if d is large.
If updating user position every 500 m (that is, d = 500 m)

is more important than reducing the number of simulators,
for example, r ≥

d

2
(
1+ tmax

tacq

) = 45.5 m from (8) when the

parameters of Table 3 are used. In addition, r ≥
vmaxtreacq

2 =

76.4 m from (7) should also be satisfied. Thus, r = 80 m and
d = 500 m can be chosen as an acceptable design for system
deployment.

V. FIELD TEST RESULTS
To evaluate the indoor positioning performance of the pro-
posed system, we implemented an underground testbed with
three GPS simulators for field tests. During the field tests,
moving car and walking pedestrian scenarios were consid-
ered. We utilized a conventional GPS receiver mounted in
a car or a smartphone carried by a pedestrian as the user
receiver under each test.

A. TESTBED IMPLEMENTATION
For the underground testbed, the reference server and three
GPS simulators were configured as shown in Fig. 13. The
GNSS receiver attached to the reference server not only
served as a time source for private NTP but also provided
real-time navigation data to the three GPS simulators via
a wireless LTE network. As the GPS simulator, an SBC
with an Intel i5 mobile processor, Avalue ECM-QM77, and
a software-defined radio (SDR) platform, USRP N210, were
utilized. The SBC simulated GPS signals, and SDR transmit-
ted the simulated signals to users within its coverage.

The transmission of RF signals in the GPS frequency band
is generally prohibited. Thus, we obtained the license for
experimental radio stations from the Central Radio Manage-
ment Service of Korea to transmit simulated GPS signals
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FIGURE 14. Map of the testbed area at Yonsei University in Incheon,
Korea. The driving route, the locations of three GPS simulators in the
underground section, and the locations of three outdoor test points are
indicated.

within the underground testbed at Yonsei University in
Incheon, Korea. The license numbers for the three GPS sim-
ulators are 91-2022-10-0000013, 91-2022-10-0000014, and
91-2022-10-0000015.

B. POSITIONING ACCURACY OF A GPS RECEIVER
MOUNTED IN A CAR
The driving route for the field test was set as in Fig. 14. The
route starts from an outdoor location, continues to an under-
ground section, and ends at an outdoor location for testing the
capability of indoor and outdoor positioning handover. The
figure also shows the locations of three GPS simulators.

To specify the intended user position of each simulator in
the configuration of Fig. 1, the coordinates of the center point
of each simulator coverage must be obtained. To obtain the
coordinates underground, we used a commercial GNSS/INS
system as shown in Fig. 15. A NovAtel GNSS/INS receiver,
SPAN-SE, connected to a high-precision IMU, UIMU-H58,
was mounted on the vehicle. In the outdoor section, the IMU
of the GNSS/INS systemwas calibrated using live-sky GNSS
signals. While driving in the underground section, the posi-
tion outputs from the GNSS/INS system relied on the IMU
because GNSS signals were not available. The coordinates of
the intended user position of each simulator was determined
based on the GNSS/INS trajectories collected in advance.

We used the u-bloxM8T receiver as the user receiver for the
driving test. The positioning accuracy of the u-blox receiver
in the testbed was evaluated according to the three clock
correction methods for the GPS simulators, which are based
on the public NTP server and private NTP server without and
with the 1tSim calibration.
The position outputs from the user receiver within

each simulator coverage during the driving test are pre-
sented in Fig. 16. The origin of each plot represents
the intended user position of the corresponding simulator

FIGURE 15. (a) The antennas used in the field test and (b) the GNSS/INS
system for obtaining the coordinates of underground car trajectory. The
NovAtel and u-blox antennas were connected to the GNSS/INS receiver
and the GPS user receiver, which is not displayed in this figure,
respectively.

TABLE 4. Comparison of the user position errors according to the clock
correction methods during the driving test.

(that is, TX1, TX2, or TX3). It is clearly shown that the pro-
posed clock synchronization method with the private NTP
server and 1tSim calibration provided the smallest position
error.

Fig. 17 shows the user position outputs for the time after
receiving the signals from each simulator. The proposed
method with the private NTP server and 1tSim calibration
enabled significantly smaller position errors than the other
cases throughout the 5-s period within the coverage of each
simulator. Table 4 compares the average, standard deviation,
and root-mean-square (RMS) values of the user position
error during the driving test. The average position error of
the public NTP server or private NTP server without 1tSim
calibration case was 121.8 or 35.7m, respectively. In contrast,
when the clock synchronization was performed based on
the private NTP server and 1tSim calibration, the average
position error was only 3.7 m. As the proposed method had a
small position error right after receiving simulated signals,
the positioning handover between live-sky and simulated
signals was successful.

C. COMPARISON OF POSITIONING ACCURACY WITH THE
LIVE-SKY GPS SIGNAL CASE
In addition to the underground test, the positioning accuracy
of the proposed systemwas tested in an outdoor environment.
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FIGURE 16. Position outputs from the user receiver during the driving test within the coverages of three simulators (TX1, TX2, and TX3). The origin
represents the intended user position of the corresponding simulator. Three clock synchronization methods were applied and compared.

FIGURE 17. Position outputs from the user receiver during the driving test within the coverages of three simulators (TX1, TX2, and TX3). The x-axis
represents the time after receiving the simulated signals from the corresponding simulator. Three clock synchronization methods were applied and
compared.

TABLE 5. Comparison of the user position errors between the live-sky
GPS and simulated GPS signal cases at the outdoor test locations.

Three outdoor test locations are indicated in Fig. 14. The
simulated GPS signals from the proposed systemwere passed
into a GPS receiver via a wired connection during the field
test because our license for the experimental radio stations is
limited to underground radio transmissions only. This restric-
tion is to prevent possible interference with live-sky GPS
signals for outdoor users.

Table 5 shows the average, standard deviation, and RMS
values of the user position errors during the 5-s signal recep-
tion period at each outdoor test location. The average outdoor
position error of the proposed system was 4.4 m, which is
similar to the underground case of 3.7 m in Table 4. Although
the simulated signals provided higher position errors than the

2.8 m error from the live-sky GPS signals, the demonstrated
underground and outdoor errors were smaller than the cover-
age of each simulator. Thus, it is confirmed that the proposed
system can serve its purpose of providing periodic position
updates to users within its coverage.

D. POSITIONING ACCURACY OF A SMARTPHONE
CARRIED BY A PEDESTRIAN
Along with the underground driving test using a dedicated
GPS user receiver and antenna, we conducted tests to eval-
uate the positioning accuracy of a smartphone carried by a
pedestrian in the same testbed. The pedestrian tests were con-
ducted under two conditions: with and without transmitting
simulated GPS signals. The proposed clock synchronization
method was applied, and a Samsung Galaxy A5 was utilized
as the smartphone under test. During the pedestrian tests, the
screen of the Google Maps application of the smartphone
was recorded. To prevent receiving possible positioning assis-
tance from other radio signals than GPS signals, the smart-
phone was set to the airplane mode during the tests.
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FIGURE 18. Comparison of the display of a conventional map application
of the smartphone under the underground pedestrian tests. The left
screen corresponds to the case without the simulated GPS signals, and
the right screen is the case with the simulated GPS signals. The
underground user position was correctly displayed in the map application
when the simulated GPS signals were transmitted.

As shown in Fig. 18, when the simulated GPS signals
were not transmitted underground, the smartphone could not
acquire its location and displayed the last confirmed location
as a gray circle. In contrast, when the simulated GPS signals
were transmitted, the smartphone successfully acquired its
underground location and displayed it as a blue circle. The
pinned location in the right screen of Fig. 18 indicates the
intended user position of the corresponding GPS simulator.
The displayed user location on the map was close to the
intended user position. The average position error during the
pedestrian test with the GPS simulators was 9.6 m.

The position error of the smartphone was larger than the
case with a dedicated GPS receiver and antenna mounted on
the vehicle. This is a typical result because the GNSS chipsets
and antennas within smartphones are known to have poor
measurement quality [68], [69]. Nevertheless, a smartphone
user can obtain the useful position information from the
proposed indoor GPS simulators even in the underground
areas.

E. WIRELESS SECURITY ISSUES
It is important to note that there are potential wireless security
issues related to the proposed indoor positioning system.
The GPS simulator of the proposed system can be abused
as a GPS spoofer. To prevent unauthorized manipulations,
secure communication protocols between the simulator and
reference server should be established. Furthermore, the
intended user position of each simulator should be stored in a
read-only memory (ROM) within the simulator to add a layer
of defense.

VI. CONCLUSION
The GPS simulator-based indoor positioning system is appro-
priate for providing periodic position updates to the GPS
users within its coverage. With this method GPS user
receivers do not require any hardware or software modifica-
tions, and the number of GPS simulators required to cover

a given area is small. However, deploying such a system
can be difficult if the wiring between each simulator and
an outdoor GPS antenna is required for clock synchroniza-
tion. To reduce the difficulty and cost of simulator deploy-
ment, we proposed methods to synchronize the simulator
clocks wirelessly. We first analyzed the required synchro-
nization accuracy for seamless indoor and outdoor position-
ing handover. Then, wireless clock synchronization within
the required accuracy was achieved using the private NTP
server and calibration method. Furthermore, the constraints
regarding the coverage radius and separation distance of the
GPS simulators were derived for optimal system deploy-
ment. Field tests demonstrated the positioning accuracy of the
proposed system for a driving car with a GPS receiver and
a pedestrian with a smartphone in the underground testbed
with three GPS simulators. To the authors’ knowledge, this
is the first demonstration of a GPS simulator-based indoor
positioning system with wireless clock synchronization.
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