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Abstract
Generally, GNSS-based indoor navigation systems use repeaters or pseudolites.
However, these methods are vulnerable to multipath errors and require addi-
tional information, including the repeater or pseudolite position. In this study,
we propose a novel one-way indoor positioning system using GNSS signal trans-
mitters. Our system uses paired transmitters, each of which broadcasts the same
set of satellite signals. The autocorrelation functions of the combined signals are
analyzed as the overlap of each individual autocorrelation function. The esti-
mated position can be determined along the track between the transmitters. The
multipath error is absorbed by the clock bias and does not cause position bias
error. Furthermore, the proposed system can be applied in current commercial
GNSS receivers directly. A theoretical analysis of the pseudorange, user position,
multipath error, and signal power is included and supported by simulation
results. A field test was conducted to confirm the feasibility of the proposed
system.
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1 INTRODUCTION

As the necessity of indoor positioning has emerged,
various positioning methods have been proposed, such as
wireless local area network-based or WIFI-based (Landa
et al., 2019; Mazuelas et al., 2009; Syed & Arslan, 2011),
ultra-wideband-based (Kok et al., 2015; Pagès & Vilà-Valls,
2019; Yan et al., 2013), radio-frequency identification-based
(Saab & Nakad, 2011; Tang & Kim, 2010), Bluetooth-based
(Ai et al., 2019), and long-term evolution-based (Abdallah
et al., 2019; Shin et al., 2019) algorithms. Each of these
algorithms has pros and cons (Mautz, 2012), and a suitable
method may vary depending on the indoor environment
and the user. Various indoor positioning algorithms exist
because the Global Navigation Satellite System (GNSS), a

powerful positioning method outdoors, cannot be easily
used indoors.
To deploy GNSS signals indoors, various studies have

been conducted. When a signal transmitted by a specific
satellite is received indoors, the signal strength decreases
as it passes through a window, and signal distortion, such
as reflection, diffraction, and scattering, occurs. To address
these problems, the assisted-Global Positioning System
(GPS) method has been introduced, and increasing inte-
gration time for weak signal tracking and massive parallel
methods for reducing calculation time have been proposed
in receiver algorithms (Lachapelle, 2004; Zhang et al.,
2010). However, these methods cannot be employed in a
deep indoor environment where no actual satellite signal
is received.
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To exploit GNSS signals in such deep indoor envi-
ronments, a pseudolite-based or repeater-based indoor
positioning method has been introduced. The pseudolite
generates a pseudorandom noise (PRN) code that is simi-
lar to an authenticGNSS signal; hence, the user can receive
the satellite signals. The user can calculate the naviga-
tion solution in the same way as GNSS. However, because
the user receives signals from a pseudolite installed at
several points, the multipath error is large, and near–
far problems arise from a large signal strength difference
for each pseudolite, depending on the user position. To
address these problems, multipath reduction studies using
a carrier phase measurement – which is more robust to
multipath than a pseudorange – as well as a pulsing tech-
nique for alleviating the near–far problem, have been con-
ducted (Kee et al., 2003). In addition, single station-based
indoor positioning system studies using multiple antenna
arrangements have been carried out to solve the integer
ambiguity easily (Kim & Kee, 2019; Kim et al., 2019). To
calculate the position, however, the user needs to know
the pseudolite position. Furthermore, to avoid the dupli-
cation of the actual PRN code, the receiver should be
altered to the tracking mode, or a new PRN code should be
assigned. Therefore, an additional navigation filter is nec-
essary, which implies that the customary GNSS receiver
cannot be applied directly.
In repeater-based indoor positioning systems, research

has been conducted to avoid signal overlapping between
repeaters or to distinguish repeaters. Ozsoy et al. (2013)
proposed a method for avoiding signal overlapping by
broadcasting different satellite signals for each repeater
using a directional GPS antenna and low noise ampli-
fiers. In their study, the user position can be determined
by removing the distance between repeaters and satellites
exploiting the known repeater position from the received
pseudoranges. A method for distinguishing repeaters is to
use the switching of four repeaters connected to one exter-
nal antenna (Jee et al., 2004, 2005). In these studies, the
pseudorange difference between repeaters is calculated by
the phase offset generated during the switching process. To
solve the discontinuity problemofmeasurements, which is
a disadvantage of the above studies, amethod of separating
the repeater signal by delaying the signal bymore than one
chip has been proposed (Im et al., 2006). To increase posi-
tion accuracy, Jardak and Samama (2009) demonstrated
that it is possible to reduce receiver noise by applying an
open code loop. In addition, research has been conducted
to distinguish repeaters by controlling the signal delay
using the cable length (Vervisch-Picois & Samama, 2009).
Li (2019) proposed a method for distinguishing repeaters
without sequential switching and without adjusting the
cable length by broadcasting signals from four indepen-
dently installed repeaters. In repeater-based indoor posi-

tioning, the user needs to know prior information, such as
the repeater position or the signal delay between repeaters.
Similar to pseudolite-based indoor positioning, an addi-
tional navigation filter is required, and it is also vulnerable
to multipath errors.
In this study, we propose a new indoor positioning sys-

tem based on two transmitters similar to a repeater. The
transmitter is a device that broadcasts simulated signals
that would be received at the location of the transmitter
itself based on ephemeris and timing information received
through a data network or nearby GNSS receiver with a
pulse-per-second (PPS) signal. It is not connected to an
antenna outside the building but generates satellite signals
on its own. The user receives the combined signals from
paired transmitters broadcasting identical sets of satel-
lite signals and conducts the signal tracking and position-
ing. The autocorrelation functions of combined signals
are viewed as the overlap of each individual autocorrela-
tion function. Delay-locked-loop (DLL) signal tracking is
performed on the overlapping autocorrelation functions.
The estimated position can be determined along the track
between the two transmitters. Unlike previous studies, the
proposed system need not distinguish the signal of each
transmitter; nor does it require any additional informa-
tion such as the location of the transmitters. Therefore,
a conventional GNSS receiver can be applied directly. In
addition, all of the signals travel the same path from trans-
mitter to receiver, and all are affected by the same mul-
tipath. This makes the proposed system robust against
multipath error, which is absorbed by the clock bias term
in the navigation solution. Leveraging these advantages, it
is easy to implement pseudorange-based indoor position-
ing, which has been difficult to use indoors. We believe
that the proposed system makes a significant contribution
that has not been achieved in the GNSS-based indoor posi-
tioning from the following two perspectives: One is that a
commercial GNSS receiver can be used directly, and the
other is that the multipath error does not affect position
estimation. In addition, we analyze the proposed system
theoretically and perform a simulation and field test to ver-
ify its validity and feasibility. The remainder of this paper
is organized as follows: Section 2 introduces the overview
of the proposed system. In particular, we introduce the
principle of positioning when two transmitters’ signals are
combined. Section 3 presents the conducted theoretical
analysis to derive the theoretical prompt, pseudorange,
and position. Moreover, we explain the reason why the
multipath error does not affect the position and analyze the
signal power of the proposed system. Section 4 presents the
simulation results, through which the theoretical analysis
is verified. Section 5 discusses the feasibility of the field test
results of the proposed system. Finally, Section 6 presents
the conclusions of our study.
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2 SYSTEM OVERVIEW

In this section, we briefly describe the system configura-
tion proposed in this study. We explain the GNSS signal
transmitter used in this study and describe the charac-
teristics of the transmitter and the difference from the
conventional repeater. Furthermore, we explain the basic
concept of the proposed system: When the user receives
two transmitters’ signals simultaneously, the tracking
point of the receiver is described on the overlapping auto-
correlation functions.

2.1 GNSS signal transmitter

A GNSS signal transmitter, which is implemented in the
proposed system, plays the same role as a repeater as it
broadcasts satellite signals. However, unlike a repeater
that relays and broadcasts GNSS signals from an antenna
installed outside a building, a transmitter generates and
broadcasts GNSS signals corresponding to an arbitrary
location. In this study, it is assumed that the transmitter
generates GNSS signals that should have been received at
the actual transmitter position. A user estimates the posi-
tion using paired transmitters, which consist of onemaster
transmitter and one slave transmitter. The master exploits
ephemeris and time information through the wireless net-
work as well as transmits a PPS signal and ephemeris data
to the slave over the wired network. The slave can gen-
erate signals synchronized with the master by calibrating
the pre-measured line and hardware bias. For more accu-
rate time synchronization with actual GNSS signals, a PPS
signal in an outdoor receiver can be used for the master;
hence, it is possible to determine the location without a
reacquisition process when the user enters an indoor envi-
ronment from outdoors. In fact, the conventional repeater
also can be used in the proposed system, but the transmit-
ter can be applied to environments where it is difficult to
install repeaters without (e.g., in tunnels).

2.2 General concept

Figure 1 shows the indoor environments with two trans-
mitters proposed in this study. Each transmitter is marked
with subscript “s1” and “s2.” Transmitters are located
at 𝐑𝐬𝟏 and 𝐑𝐬𝟐, and generate GNSS signals based on
their position. Although actual satellite signals cannot be
received, for the sake of comprehension, the distance 𝑑𝑖

𝑠1

and 𝑑𝑖
𝑠2
between satellite and transmitter are indicated by

a dashed line. 𝐑𝐢
𝐬𝐚𝐭 denotes the i-th PRN satellite posi-

tion, and 𝐑𝐮 is the user position. 𝑙𝑠1 and 𝑙𝑠2 denote the
user’s distance from transmitters 1 and 2, respectively. Each

F IGURE 1 Indoor environments with two transmitters
(proposed system) [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 2 Overlapping autocorrelation functions [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

transmitter generates simulated GNSS signals correspond-
ing to its position and broadcasts the same set of satel-
lite signals because the transmitters are sufficiently close
together. The pseudoranges of each transmitter received by
the user are expressed in Equation (1). Here, 𝐞𝐢 indicates
the line-of-sight vector of the i-th PRN satellite. All error
sources, including hardware delay, are ignored.

𝜌𝑖
𝑠1

=
(
𝐑𝐢

𝐬𝐚𝐭 − 𝐑𝐬𝟏

)
⋅ 𝐞𝐢 + 𝑙𝑠1 = 𝑑𝑖

𝑠1
+ 𝑙𝑠1

𝜌𝑖
𝑠2

=
(
𝐑𝐢

𝐬𝐚𝐭 − 𝐑𝐬𝟐

)
⋅ 𝐞𝐢 + 𝑙𝑠2 = 𝑑𝑖

𝑠2
+ 𝑙𝑠2

(1)

If a user receives only the signal of transmitter 1 indi-
cated by a red line, all pseudoranges are 𝑙𝑠1 common for all
channels. A channel is the term separating one PRN signal
from all others in the receiver. This term is included in the
clock bias in the navigation solution and does not affect the
position result. Therefore, the user position is estimated as
the transmitter position, 𝐑𝐬𝟏, regardless of the actual user
location. However, if a user receives two transmitters’ sig-
nals at any location, the estimated position is affected by
overlapping signal. It is assumed that two transmitters are
time synchronized correctly.
The signals broadcast from two transmitters are

correlated with the receiver replica signal. Figure 2 shows
overlapping autocorrelation functions in the DLL. The
autocorrelation function of each transmitter signal has a
triangular shape. The height of the triangle is determined
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by the signal power, and the offset of two triangles is
determined by the pseudorange difference. In the GNSS
receiver, signal tracking is conducted at the point where
the early and late values are equal in the combined cor-
relation function, as shown by the black line in Figure 2.
The prompt value is located between two triangles, which
implies that the estimated pseudorange in the receiver
is between the two transmitters’ pseudoranges. It can be
expected that the estimated position will be determined
between two transmitters by gathering these estimated
pseudoranges. In terms of conventional multipath analy-
sis, engineers have tried to eliminate the reflected signal
to retain only the direct signal. In the proposed system,
however, the overlapping signals are essential to estimate
user position.

3 THEORETICAL ANALYSIS

In this section, a detailed theoretical analysis of the pro-
posed system is presented. In overlapping autocorrelation
functions, as shown in Figure 2, a theoretical prompt com-
ponent is derived. Subsequently, we derive the pseudor-
ange that the theoretical prompt implies and, thereafter,
the user position via the estimated pseudoranges. In addi-
tion, analyses of the multipath effect and signal power are
introduced.

3.1 Theoretical prompt

To derive the theoretical prompt, we assume that solely the
DLL in the signal tracking loop is considered. The influ-
ence of carrier tracking will be discussed in the power
analysis. In this study, we make three assumptions for the
theoretical analysis: First, the gap between early and late
values is one chip, which is the most common value in
commercial GNSS receivers. Second, with sufficient con-
trol, the theoretical prompt is defined as the value when
early and late values are the same. Third, the maximum
distance between two transmitters is 0.25 chip (75 m). The
distance between two transmitters can be adjusted by the
designer, and the value of 75m is actually reasonable when
considering practical application. When the assumptions
are satisfied, overlapping autocorrelation functions can be
divided into five sections:

1. The section where solely one signal correlates with a
positive slope

2. The section where both signals correlate with positive
slopes

3. The section where both signals correlate with different
signs of slope

F IGURE 3 Classification of sections according to overlapping
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

4. The section where both signals correlate with negative
slopes

5. The section where solely one signal correlates with a
negative slope

The early and late values continue to exist in sections (2)
and (4), respectively, regardless of the difference in signal
power ratio and pseudorange (Figure 3). The reason why
this happens is described in the appendix.
The functions 𝑦𝑠11 and 𝑦𝑠12, as well as 𝑦𝑠21 and 𝑦𝑠22, rep-

resent the correlation results of transmitter 1 and trans-
mitter 2, respectively. If the user is closer to transmitter
1, as shown in Figure 1, the signal power of transmitter 1
is higher than transmitter 2, and the height difference of
the triangle indicates this difference. The signal power is
inversely proportional to the square of the distance. There-
fore, the signal power ratio denoted by 𝛼 is expressed by
Equation (2). The terms 𝐴𝑠1 and 𝐴𝑠2 denote the broad-
casting signal power in transmitters 1 and 2, respectively.
Because all satellite signals are generated by each transmit-
ter, the signal power ratio is the same for all channels.

𝐴𝑠1

𝑙2
𝑠1

∶
𝐴𝑠2

𝑙2
𝑠2

= 1 ∶ 𝛼

𝛼 =
𝑙2
𝑠1

𝑙2
𝑠2

𝐴𝑠1

𝐴𝑠2

(2)

If the receiver replica signal is exactly synchronizedwith
the signal of transmitter 1, the triangle of transmitter 1 is
located at zero on the x-axis, as shown in Figure 3. If the
pseudorange of transmitter 2 is longer than that of trans-
mitter 1, the triangle of transmitter 2 is located on the left
side of the triangle of transmitter 1, and the offset between
two triangles denoted byΔ𝜏 has a negative value, as shown
in Figure 3. Equation (3) depicts the delay of the i-th chan-
nel for each transmitter in the above situation. The value
𝜏𝑖𝑟 represents the delay of the replica signal, and the val-
ues 𝜏𝑖

𝑠1
and 𝜏𝑖

𝑠2
represent the delay of transmitter 1 and
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TABLE 1 Autocorrelation function according to sections

Section Delay range [chip]
Autocorrelation
function

(1) (Δ𝜏𝑖 − 1, −1) 𝑦𝑠21

(2) (−1, Δ𝜏𝑖) 𝑦𝑠21 + 𝑦𝑠11

(3) (Δ𝜏𝑖, 0) 𝑦𝑠22 + 𝑦𝑠11

(4) (0, Δ𝜏𝑖 + 1) 𝑦𝑠22 + 𝑦𝑠12

(5) (Δ𝜏𝑖 + 1, 1) 𝑦𝑠12

transmitter 2 signals, respectively.

Δ𝜏𝑖
𝑠1

= 𝜏𝑖𝑟 − 𝜏𝑖
𝑠1

= 0

Δ𝜏𝑖
𝑠2

= 𝜏𝑖𝑟 − 𝜏𝑖
𝑠2

= 𝜏𝑖
𝑠1
− 𝜏𝑖

𝑠2
≡ Δ𝜏𝑖 < 0

(3)

The theoretical prompt is determined by two factors:
the signal power ratio 𝛼 and the offset between two auto-
correlation functions Δ𝜏𝑖 . The absolute signal power is
not important because the normalized value is applied
when calculating the prompt. The autocorrelation func-
tions for each section are summarized in Equation (4) and
Table 1.

𝑦𝑠11(𝑥) = 𝑥 + 1

𝑦𝑠12(𝑥) = −𝑥 + 1

𝑦𝑠21(𝑥) = 𝛼
(
𝑥 + 1 − Δ𝜏𝑖

)
𝑦𝑠22(𝑥) = 𝛼

(
−𝑥 + 1 + Δ𝜏𝑖

)
(4)

As mentioned above, the early and late values always
exist in sections (2) and (4), regardless of the satellite or
user position. The theoretical prompt denoted by 𝜏̂𝑖 , where
the early and late values are equal, can be derived as fol-
lows:

𝑦𝑠21
(
𝜏̂𝑖 − 0.5

)
+ 𝑦𝑠11

(
𝜏̂𝑖 − 0.5

)
= 𝑦𝑠22

(
𝜏̂𝑖 + 0.5

)
+ 𝑦𝑠12

(
𝜏̂𝑖 + 0.5

)
→ 𝛼

(
𝜏̂𝑖 − 0.5 + 1 − Δ𝜏𝑖

)
+
(
𝜏̂𝑖 − 0.5 + 1

)
= 𝛼

(
−𝜏̂𝑖 − 0.5 + 1 + Δ𝜏𝑖

)
+
(
−𝜏̂𝑖 − 0.5 + 1

)
(1 + 𝛼)𝜏̂𝑖 − 𝛼Δ𝜏𝑖 = −(1 + 𝛼)𝜏̂𝑖 + 𝛼Δ𝜏𝑖

(1 + 𝛼)𝜏̂𝑖 = 𝛼Δ𝜏𝑖

∴𝜏̂𝑖 =
𝛼

1+𝛼
Δ𝜏𝑖

. (5)

3.2 Theoretical pseudorange

The theoretically estimated pseudorange in the receiver
can be derived easily exploiting the result of Equation (5). If
the prompt value is zero, which is the peak of the autocor-

F IGURE 4 Relationship between prompt and estimated
pseudorange

relation of transmitter 1, the estimated pseudorangewill be
𝜌𝑖
𝑠1
. Similarly, if the prompt is on Δ𝜏𝑖 , which is the peak of

the autocorrelation of transmitter 2, the estimated pseudo-
rangewill be 𝜌𝑖

𝑠2
. Figure 4 depicts the relationship between

the prompt and the estimated pseudorange.
The theoretical prompt exists between zero and Δ𝜏𝑖 , as

derived from Equation (5). Therefore, the theoretical pseu-
dorange is expected to exist between two pseudoranges, 𝜌𝑖

𝑠1

and 𝜌𝑖
𝑠2
. The theoretical pseudorange denoted by 𝜌̂𝑖 can be

derived through the simple proportional Equation (6).

Δ𝜏𝑖 ∶
(
𝜌𝑖
𝑠2
− 𝜌𝑖

𝑠1

)
= 𝜏̂𝑖 ∶

(
𝜌̂𝑖 − 𝜌𝑖

𝑠1

)
𝜌̂𝑖 − 𝜌𝑖

𝑠1
=

𝜏̂𝑖

Δ𝜏𝑖

(
𝜌𝑖
𝑠2
− 𝜌𝑖

𝑠1

)
=

𝛼

1 + 𝛼

(
𝜌𝑖
𝑠2
− 𝜌𝑖

𝑠1

)
𝜌̂𝑖 = 𝜌𝑖

𝑠1
+

𝛼

1 + 𝛼

(
𝜌𝑖
𝑠2
− 𝜌𝑖

𝑠1

)
∴𝜌̂𝑖 =

1

1 + 𝛼
𝜌𝑖
𝑠1
+

𝛼

1 + 𝛼
𝜌𝑖
𝑠2

(6)

The theoretical pseudorange is expressed as an inter-
nally dividing point of the two pseudoranges.

3.3 Theoretical position

The least squares method is the most common navigation
solution algorithm. The theoretical 3D user position 𝐑̂𝐮

and clock bias 𝑏̂ can be derived through Equation (7). 𝐻
and 𝐳 denote the line-of-sightmatrix and themeasurement
vector, respectively. The superscriptm is the total number
of satellites.

[
𝐑̂𝐮

𝑏̂

]
=
(
𝐻𝑇𝐻

)−1
𝐻𝑇𝐳 =

(
𝐻𝑇𝐻

)−1
𝐻𝑇

⎡⎢⎢⎢⎣
𝐑𝟏

𝐬𝐚𝐭 ⋅ 𝐞
𝟏 − 𝜌̂1

⋮

𝐑𝐦
𝐬𝐚𝐭 ⋅ 𝐞

𝐦 − 𝜌̂𝑚

⎤⎥⎥⎥⎦
𝐻 =

⎡⎢⎢⎢⎣
(
𝑒1
)𝑇

−1

⋮ ⋮

(𝑒𝑚)
𝑇
−1

⎤⎥⎥⎥⎦
(7)
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The theoretical pseudorange in Equation (6) can be con-
verted to the line-of-sight matrix form.

𝜌̂𝑖 =
1

1 + 𝛼
𝜌𝑖
𝑠1
+

𝛼

1 + 𝛼
𝜌𝑖
𝑠2

=
1

1 + 𝛼

[(
𝐑𝐢

𝐬𝐚𝐭 − 𝐑
𝐬𝟏

)
⋅ 𝐞𝐢 + 𝑙𝑠1

]
+

𝛼

1 + 𝛼

[(
𝐑𝐢

𝐬𝐚𝐭 − 𝐑
𝐬𝟐

)
⋅ 𝐞𝐢 + 𝑙𝑠2

]
= 𝐑𝐢

𝐬𝐚𝐭 ⋅ 𝐞
𝐢 −

1

1 + 𝛼
𝐑

𝐬𝟏
⋅ 𝐞𝐢 −

𝛼

1 + 𝛼
𝐑

𝐬𝟐
⋅ 𝐞𝐢 +

𝑙𝑠1 + 𝛼𝑙𝑠2
1 + 𝛼

= 𝐑𝐢
𝐬𝐚𝐭 ⋅ 𝐞

𝐢 −
(
𝐞𝐢
)𝑇 [ 1

1 + 𝛼
𝐑

𝐬𝟏
+

𝛼

1 + 𝛼
𝐑

𝐬𝟐

]
+

𝑙𝑠1 + 𝛼𝑙𝑠2
1 + 𝛼

= 𝐑𝐢
𝐬𝐚𝐭 ⋅ 𝐞

𝐢 −
[ (

𝐞𝐢
)𝑇

−1

] ⎡⎢⎢⎢⎣
1

1 + 𝛼
𝐑

𝐬𝟏
+

𝛼

1 + 𝛼
𝐑

𝐬𝟐

𝑙𝑠1 + 𝛼𝑙𝑠2
1 + 𝛼

⎤⎥⎥⎥⎦
(8)

Ιn Equation (8), the signal power ratio 𝛼 is independent
of the PRN number. By combining Equations (7) and (8),
the theoretical user position can be calculated as follows:[

𝐑̂𝐮

𝑏̂

]
=
(
𝐻𝑇𝐻

)−1
𝐻𝑇𝐳

=
(
𝐻𝑇𝐻

)−1
𝐻𝑇𝐻

⎡⎢⎢⎢⎣
1

1 + 𝛼
𝐑

𝐬𝟏
+

𝛼

1 + 𝛼
𝐑

𝐬𝟐

𝑙𝑠1 + 𝛼𝑙𝑠2
1 + 𝛼

⎤⎥⎥⎥⎦
∴

[
𝐑̂𝐮

𝑏̂

]
=

⎡⎢⎢⎢⎣
𝐑

𝐬𝟏
+ 𝛼𝐑

𝐬𝟐

1 + 𝛼

𝑙𝑠1 + 𝛼𝑙𝑠2
1 + 𝛼

⎤⎥⎥⎥⎦

.

(9)
The theoretical user position is also expressed as an

internal dividing form of two transmitters. This is evident
because the relationship between pseudoranges and posi-
tion is linear. The theoretical position is always located on
the straight line between two transmitters, as shown by the
black dotted line in Figure 1. Therefore, it is impossible to
determine the position in the cross and height directions.
Conversely, it is possible to determine the position along
the track between the two transmitters. If the signal power
broadcast by the two transmitters is the same, Equation (9)
can be expressed as follows:

𝛼 =
𝑙2
𝑠1

𝑙2
𝑠2

(when𝐴𝑠1 = 𝐴𝑠2)

[
𝐑̂𝐮

𝑏̂

]
=

⎡⎢⎢⎢⎢⎢⎣

𝑙2
𝑠2
𝐑𝐬𝟏 + 𝑙2

𝑠1
𝐑𝐬𝟐

𝑙2
𝑠1
+ 𝑙2

𝑠2

𝑙𝑠1𝑙𝑠2 (𝑙𝑠1 + 𝑙𝑠2)

𝑙2
𝑠1
+ 𝑙2

𝑠2

⎤⎥⎥⎥⎥⎥⎦
. (10)

In this case, the theoretical user position is determined
exclusively by the distance between the transmitters and
user. The last row component inEquations (9) and (10) rep-
resents the theoretical clock bias when all error sources are
ignored.

3.4 Influence of multipath

Multipath error is the most challenging issue in indoor
positioning. In pseudolite-based indoor positioning, each
pseudolite broadcasts a single PRN signal. As the propa-
gation path for each channel varies, the multipath error
is different for each channel. Similarly, in conventional
repeater-based indoor positioning,which distinguishes the
repeater signal by the intentional delay, although each
repeater broadcasts all visible satellite signals, it is neces-
sary to distinguish which repeater broadcasts the signals
currently received by the user. Because each repeater has a
different propagation path, the multipath error affects the
navigation solution.
In the proposed system, however, both transmitters

broadcast all visible satellite signals with accurate time
synchronization. For each transmitter, the propagation
paths of all channels are the same; hence, the mul-
tipath error of all channels is the same. The effects
of multipath error on power are not addressed in this
paper. Regarding multipath error in the measurement
domain, the pseudoranges of each transmitter are as
follows:

𝜌𝑖
𝑠1,𝑚

=
(
𝐑𝐢

𝐬𝐚𝐭 − 𝐑𝐬𝟏

)
⋅ 𝐞𝐢 + 𝑙𝑠1 + 𝑀𝑠1 = 𝜌𝑖

𝑠1
+ 𝑀𝑠1

𝜌𝑖
𝑠2,𝑚

=
(
𝐑𝐢

𝐬𝐚𝐭 − 𝐑𝐬𝟐

)
⋅ 𝐞𝐢 + 𝑙𝑠2 + 𝑀𝑠2 = 𝜌𝑖

𝑠2
+ 𝑀𝑠2

(11)

𝑀𝑠1 and 𝑀𝑠2 represent the multipath errors of trans-
mitters 1 and 2, respectively. The receiver estimates the
pseudorange by linearly combining two pseudoranges, as
shown in Equation (6).

𝜌̂𝑖𝑚 =
1

𝛼 + 1

(
𝜌𝑖
𝑠1
+ 𝑀𝑠1

)
+

𝛼

𝛼 + 1

(
𝜌𝑖
𝑠2
+ 𝑀𝑠2

)
= 𝜌̂𝑖 +

(
1

𝛼 + 1
𝑀𝑠1 +

𝛼

𝛼 + 1
𝑀𝑠2

)
= 𝜌̂𝑖 + 𝐵𝑚

(12)

The multipath errors cause the same bias, 𝐵𝑚, in all
channels. This bias term is absorbed by the clock biaswhen
calculating the navigation solution and does not affect
the position estimation. Therefore, as the receiver tracks
the combined signals of the two transmitters’ signals, the
multipath error does not cause bias error in the position
estimation.
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3.5 Power analysis

Thus far, the effects of two overlapping signals in the DLL
have been analyzed. In addition to DLL, however, carrier
tracking is performed in the receiver. In this section, the
effect of carrier tracking is presented. The in-phase and
quadrature signals of the i-th channel, which are the cor-
relation results with transmitter 1 signal denoted by 𝑠𝑖

1
and

receiver replica signal denoted by 𝑠𝑖𝑟, can bemodeled as fol-
lows (Misra & Enge, 2010):

𝑠𝑖
1
⊗ 𝑠𝑖𝑟 =

√
𝑃𝑖
𝑠1
𝑅
(
Δ𝜏𝑖

𝑠1

)
sinc

(
𝜋Δ𝑓𝑖

𝐷,𝑠1
𝑇
)

× exp
(
Δ𝜙𝑖

𝑠1
+ 𝜋Δ𝑓𝑖

𝐷,𝑠1
𝑇
)
= 𝐶𝑖

𝑠1
exp

(
Δ𝜃𝑖

𝑠1

)
= 𝐼𝑖

𝑠1
+ 𝑗𝑄𝑖

𝑠1

⎛⎜⎜⎜⎝
𝐶𝑖
𝑠1

=
√

𝑃𝑖
𝑠1
𝑅
(
Δ𝜏𝑖

𝑠1

)
sinc

(
𝜋Δ𝑓𝑖

𝐷,𝑠1
𝑇
)

Δ𝜃𝑖
𝑠1

= Δ𝜙𝑖
𝑠1
+ 𝜋Δ𝑓𝑖

𝐷,𝑠1
𝑇

⎞⎟⎟⎟⎠

,

(13)
where

Δ𝜏𝑖
𝑠1

= 𝜏̂𝑖 − 𝜏𝑖
𝑠1

Δ𝑓𝑖
𝐷,𝑠1

= 𝑓𝑖
𝐷 − 𝑓𝑖

𝐷,𝑠1

Δ𝜙𝑖
𝑠1

= 𝜙̂𝑖 − 𝜙𝑖
𝑠1

. (14)

The noise term is ignored. 𝑅(∗) is the autocorrelation
function, and 𝑃 is the received signal power. The effects
of multipath error on the signal power are not considered.
Further, 𝜏,𝑓𝐷 , and 𝜙 are the code delay, Doppler, and car-
rier phase, respectively.Δ ∗denotes the difference between
the estimated value ∗̂ and the replica value ∗𝑠1. 𝑇 denotes
the pre-integration time. Because the receiver receives two
transmitters’ signals, the final in-phase and quadrature val-
ues are the sum of each correlation result as follows:(

𝑠𝑖
1
+ 𝑠𝑖

2

)
⊗ 𝑠𝑖𝑟 = 𝑠𝑖

1
⊗ 𝑠𝑖𝑟 + 𝑠𝑖

2
⊗ 𝑠𝑖𝑟

=
(
𝐼𝑖
𝑠1
+ 𝐼𝑖

𝑠2

)
+ 𝑗

(
𝑄𝑖
𝑠1
+ 𝑄𝑖

𝑠2

)
. (15)

The signal power of two overlapping signals is expressed
as follows:

𝑃𝑖 =
(
𝐼𝑖
𝑠1
+ 𝐼𝑖

𝑠2

)2
+
(
𝑄𝑖
𝑠1
+ 𝑄𝑖

𝑠2

)2
=
(
𝐶𝑖
𝑠1
cos Δ𝜃𝑖

𝑠1
+ 𝐶𝑖

𝑠2
cos Δ𝜃𝑖

𝑠2

)2
+
(
𝐶𝑖
𝑠1
sinΔ𝜃𝑖

𝑠1
+ 𝐶𝑖

𝑠2
sinΔ𝜃𝑖

𝑠2

)2
=
(
𝐶𝑖
𝑠1

)2
+
(
𝐶𝑖
𝑠2

)2
+ 2𝐶𝑖

𝑠1
𝐶𝑖
𝑠2
cos

(
Δ𝜃𝑖

𝑠1
− Δ𝜃𝑖

𝑠2

)
. (16)

The above result indicates that the overall signal power
is not simply the sum of the two transmitters’ power, but

the carrier term should be considered. This term occurs
inevitably, because two incoming carrier phases should be
tracked solely by one replica signal. As the offset on the
code domain is represented by twomismatched autocorre-
lation functions, the offset on the carrier domain is repre-
sented by the cosine term of the signal power. In the case of
indoor users, the user speed is, generally, not high. There-
fore, the phase of cosine in Equation (16), when ignor-
ing the user-induced component of Doppler error, can be
expressed as follows:

Δ𝜃𝑖
𝑠1
− Δ𝜃𝑖

𝑠2
=

(
Δ𝜙𝑖

𝑠1
+ 𝜋Δ𝑓𝑖

𝐷,𝑠1
𝑇
)
−
(
Δ𝜙𝑖

𝑠2
+ 𝜋Δ𝑓𝑖

𝐷,𝑠2
𝑇
)

=
[(

𝜙𝑖
𝑠1
− 𝜙𝑖

𝑠1

)
+ 𝜋

(
𝑓𝑖
𝐷 − 𝑓𝑖

𝐷,𝑠1

)
Δ𝑇

]
−
[(

𝜙𝑖
𝑠2
− 𝜙𝑖

𝑠2

)
+ 𝜋

(
𝑓𝑖
𝐷 − 𝑓𝑖

𝐷,𝑠2

)
Δ𝑇

]
=

(
𝜙𝑖
𝑠2
− 𝜙𝑖

𝑠1

)
+ 𝜋

(
𝑓𝑖
𝐷,𝑠2

− 𝑓𝑖
𝐷,𝑠1

)
Δ𝑇

≈ 𝜙𝑖
𝑠2
− 𝜙𝑖

𝑠1
(17)

where

𝜙𝑖
𝑠1

=
(
𝑅𝑖
𝑠𝑎𝑡 − 𝑅

𝑠1

)
⋅ 𝑒𝑖 + 𝑙𝑠1 + 𝑁𝑖

𝑠1
𝜆

𝜙𝑖
𝑠2

=
(
𝑅𝑖
𝑠𝑎𝑡 − 𝑅

𝑠2

)
⋅ 𝑒𝑖 + 𝑙𝑠2 + 𝑁𝑖

𝑠2
𝜆

𝜙𝑖
𝑠2
− 𝜙𝑖

𝑠1
=
(
𝑅
𝑠1
− 𝑅

𝑠2

)
⋅ 𝑒𝑖 + (𝑙𝑠2 − 𝑙𝑠1) +

(
𝑁𝑖

𝑠2
− 𝑁𝑖

𝑠1

)
𝜆

= 𝑓𝑛
(
𝑅𝑠1, 𝑅𝑠2, 𝑒

𝑖, 𝑅𝑢

)
.

(18)
Here, 𝑁𝑠1 and 𝑁𝑠2 are the integer ambiguities of the

transmitters, and 𝜆 is the wavelength of GPS L1 signal. The
phase of the cosine term can be expressed as the carrier
phase difference between two transmitters’ signals, which
is a function of the transmitter’s position, line-of-sight vec-
tor, and user position. Because the transmitter location is
fixed once installed, the carrier phase difference is actu-
ally determined by the user and satellite position. In other
words, the signal power has a sine wave shape according to
the user’s movement. As a special case, if the carrier phase
difference is π, the cosine term of Equation (16) has a value
of -1. This implies that Equation (16) can be expressed as a
perfect square form as follows:

𝑃𝑖 =
(
𝐶𝑖
𝑠1

)2
+
(
𝐶𝑖
𝑠2

)2
+ 2𝐶𝑖

𝑠1
𝐶𝑖
𝑠2
cos

(
Δ𝜃𝑖

𝑠1
− Δ𝜃𝑖

𝑠2

)
=
(
𝐶𝑖
𝑠1

)2
+
(
𝐶𝑖
𝑠2

)2
− 2𝐶𝑖

𝑠1
𝐶𝑖
𝑠2

=
(
𝐶𝑖
𝑠1
− 𝐶𝑖

𝑠2

)2 . (19)

The result of Equation (19) implies that the signal power
of the i-th channel can be significantly reduced at a specific
user position. This power attenuation occurs whenever the
cosine term has a value of -1 in a period of 𝜆 = 19 cm.
Fortunately, this phenomenon usually does not occur on
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TABLE 2 Settings for signal digitization

Setting Values
Sampling frequency 5 MHz
Intermediate frequency 2 MHz
Quantization bit I, Q 16 bit, each

multiple channels simultaneously. Therefore, if more than
five satellites are visible, there is no problem in calculating
the user position. Since power attenuation is an instanta-
neous phenomenon, it is not a significant problem for sig-
nal tracking in dynamic users; however, it definitely is for
static users.

4 SIMULATION RESULTS

In previous sections, we introduced a new indoor position-
ing system based on overlapping autocorrelation functions
and conducted a theoretical analysis of the proposed sys-
tem regarding the pseudorange, position, multipath, and
power. Here, to verify the analysis, we conduct a simula-
tion and compare the simulation results with the theoreti-
cal results.

4.1 Simulation setting

For simulation, a MATLAB-based intermediate fre-
quency (IF) signal generator and a MATLAB-based
post-processing software GNSS receiver developed by the
Seoul National University GNSS laboratory are deployed.
The process of the IF signal generator is as follows: First,
the broadcast ephemeris information corresponding to
the entered Coordinated Universal Time (UTC) is loaded.
Second, using the satellite position and the entered
transmitters’ position, an analog signal is generated
without considering other error sources. Third, the signal
attenuation and signal delay between the two transmitters
and the user are calculated. Fourth, analog signals for
each transmitter are added, and digitization is conducted
according to the settings in Table 2. In this study, we
consider GPS L1 signal only.
In the software GNSS receiver, IF data generated by the

IF signal generator are employed as input;moreover, signal
acquisition, tracking, and navigation calculation are con-
ducted. The signal tracking loop is based on a conventional
loop filter, and the least squares method is adopted as the
navigation filter. All loop filters are second order, and the
DLL, frequency-locked loop, and phased-locked loop have
noise bandwidths of 3, 20, and 20 Hz, respectively.
Figure 5 illustrates the simulation environment. Two

transmitters are located on the x–z plane, and the distance
between the two transmitters is 20 m. The coordinates of

F IGURE 5 Simulation environment [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

F IGURE 6 Carrier-to-noise power density ratio (C/N0) values
of each transmitter on trajectory A [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

the transmitters are (-10, 0, 5)m and (10, 0, 5)m in the East-
North-Up (ENU) coordinate frame. The number of visible
satellites is eight, and the dilution of precision (DOP) val-
ues of both transmitters are 1.78 for position DOP (PDOP),
0.91 for horizontal DOP (HDOP), and 1.53 for vertical DOP
(VDOP). Both transmitters broadcast with the same signal
strength, and all the effects of signal strength other than
signal attenuation according to the distance between trans-
mitters and user are ignored. The height between trans-
mitters and user is 5 m, and three trajectories A–C are
implemented for the simulation. Each trajectory is shown
in Figure 5 and thoroughly described in the following sub-
section.

4.2 Dynamic user

First, a simulation is performed when the user moves at
a constant speed of 2 m/s. The user on trajectory A is
moving on the x-axis for 10 s, and the user on trajectory B
is moving on y = -5. Given enough time before the depar-
ture, the user starts moving when the navigation solution
can be calculated immediately.
Figure 6 shows the carrier-to-noise power density ratio

(C/N0) values of each transmitter signal when the user
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F IGURE 7 Pseudorange estimation results when only transmitter 1 is enabled: estimated pseudorange (blue), pseudorange of
transmitter 1 (yellow), and pseudorange of transmitter 2 (purple) [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

F IGURE 8 Pseudorange estimation results when paired transmitters are enabled: estimated pseudorange (blue), theoretical
pseudorange (red), pseudorange of transmitter 1 (yellow), and pseudorange of transmitter 2 (purple) [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com and www.ion.org]

moves on trajectory A. The C/N0 values range from 35.1
to 47.3 dB-Hz depending on the user’s location.
Figure 7 shows the results of the estimated pseudor-

ange of two channels of the eight visible satellites when
only transmitter 1 is enabled. The level of the pseudor-
ange measurements is adjusted to focus on the pseudor-
ange deviation according to the dynamic user. The results
show that the estimated pseudorange follows the pseudor-
ange of transmitter 1 with noise. Because theC/N0 of trans-
mitter 1 decreases to 35 dB-Hz to 39 dB-Hz after 6 s, the
pseudorange estimation error can increase.
Figure 8 shows the results of the estimated pseudoranges

when paired transmitters are enabled. The theoretical
pseudorange is expressed as the internal division form
between the two transmitters’ pseudoranges, as expressed
in Equation (6). The estimated pseudorange has the same
trend as the theoretical results, but it appears to have large
errors, especially from 4 s to 6 s. The minimum combined

signal power in the receiver can be expressed as the
difference between the signal power of each transmitter.
Therefore, at the midpoint where the signal powers of
two transmitters are similar, the combined signal power
can momentarily drop to near zero. This power insta-
bility can instantaneously cause a large error in DLL. A
detailed description of the power analysis can be found in
Subsection 4.4.
Figure 9 depicts the East and North of the ENU coor-

dinate frame estimation results. The theoretical position
is the internally dividing point of two transmitters, as
expressed in Equation (9), and it is confirmed that the
user can be determined in the East direction, that is, along
the track between transmitters. The North and up position
estimation should be calculated as 0 and 5, because the
North and up of both transmitters are 0 and 5, respectively.
Table 3 shows the statistical values of the pseudorange and
position error. The values related to pseudorange are the
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F IGURE 9 Position estimation results when the user moves on trajectory A: estimated position (blue), theoretical position (red), and
true position (black) in the upper graphs, and the estimated position error versus theoretical position (red), and true position (black) in the
lower graphs [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

TABLE 3 Standard deviation (STD), bias, and root-mean-
square (RMS) values of pseudorange and position error in the case
of trajectory A

STD
[m]

Bias
[m]

RMS
[m]

Pseudorange error (vs. Theoretical) 3.95 1.57 4.28
Position error East 2.95 0.03 2.95
(vs. Theoretical) North 1.83 1.00 2.08

Up 6.10 1.76 6.35
Position error East 3.87 0.04 3.87
(vs. True) North 1.83 1.00 2.08

Up 6.11 6.77 9.11

average values of all channels.We can confirm that the pro-
posed system can estimate the user position within 4 m of
root-mean-square (RMS) error in the East direction.
Subsequently, a simulation is conducted when the user

moves at a speed of 2 m/s from (-10, -5, 0) m to (10, -
5, 0) m on trajectory B. In this case, the C/N0 values
of each transmitter’s signal range from 34.8 dB-Hz to
44.3 dB-Hz depending on user location. Compared to tra-
jectory A, a slight decrease in C/N0 occurs because the dis-
tance between transmitters and user increases. However,
since the position estimation is performed using the C/N0
ratio of the two transmitters, this absolute signal strength
reduction does not influence the East position estimation.
Figure 10 shows the East and North position estimation
results.
We can confirm that the East position can be estimated,

as in the case of trajectory A; that is, the bias error of
5 m occurs in the estimation of the North position. These

results imply that the proposed system cannot determine
the position in the cross direction, perpendicular to the
track. Conversely, the position estimation of the up direc-
tion has a bias error of 5 m, because the height of the
transmitters is 5 m. Table 4 shows the statistic values of
the pseudorange and position error in the case of trajec-
tory B. Similar to the previous result, the proposed system
can estimate the user position with RMS error of about
3 m in the East direction.

4.3 Influence of multipath error

A simulation is conducted to determine the influence of
the multipath error analyzed in Subsection 3.4. The user
moves on trajectory A, and sine wave multipath errors are
added to each transmitter, as shown in Figure 11. The mul-
tipath errors affect all visible satellite measurements gen-
erated by each transmitter.
As shown in Equation (12), the multipath error causes a

common bias term, 𝐵𝑚. This term is additional to the the-
oretical bias term in Equation (9) in the absence of mul-
tipath error. The red dashed line on the clock bias graph
in Figure 12 represents the theoretical clock bias, in which
the effects of multipath errors are considered. The clock
bias estimated through the simulation tends to be the same
as the theoretical result. Therefore, it is confirmed that the
East position estimation is possible regardless of themulti-
path error. Moreover, the positioning in the other direction
has the same tendency as when no multipath error exists.
The East position error is similar to Table 3 and 4 results,
with RMS errors of 3.50 m.
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F IGURE 10 Position estimation results when the user moves on trajectory B: estimated position (blue), theoretical position (red), and
true position (black) in the upper graphs; the estimated position error versus theoretical position (red), and true position (black) in the lower
graphs [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

TABLE 4 STD, bias, and RMS values of pseudorange and
position error in the case of trajectory B

STD
[m]

Bias
[m]

RMS
[m]

Pseudorange error (vs. Theoretical) 4.17 1.05 4.30
Position error East 2.95 0.01 2.95
(vs. Theoretical) North 1.97 0.08 1.97

Up 6.03 0.11 6.03
Position error East 3.09 0.00 3.09
(vs. True) North 1.97 4.92 5.30

Up 6.03 5.12 7.97

4.4 Power analysis simulation

To analyze the signal power of the proposed system, a
simulation is conducted on trajectory C. The user starts
at a speed of 2 m/s at (-10, 0, 0) m and stops at (0.132,
0, 0)m. The latter is the point atwhich the difference of car-
rier phase measurements of PRN #1 broadcast by the two
transmitters is exactly π. As expressed in Equation (19), the
signal power of PRN #1 is expressed in the form of a perfect
square of the difference between signal strengths of the two
transmitters. In particular, because 0.132 m corresponds
approximately to the middle point between the two trans-
mitters, the signal power difference is almost zero. There-
fore, the signal power of PRN #1 is expected to be very low.
In contrast, the signal power of other channels is adequate
enough to calculate the position. Figures 13 and 14 depict
the received signal power and the C/N0 estimated by the

F IGURE 11 Multipath error of each transmitter [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

receiver of PRN #1 and #26, respectively. Figure 13 shows
that the signal power of PRN #1 is expressed in a sine wave,
as shown in Equation (16), and is significantly reduced in
the static region. The C/N0 value does not oscillate com-
pared to the signal power because C/N0 is estimated by the
filtering process in the receiver. Figure 14 shows that the
signal power of PRN #26 remains high in the static region
because the difference of carrier phase measurements of
PRN #26 is far from π.
Figure 15 presents the results of the estimated pseudor-

anges of PRN#1 and #26. The C/N0 of PRN#1 is reduced to
35 dB-/Hz in static; the RMS error of pseudorange is 7.35m.
In contrast, the C/N0 of PRN #26 is constantly 43 dB-/Hz
in static; the RMS error of pseudorange is 3.89 m, which
is half of the result of PRN #1. These results imply that
it could be difficult to track a certain PRN signal accord-
ing to the position where the differenced carrier phase
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F IGURE 1 2 East position and clock bias estimation when there is a multipath error: estimation values (blue), theoretical values (red),
and true value (black) in the upper graphs; the estimated position error versus theoretical position (red), and true position (black) in the lower
graphs [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

sta�c region 

F IGURE 13 Signal power and C/N0 of pseudorandom noise (PRN) #1 (left). Section that changes from dynamic to static (right) [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

measurement is a multiplier of π. However, since the
C/N0 values of multiple satellites rarely decrease simulta-
neously, there is no problem in estimating the position if
the visible satellites are sufficient.

5 FIELD TEST RESULTS

The field test of the proposed system was designed to test
feasibility rather than practicality. The test was conducted
by deploying 30 transmitters installed in an underground
shopping center of Sogong-dong, Republic of Korea,

located at 126.98 degrees East longitude and 37.56 degrees
North latitude, as shown in Figure 16. The transmitters are
installed approximately 10 m apart and broadcast GPS sig-
nals with a signal power ranging from -105 to -95 dBm. The
transmitters consist of one master and 29 slaves, and time
synchronization has been achieved based on the master
transmitter. A user walking upright under the transmitters
receives signals from 25 to 45 dB-Hz depending on their
position. The height of the transmitter is approximately
1.3 m above the head of the user. The right upper graph
of Figure 16 shows the signal range of each transmitter.
For the theoretical analysis, we assumed that indoor users
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sta�c region 

F IGURE 14 Signal power and C/N0 of PRN #26 (left). Section that changes from dynamic to static (right) [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 15 Pseudorange estimation results: estimated pseudorange (blue), theoretical pseudorange (red), pseudorange of transmitter 1
(yellow), and pseudorange of transmitter 2 (purple) [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

F IGURE 16 Transmitters’ position and signal range (upper right) installed in an underground shopping center [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]
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F IGURE 17 Field test setting [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

always receive only two adjacent transmitter signals. In
reality, more than three transmitter signals can be received
depending on the power tuning. However, because the
signal power of the additional transmitter signal is much
lower than that of the two adjacent transmitter signals,
only the effect of these two transmitters is considered.
With proper transmitter signal power and antenna pat-
tern, the user always receives only two transmitters’
signals. All transmitters are connected in line for time
synchronization. The ionosphere and troposphere delay
errors are generated in transmitters for each channel
using the Klobuchar model (Kaplan & Hegarty, 2017)
and the Wide Area Augmentation System model (RTCA
SC-159, 2006). The conventional receiver removes these
errors from measurement before navigation; therefore,
these intentional errors must be added to the transmitter
signals.
In the field test in July 2020, transmitter #21 was broken

and the signal was not properly broadcast. However, it
was not a critical problem in determining the feasibility
of the proposed system. A low-cost u-blox 6T receiver
and a Samsung Galaxy S20 smartphone were used. We
walked exactly under transmitters at a speed of approxi-
mately 1 m/s. The patch antenna connected to the u-blox
receiver was attached to the hat, and the smartphone
was held by a pedestrian, as shown in Figure 17. The
number of visible satellites was nine, and the DOP
values were 1.51 for PDOP, 0.84 for HDOP, and 1.26 for
VDOP.

Figure 18 shows the C/N0 values of all channels in field
tests. When a user passed right underneath the transmit-
ters, the received C/N0 values were approximately 45 dB-
Hz. However, when located at themidpoint between trans-
mitters, the received C/N0 values drop to 30 dB-Hz, and, in
severe cases, below 25 dB-Hz. Figures 19 and 20 show the
estimation results of the horizontal position and East and
North position respectively. The result of the Galaxy S20
was the position calculated in the Android operating sys-
tem by itself. In the case of u-blox 6T, the post-processed
least squares position was exploited using raw measure-
ments. The reason for the significant increase of the posi-
tion at GPS time of 1.95∙105 s is that the user passed under
broken transmitter #21. The true position is obtained by
checking the passing time exactly under each transmitter
with a video camera. It is confirmed that both the smart-
phone and u-blox results follow a true trajectory on aver-
age.
Table 5 presents the statistic values of position error.

The horizontal RMS errors of u-blox 6T and Galaxy S20
are approximately 4 m and 7 m, respectively. The reason
why the RMS errors are quite large is the influence of the
low C/N0. By adjusting the transmit signal power in the
transmitter, the navigation performance can be improved.
However, the current result implies that the proposed sys-
tem can determine the position along the track on which
transmitters are installed. It also implies that commercial
smartphones and low-cost GNSS receivers can be used
immediately.
For better position estimation, we developed an

extended Kalman filter (EKF)-based navigation filter
suitable for the proposed system. The EKF uses the
pseudorange and the Doppler as measurements. How-
ever, the Doppler measurements cannot properly reflect
the user dynamic in the proposed system, and only the
pseudorange measurements are usefully used to estimate
user position. Therefore, the weighting of the pseudor-
ange in the measurement covariance matrix is set much
higher than that of the Doppler. Further, we conducted
a test using a Samsung Galaxy S10. By developing a GPS
logger application, the position using the EKF can be
logged in real time. When the user walked back and
forth exactly under transmitters, all transmitters operated
normally.
Figure 21 shows the horizontal position result of the

Galaxy S10. The blue dot represents the position calculated
by the device itself, and the red dot represents the position
derived from the EKF developed by the authors. The posi-
tion performance of the S10 is worse than that of the S20.
Because different navigation filters are applied for each
model, the position performance can be different for each
model. However, after the filtering process ismade suitable
for the proposed system, the horizontal and vertical RMS
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#1 
#10 #20 #30 

F IGURE 18 C/N0 values of all channels [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com
and www.ion.org]

F IGURE 19 Horizontal position results: Galaxy S20 (blue), u-blox 6T (red), and true position (black) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 20 East and North position estimation results: Galaxy S20 (blue), u-blox 6T (red), theoretical position (yellow), and true
position (black) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]
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TABLE 5 STD, bias, and RMS values of position error of u-blox
and smartphone

STD
[m]

Bias
[m]

RMS
[m]

U-blox 6T, stand-alone Horizontal 3.12 2.21 3.83
Position error (vs. True) Up 3.69 3.52 5.10

Samsung Galaxy S20, Horizontal 4.29 5.06 6.83
Position error (vs. True) Up 2.71 4.42 5.19

errors of the S10 will be approximately 3.50 m and 1.82 m,
respectively. Therefore, the position performance of smart-
phones can be improved through an additional navigation
filter even if the position results of the smartphone itself
are not robust.

6 CONCLUSIONS

This study proposes a new indoor positioning systembased
on paired transmitters. This system enables one-way nav-
igation along the track between two transmitters and has
the advantage that the commercial GNSS receiver can be
used directly, without additional navigation filters. In addi-
tion, the system is very robust against multipath error, the
biggest problem of pseudorange-based indoor positioning.
The proposed system is expected to be widely employed in
places with limited movement, such as tunnels and indoor
parking lots.
In this system, the theoretical prompt is estimated

as the value between the peaks of the two autocorrela-
tion functions. The theoretical pseudorange and position
are expressed as an internal division form between two

transmitters’ pseudoranges and positions. The simulation
results indicate that along track positioning is possiblewith
an RMS error of 4m. In the simulation, there is a bias error
of 5 m in the up direction, which always exists because the
reference position of the generating signal in the transmit-
ter is the actual transmitter’s position with a bias of 5 m.
If the reference position of the generating signal is adjusted
to the position of an indoor user, the bias level in the
up direction can be significantly reduced. In addition, we
confirm that all channels have the same multipath error,
which is absorbed by the clock bias term and does not
cause the bias error in the position estimation. In the the-
oretical analysis of the signal power, we confirm that the
signal power has a sine wave form according to the carrier
phase difference between two transmitters. This implies
that the signal tracking of a particular satellite can some-
times be difficult for a static user.
The feasibility test of the proposed system was per-

formed by deploying 30 transmitters in indoor shopping
centers. We confirm that both the low-cost receiver and
smartphone can be positioned directly when applying the
proposed system. The u-blox receiver can estimate the
position with an RMS error of 4 m in the horizontal direc-
tion. The horizontal RMS error of the smartphone is also
within 4 m when using the EKF-based navigation filter.
However, the proposed system can only determine

the position along the track between two transmitters.
In the future, a study for cross-track positioning will
be conducted. In addition, based on the theoretical
analysis in this paper, the optimal transmitter arrange-
ment according to height as well as the influence of
time synchronization error between transmitters will be
investigated.

F IGURE 2 1 Horizontal position results: Galaxy S10 (blue), Galaxy S10 with extended Kalman filter (red), and true position (black)
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]
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APPENDIX: CONDITIONS OF TRANSMITTERS’
INTERVAL
In Subsection 3.1, wementioned that the early and late val-
ues are always present in sections (2) and (4), respectively,
when the distance between two transmitters is within 0.25
chip. This appendix explains the reason. First, the offset of
two autocorrelations means the difference of the pseudor-
anges as follows:

Δ𝜏𝑖 = 𝜏𝑖
𝑠1
− 𝜏𝑖

𝑠2
=

1

𝜆𝐶𝐴

(
𝜌𝑖
𝑠1
− 𝜌𝑖

𝑠2

)
. (A1)

Here, 𝜆𝐶𝐴 is the wavelength of the coarse/acquisition
code, approximately 300 m. Second, the difference of the
pseudoranges can be up to twice the distance between the
two transmitters. Figure A1 shows the environment when
there is a maximum difference in the pseudoranges. The
environment is when a satellite is located in line with the
two transmitters, and the user is at the position of trans-

F IGURE A1 Environment when the difference of
pseudoranges has the maximum value [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

mitter 1.

𝜌𝑖
𝑠1

=
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𝐑𝐢

𝐬𝐚𝐭 − 𝐑𝐬𝟏

)
⋅ 𝐞𝐢 + 𝑙𝑠1 = 𝑑𝑖

𝑠1

𝜌𝑖
𝑠2
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𝐑𝐢
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𝑠1
+ 𝑑𝑠12

)
+ 𝑑𝑠12 = 𝑑𝑖

𝑠1
+ 2𝑑𝑠12

𝜌𝑖
𝑠1
− 𝜌𝑖

𝑠2
=
(
𝐑
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)
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(||Δ𝜏𝑖||) = max

(|||| 1
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(
𝜌𝑖
𝑠1
− 𝜌𝑖

𝑠2

)||||
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= 2𝑑𝑠12

(A2)

In Subsection 3.1, the theoretical prompt value is
derived, as expressed in Equation (5), when the early and
late values are present in sections (2) and (4), respec-
tively. To satisfy the necessary and sufficient conditions,we
derive the range of Δ𝜏𝑖 in which early and late values are
always present in sections (2) and (4), respectively, when
the theoretical prompt is derived as shown in Equation (5).
The condition of Δ𝜏𝑖is derived by changing 𝛼 from zero to
infinity. The conditions for the early to exist in Section (2)
are as follows:

𝜏̂𝑖𝐸 = 𝜏̂𝑖 − 0.5 =
𝛼

1 + 𝛼
Δ𝜏𝑖 − 0.5

−1 ≤
𝛼

𝛼 + 1
Δ𝜏𝑖 − 0.5 ≤ Δ𝜏𝑖

. (A3)

The inequality on the left is as follows:

−1 ≤
𝛼

𝛼 + 1
Δ𝜏𝑖 − 0.5

𝑖) 𝛼 ≈ 0

−1 ≤ 0 ⋅ Δ𝜏𝑖 − 0.5 (𝑡𝑟𝑖𝑣𝑖𝑎𝑙 𝑐𝑎𝑠𝑒)

𝑖𝑖) 𝛼 ≈ ∞

−1 ≤ Δ𝜏𝑖 − 0.5

−0.5 ≤ Δ𝜏𝑖

. (A4)

The inequality on the right is as follows:

𝛼

𝛼 + 1
Δ𝜏𝑖 − 0.5 ≤ Δ𝜏𝑖

𝑖) 𝛼 ≈ 0

0 ⋅ Δ𝜏𝑖 − 0.5 ≤ Δ𝜏𝑖

−0.5 ≤ Δ𝜏𝑖

𝑖𝑖) 𝛼 ≈ ∞

Δ𝜏𝑖 − 0.5 ≤ Δ𝜏𝑖 (𝑡𝑟𝑖𝑣𝑖𝑎𝑙 𝑐𝑎𝑠𝑒)

. (A5)

As mentioned in Subsection 3.1, Δ𝜏𝑖 is a negative value.
Considering all cases, the conditions for the early value to
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exist in Section (2) regardless of 𝛼are as follows:

−0.5 ≤ Δ𝜏𝑖 ≤ 0||Δ𝜏𝑖|| ≤ 0.5 [𝑐ℎ𝑖𝑝]
. (A6)

Because the interval between early and late values is
one chip, the late value is naturally present in Section (4).

Therefore, summing Equations (A2) and (A6), the distance
between two transmitters should be up to 0.25 chip, that is,
approximately 75 m.

max
(||Δ𝜏𝑖||) = 2𝑑𝑠12 ≤ 0.5 [𝑐ℎ𝑖𝑝]

∴𝑑𝑠12 ≤ 0.25 [𝑐ℎ𝑖𝑝] ≈ 75 [𝑚]
. (A7)
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