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ABSTRACT The global averaged civilian positioning accuracy is still at meter level for all existing
Global Navigation Satellite Systems (GNSSs), and the performance is even worse in urban areas. At
lower altitudes than satellites, high altitude platform stations (HAPS) offer several benefits, such as lower
latency, less pathloss, and likely smaller overall estimation error for the parameters associated in the
pseudorange equation. HAPS can support GNSSs in many ways, and in this paper we treat the HAPS as
another type of ranging source. In so doing, we examine the positioning performance of a HAPS-aided
GPS system in an urban area using both a simulation and physical experiment. The HAPS measurements
are unavailable today; therefore, they are modeled in a rather simple but logical manner in both the
simulation and physical experiment. We show that the HAPS can improve the horizontal dilution of
precision (HDOP), the vertical dilution of precision (VDOP), and the 3D positioning accuracy of GPS
in both suburban and dense urban areas. We also demonstrate the applicability of a RAIM algorithm for
the HAPS-aided GPS system, especially in the dense urban area.

INDEX TERMS High altitude platform station (HAPS), horizontal dilution of precision (HDOP), pseu-
dorange, receiver autonomous integrity monitoring (RAIM), vertical dilution of precision (VDOP).

I. INTRODUCTION

TODAY, many countries and the European union have
their own global navigation satellite systems (GNSSs).

However, 95 percent of the time, the global averaged hori-
zontal positioning accuracy of existing GNSSs is still at the
meter level, and it is even worse for the vertical positioning
accuracy [1], [2], [3], [4] due to the nature of the satel-
lite geometry. Although vertical positioning performance is
less important than horizontal positioning performance today,
it might be very important in the future, for instance, for
unmanned aerial vehicles (UAVs) flying in the 3D aerial
highways [5]. Thanks to ongoing research on localization and
navigation fields, there are a number of techniques developed
which can bring the positioning accuracy of systems involv-
ing satellites to the centimeter level. For example, Li et al.
have shown that centimeter-level positioning accuracy can
be achieved using the multi-constellation GNSS consisting
of Beidou, Galileo, GLONASS and GPS with precise point

positioning (PPP) [6]. Because most civilian applications
use single-frequency, low-cost receivers for localization and
navigation, many advanced positioning algorithms, includ-
ing PPP that delivers centimeter level positioning accuracy,
cannot be implemented. Therefore, the single point position-
ing (SPP) is the most commonly used algorithm in civilian
applications. But this is poised to change. As increasing
numbers of low-Earth-orbit (LEO) satellites are launched into
space, researchers are investigating the feasibility of utilizing
LEO satellites to aid the positioning service. For instance,
Li et al. have shown that a centimeter level Signal-In-Space
Ranging Error (SISRE) in the real-time PPP application can
be achieved using a LEO enhanced GNSS [7]. In the event
that GNSS signals are unavailable in urban areas, researchers
are also interested in building navigation systems that exclu-
sively rely on LEO satellite signals. For example, a position
root mean squared error (RMSE) of 14.8 m for a UAV has
been proven feasible using only two Orbcomm LEO satellites
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with the carrier phase differential algorithm [8]. Compared
to medium-Earth-orbit (MEO) satellites, which are typically
used in GNSSs, LEO satellites offer several advantages, such
as lower latency and less pathloss due to shorter distance to
ground users. LEO satellites also offer greater availability
due to the large number of them.
To further enhance high bandwidth networking coverage

in areas with obstacles, such as urban areas, another option
is the use of high altitude platform stations (HAPS)1, which
refer to aerial platforms positioned in the stratosphere with
a typical altitude of about 20 km. HAPS can be utilized for
many technologies coming in 5G even 6G and beyond such
as computation offloading [9], edge computing [10], and
aerial base station [11]. As urban areas are where GNSS
positioning performance degrades severely, while also being
where most people live, we could improve the position-
ing performance of GNSS by placing several HAPS above
metro cities and equipping them with satellite-grade atomic
clocks so that HAPS can be deployed as another type of
ranging source. Even though atomic clocks on satellites are
highly accurate, they are not perfect due to the time dila-
tion postulates made in both Einstein’s special theory of
relativity and the general theory of relativity. According to
Einstein’s special theory of relativity, an atomic clock on a
fast-moving satellite runs slower than a clock on Earth by
around 7 microseconds per day. On the other hand, accord-
ing to the general theory of relativity, an atomic clock which
experiences weaker gravity on a distant satellite runs faster
than a clock which experiences greater gravity on Earth by
about 45 microseconds per day [12]. As HAPS operate at
an altitude of around 20 km and can be quasi-stationary, the
time dilation is negligible from the perspective of special
relativity and greatly reduced from the perspective of gen-
eral relativity. Therefore, the atomic clocks on HAPS will
likely be more accurate than that on satellites, which can
make the estimation error of the HAPS clock offset smaller
than that of the satellite clock offset. Since HAPS are posi-
tioned much closer to the Earth than satellites, the pathloss
of a HAPS is expected to be much less, which will likely
make the received signal power of a HAPS stronger than that
of a satellite, thereby reducing the estimation error of the
parameters associated in the pseudorange measurement of the
HAPS signal. The movement of a HAPS can be confined to
a cylindrical region with a radius of 400 m and a height of
about 700 m [13], which can reduce the number of handovers
during the course of navigation and increase the utilization
efficiency during its operation life. As HAPS are positioned
in the stratosphere, which is below the ionosphere, their sig-
nals will likely be free of the ionospheric effect, which is
known to be one of the major sources of error in pseudorange
measurements. Therefore, the overall estimation error for a
HAPS will likely be smaller than that of a satellite. Similar to

1. In this paper, the acronym “HAPS” is used to denote “high alti-
tude platforms station” in both singular and plural forms, in line with the
convention adopted in the ITU (International Telecommunications Union)
documents.

the pseudorange measurement for a satellite, which incorpo-
rates the satellite position error, we should also consider the
position error in the pseudorange measurement for HAPS.
Fortunately, researchers have been investigating the position-
ing of HAPS and have demonstrated that HAPS positioning
errors are comparable to or lesser than satellite orbit errors.
For example, Dovis et al. prove that 0.5 m positioning accu-
racy (circular error probable [CEP] 68 percent) for a HAPS
is achievable using the modified RTK method [14]. There are
a handful of papers in the literature that have investigated
the HAPS-aided GNSS [15], [16], [17], [18]; however, to
the best of our knowledge, this paper is the first to provide
a comprehensive study of the positioning performance of a
HAPS-aided GNSS in urban areas.
There are plenty of operational GPS satellites that could

fail due to the degraded signal quality for reasons such as
obstruction, multipath, intentional or unintentional attacks,
thereby impacting the positioning performance of the GNSS.
In this case, a signal selection algorithm like the receiver
autonomous integrity monitoring (RAIM) algorithm, which
can detect and exclude poor quality signals, can be help-
ful in improving the positioning performance. For example,
about 35 percent decrease in RMS positioning error of the
GPS-only case and 50 percent decrease in RMS positioning
error of the GPS/GLONASS case in a severe urban scenario
have been achieved on smartphone GNSS chips by using a
RAIM algorithm [19]. Moreover, Yang and Xu propose a
robust estimation-based RAIM algorithm that can detect and
exclude multiple faulty satellites effectively with efficiency
higher than the conventional least squares (LS)-based RAIM
algorithm [20]. In this paper, we make three postulations:
1) a HAPS signal is free of the ionospheric effect; 2) the
estimation error of the HAPS clock offset is smaller than that
of the satellite clock offset; and 3) the received signal power
of a HAPS is higher than that of a satellite, all of which
contribute toward the assumption that the overall estimation
error of the parameters associated in the pseudorange equa-
tion for the HAPS is smaller than that for the satellite. Under
this assumption, we use the SPP algorithm developed in our
prior work [21] to show that HAPS can indeed improve the
positioning performance of legacy GNSSs in urban areas
through both a simulation and a physical experiment. We
also demonstrate the applicability of the RAIM algorithm to
a HAPS-aided GPS system, especially in dense urban areas.
Since the HAPS measurements are unavailable so far, they
are simulated in a rather simple but logical way in both
the simulation and physical experiment. The contributions
of this paper are listed below.

• First, using a commercial GNSS simulator, we simulate
the GPS pseudorange signals and generate the positions
of HAPS. By using the default system parameters as
well as a proper manipulation of the number of visible
satellites, we show that the positioning performance of
the GPS-only system in both the suburban and dense
urban areas are close to the real scenario. Moreover, we
show the positioning performance of different systems
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FIGURE 1. System model of the HAPS-aided GPS.

where different numbers of HAPS are used with or
without the GPS system. The issue of the ranging source
geometry is revealed from the simulation results.

• Next, we apply the SPP algorithm to the real GPS
data collected using two commercial GNSS receivers as
well as the HAPS data generated using the commercial
GNSS software. In so doing, we show the advantage
of the HAPS-aided GPS system in the sense of the
horizontal dilution of precision (HDOP) and the vertical
dilution of precision (VDOP).

• Finally, we implement a RAIM algorithm and demon-
strate its effectiveness in improving the 3D positioning
performance of the HAPS-aided GPS system, especially
in dense urban areas.

The rest of the paper is organized as follows: in Section II,
the system model, the SPP algorithm, and the RAIM algo-
rithm are described. In Section III, the simulation setup of
the HAPS-aided GPS system and the simulation results are
presented. In Section IV, the physical experiment setup and
results, including both the DOP analysis and the 3D posi-
tioning accuracy analysis, are provided. Finally, Section V
offers some conclusions and a discussion of future research
directions. For simplicity, the GNSS signal only involves the
GPS C/A L1 signal.

II. SYSTEM MODEL
The system model of the HAPS-aided GPS system is
depicted in Fig. 1. There are four satellites shown in Fig. 1,
this is just a reminder that at least four satellites are required
to perform precise 3D localization using GNSS. The typi-
cal choice for the elevation mask is 10 degrees. However,
we use 15 degrees as the elevation mask for the satellites
and HAPS due to the following reasons: 1) the atmospheric
error owing to the signal refraction can be neglected if the
elevation of a satellite is greater than 15 degrees [22], which
is likely true for a HAPS as well; 2) As there is a higher
chance of ensuring the required number of ranging source

FIGURE 2. Vehicle trajectory.

with HAPS, we can improve the positioning performance fur-
ther by only using those satellite signals with better quality.
The pseudorange equation for satellite is given by

pSAT = ρSAT + dSAT + c(dt − dTSAT ) + dion,SAT + dtrop,SAT

+ εmp,SAT + εp (1)

where pSAT denotes the satellite pseudorange measurement,
ρSAT is the geometric range between the satellite and receiver,
dSAT represents the satellite orbit error, c is the speed of
light, dt is the receiver clock offset from GPS time, dTSAT
is the satellite clock offset from GPS time, dion,SAT denotes
the ionospheric delay for satellite signals, dtrop,SAT denotes
the tropospheric delay for satellite signals, εmp,SAT is the
delay caused by the multipath for satellite signals, and εp
is the delay caused by the receiver noise. The pseudorange
equation for HAPS can be expressed as follows:

pHAPS = ρHAPS + dHAPS + c(dt − dTHAPS) + dtrop,HAPS
+ εmp,HAPS + εp (2)

where pHAPS denotes the HAPS pseudorange measurement,
ρHAPS represents the geometric range between the HAPS
and the receiver, dHAPS represents the HAPS position error,
dTHAPS is the HAPS clock offset from GPS time, dtrop,HAPS
denotes the tropospheric delay for HAPS signals, εmp,HAPS
is the delay caused by the multipath for HAPS signals. The
simulated vehicle trajectory originates at Carleton University,
which is in a suburban area, and ends at Rideau Street, which
is in a dense urban part of Ottawa (see Fig. 2). There are
six simulated HAPS shown as transmitters on Fig. 3. As we
can see, one HAPS is positioned over downtown Ottawa; the
other five HAPS are positioned nearby, over populated areas
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FIGURE 3. Locations of the simulated HAPS.

TABLE 1. Elevation and Azimuth of the HAPS at the start of the simulation.

and conservation areas. HAPS is quasi-stationary, meaning
that it will still be moving in a variety of manners. In this
work, all the HAPS are simulated to be following a circular
trajectory with a radius of 300 m. The elevation and azimuth
angles of all the HAPS at the beginning of the simulation
are listed in Table 1. The positions of HAPS were chosen to
provide a rich diversity in azimuth angles. With one HAPS
at the zenith and the others having relatively low eleva-
tion angles, this constitutes a near Zenith + Horizon (ZH)
geometry, which can deliver a reasonably good DOP [23].
To make sure the entire urban area is well covered, HAPS
are placed not too far away from the urban area. To bet-
ter understand the concept of DOP, the visual illustrations
of the HDOP and VDOP of the simulated HAPS constella-
tion are provided in Fig. 4 and Fig. 5, respectively. Due to
various errors impacting the pseudorange measurement, the
estimated distance between a HAPS and a receiver can be
smaller or larger than the geometric range. Objects with a
higher elevation angle will likely result in more uncertainty
for the vertical component and less uncertainty for the hor-
izontal component from the point of view of geometry, and
vice versa. The shaded area is where the receiver is estimated
to be.

A. THE SINGLE POINT POSITIONING (SPP) ALGORITHM
The single point positioning algorithm is implemented
on the basis of the SPP package developed by Napat
Tongkasem [24] with proper modifications [21] so that HAPS

FIGURE 4. HDOP of the simulated HAPS constellation (top view).

FIGURE 5. VDOP of the simulated HAPS constellation (front view).

can be incorporated in the SPP algorithm. Fig. 6 shows
the flowchart of the single point positioning algorithm. We
should point out that the implemented single point posi-
tioning algorithm is not the best positioning algorithm, and
that the objective of this work is to show the significance
of HAPS in aiding the positioning performance of a legacy
GNSS. The implemented SPP algorithm can be improved in
many ways. For example, if the knowledge of the measure-
ment error variance is available, we can apply the weighted
least squares (WLS) algorithm to enhance the positioning
performance of the SPP algorithm by lowering the weights
of those observations with higher variances [25]. If the
knowledge of the measurement error variance is unavailable,
the computational complexity of the SPP algorithm can be
reduced by imposing the Cholesky decomposition for the
matrix inversion in (9) [26]. We can also use the carrier
phase measurement to enhance the positioning performance
of the HAPS-aided GPS system, since carrier performance
of the HAPS-aided GPS system, since carrier phase mea-
surements come with much higher precision, which usually
delivers a more accurate position solution. Since the HAPS
clock offset in this work is not explicitly simulated, we sim-
ply use dT to denote the satellite clock offset. From the
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FIGURE 6. Flow chart of the single point positioning algorithm.

data collected by the GNSS receiver, we shall obtain both
the receiver independent exchange (RINEX) format obser-
vation file and the RINEX navigation file, from which we
can obtain satellite information, such as the satellite pseu-
dorange pSAT , the ionospheric parameters α, the Keplerian
parameters, the pseudo-random noise (PRN) code, which
represents the unique number of each satellite, the day of
year (DOY) which represents the day of year at the time
of measurement. We write PRN in bold to represent a vec-
tor containing the pseudo-random noise code of all visible
satellites at the current epoch. We are able to compute the
satellite positions, PSAT , and satellite clock offset, dT, using
the Keplerian parameters contained in the navigation file.

PHAPS denotes a vector containing the positions of all HAPS,
which are generated using the Skydel GNSS simulator [27],
and pHAPS denotes a vector containing the HAPS pseudor-
ange, which will be explained in Section III. To compute the
position solution x, we first initialize the receiver position to
the center of the Earth; then we initialize the receiver clock
offset to zero and the change in estimates dx to infinity. For
each epoch of measurement, we first check if the number of
available ranging sources is more than three, as at least four
ranging sources are required to perform precise 3D localiza-
tion. Since the receiver position is iteratively estimated, we
calculate the elevation angles for both satellites and HAPS
with respect to the recently estimated receiver position. Since
both the tropospheric delay and the ionospheric delay are
functions of the receiver position, these two atmospheric
delays are estimated iteratively as well. The elevation angle,
satellite pseudorange, HAPS pseudorange, satellite position,
satellite clock offset, tropospheric delay dtrop, ionospheric
delay dion, and pseudo-random noise (PRN) code are mod-
ified iteratively on the basis of the re-computed elevation
angles for both satellites and HAPS. To prepare the param-
eters needed for the least square method, the pseudorange
needs to be corrected as follows:

pcSAT = pSAT + c · dT − dtrop,SAT − dion,SAT (3)

where pcSAT represents the corrected pseudorange for the
satellites, and pSAT represents the uncorrected pseudorange
for the satellites. In this work, the HAPS pseudorange is
modeled as the sum of the geometric range and the pseudor-
ange error,which represents the overall estimation error of the
parameters in the HAPS pseudorange equation. Accordingly,
the HAPS pseudorange does not need to be corrected. Due
to the Earth’s rotation, the positions of satellites and HAPS
at the signal emission time are different from their positions
at the signal reception time; this is known as the Sagnac
effect [28]. The coordinates of satellites/HAPS can be trans-
formed from the signal emission time to the signal reception
time by [28]

�tROT = trx − ttx (4)

Pi,rx = MROT(ωE × �tROT)Pi,tx (5)

where �tROT denotes the signal propagation time, trx rep-
resents the signal reception time, ttx represents the signal
emission time, Pi,rx is the ith satellite/HAPS coordinates at
the signal reception time, Pi,tx is the ith satellite/HAPS coor-
dinates at the signal emission time, ωE denotes the Earth’s
rotation rate, and MROT(ωE×�tROT) is known as the rotation
matrix, which is described as follows:

MROT (ωE × �tROT )

=
⎡
⎣

cos(ωE × �tROT ) sin(ωE × �tROT ) 0
− sin(ωE × �tROT )0 cos(ωE × �tROT ) 0

0 0 1

⎤
⎦. (6)

The line-of-sight vector v, and the true range between
ranging sources and receiver ρ, are then calculated to
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compute the a priori range residual vector b and the design
matrix H, where

b = pc − ρ (7)

H =
[
v, 1length(Pc)×1

]
(8)

where pc is the corrected satellite pseudorange combined
with the corrected HAPS pseudorange, 1length(Pc)×1 denotes
a column vector of length being the total number of visible
ranging sources, and Pc is a vector containing the corrected
positions of the visible ranging sources (i.e., satellite +
HAPS). Finally, the least square solution is computed as
follows:

Q = (
H′H

)−1 (9)

dx = QH′b (10)

dt = dx(4)/c (11)

where Q is known as the covariance matrix, and dx(4)

denotes the fourth element in the vector dx. To prevent the
algorithm from getting numerical issues, we should ensure
the term being inversed in (9) is non-singular; in other
words, the design matrix H should be non-singular. With
the extra observations by utilizing HAPS as additional rang-
ing sources, the chance of H being singular is likely reduced;
the non-singular design matrix can be ensured by avoiding
the use of collinear observations, which means that two or
more observations have about the same azimuth and eleva-
tion angle. We observe that the term being inversed in (9),
H′H, is a Hermitian, positive definite matrix, therefore the
Cholesky decomposition can be imposed to reduce the com-
putational complexity [26]. The covariance matrix, Q, is
described by

Q =

⎡
⎢⎢⎣

σ 2
x σxy σxz σxt

σxy σ 2
y σyz σyt

σxz σyz σ 2
z σzt

σxt σyt σzt σ 2
t

⎤
⎥⎥⎦ (12)

where receiver coordinates x, y, z in the Earth-centered
Earth-fixed (ECEF) coordinate frame and the receiver clock
offset, respectively. The least square solution will be found
when the norm of the change in receiver position dx(1:3)

is sufficiently small. In this work, this threshold is set as
0.01 m. We use the HDOP, the VDOP and the 3D posi-
tioning accuracy as the metrics to show the advantage of
the proposed HAPS-aided GPS system; the 3D positioning
accuracy is used to show the applicability of the RAIM to
the HAPS-aided GPS system. To compute the HDOP, we
need to convert the covariance matrix into the local north-
east-down (NED) coordinate frame, which can be done with
the following equations [29]:

QNED = R′Q̃R =
⎡
⎣

σ 2
n σne σnd

σne σ 2
e σed

σnd σed σ 2
d

⎤
⎦ (13)

Algorithm 1 The C/N_0-Based RAIM Algorithm
Input: The SPP estimated position solution x and C/N0;
Output: The SPP and RAIM jointly estimated position
solution x̂.
1: Initialize the parameters stop and dx;
2: while |dx(1:3)| > 0.01 do
3: Same procedures as the SPP algorithm until “Finding

parameters” after correcting for the Sagnac effect;
4: for i = 1 to N do
5: if stop == 1 do
6: Find the variance of the observation i, si, accord-

ing to (19);
7: end if
8: end for
9: Find the weight matrix W and the design matrix H,

and calculate the covariance matrix Q according
to (20);

10: Calculate the change in estimates dx according to (21),
and update the position solution x;

11: Calculate the pseudorange residual v̂ according
to (22), and the covariance matrix of the residuals
Ĉv according to (24);

12: for i = 1 to N do
13: Find the normalized residual of observation i at the

current iteration k, wi,k according to (26);
14: if |wi,k| > n1−(α0/2) do
15: Update the variance of the observation i for the

next iteration k + 1, σ 2
i,k+1, according to (25);

16: end if
17: end for
18: end while

Q̃ =
⎡
⎣

σ 2
x σxy σxz

σxy σ 2
y σyz

σxz σyz σ 2
z

⎤
⎦ (14)

R =
⎡
⎣

− sin λ cos λ 0
− cos λ sin ϕ − sin λ sin ϕ cos ϕ

cos λ cos ϕ sin λ cos ϕ sin ϕ

⎤
⎦ (15)

where σn, σe, and σd represent the receiver position errors
in the local north, east, and down directions, respectively.
λ and ϕ represent the longitude and latitude of the receiver,
respectively. Then, the HDOP is described by

HDOP =
√

σ 2
n + σ 2

e (16)

and the VDOP is described by

VDOP =
√

σ 2
d . (17)

B. THE RECEIVER AUTONOMOUS INTEGRITY
MONITORING (RAIM) ALGORITHM

The RAIM algorithm is a signal selection algorithm that
can detect and even exclude abnormal observations using
redundant measurements. It can detect an abnormal obser-
vation when the number of observations is at least five; it
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can exclude this abnormal observation when the number of
observations is at least six. The RAIM algorithm is typically
applied to multi-constellation GNSSs where the number of
ranging sources is more than enough to perform precise
3D localization, and it is typically applied to cases where
there likely exists at least one observation that differs from
the expected value significantly. Such cases include urban
areas, where the pseudorange measurement is highly subject
to the multipath effect. With the assistance from HAPS, the
chance of enabling the RAIM function will likely increase.
Typical RAIM algorithms tend to use the standard deviation
of the target observable, which is the pseudorange measure-
ment in our work. As knowledge of the standard deviation
of the satellite pseudorange is unavailable on the receivers
we use, in this work the RAIM algorithm is implemented
on the basis of [30], which considers a C/N0-based vari-
ance model and a computationally efficient method, namely
the modified Danish estimation method.2 The implemented
C/N0-based RAIM algorithm is given in Alg. 1, where N
denotes the number of visible ranging sources. The input to
this algorithm consists of the position fix computed using
the SPP algorithm x, and the C/N0 of the ranging source
signal. Since HAPS are located at much lower altitudes than
satellites, in practice the C/N0 value of the HAPS might
be higher than that for any satellite. As it is possible that a
handful of HAPS signals might suffer from severe multipath
effects, we can exclude those HAPS signals whose C/N0
values are much lower than the higher ones. In this work,
the multipath effect is not explicitly simulated for the HAPS
signal; therefore, we assume that the C/N0 of each HAPS
is equal to the maximum C/N0 value of the available satel-
lites at each epoch, meaning that the signal quality for a
HAPS will always be better than that for any satellites. The
variance covariance matrix (VCM) � of the observations
(pseudoranges) p is defined as follows:

� = diag(s1, s2, . . . , sn) (18)

si = 10 + 1502 ∗ 10(−C/N0,i)/10 (19)

where si denotes the variance of the observation i. We assume
that the observations are uncorrelated, and that the errors
follow the normal distribution with N(0,�). The weight
matrix, W, is defined as the inverse of the VCM, �−1. The
least square equations become

Q = (
H′WH

)−1 (20)

dx = QH′WP. (21)

The least square residuals of the pseudorange v̂ can be
obtained as follows:

v̂ = H · dx− P (22)

2. To the best of our knowledge, RAIM is the most common algorithm
used for integrity monitoring. Since we only have the C/N0 data which can
be utilized for the integrity monitoring, we could not identify in the literature
any other appropriate RAIM-like algorithm for comparison. However, we
believe that the other RAIM algorithms would also be applicable if the
knowledge of the standard deviation of the satellite pseudorange happens
to be available.

P = pc − ρ (23)

where H represents the design matrix, dx represents the
change in estimates, pc denotes the corrected pseudoranges,
and ρ denotes the geometric range between ranging sources
and the receiver. The covariance matrix of the residuals, Ĉv,
is computed as

Ĉv = � −H
(
HT�−1H

)−1
HT . (24)

To detect and exclude the abnormal observations, we
follow the modified Danish estimation method proposed
in [30].

σ 2
i,k+1 = σ 2

i,0 ·
{

exp
( |wi,k|

T

)
,

∣∣wi,k
∣∣ > n1−(α0/2)

1,
∣∣wi,k

∣∣ ≤ n1−(α0/2)

(25)

with

wi,k = v̂i,k√(
Ĉvi,1

)
ii

(26)

where σ 2
i,0 denotes the a priori variance of the observation i

(i.e., si), wi,k denotes the normalized residual of observation i
at iteration k,

√
(Ĉvi,1)ii represents the standard deviation

of observation i from the first iteration, n1−(α0/2) denotes
the α0-quantile of the standard normal distribution, which
is also called the critical value, α0 is the predetermined
false alarm rate which is 0.5% in this work. The modified
Danish method is an iteratively reweighted LS algorithm
that implements a robust estimator. This method detects and
excludes abnormal observations by comparing the absolute
value of each normalized pseudorange residual, |wi,k|, with
the critical value, n1−(α0/2), in each iteration. The variances
for the observations whose normalized residuals are greater
than the critical value are multiplied with exponential terms,
making the variances of those observations larger, hence
lowering the weight of those observations. By iteratively
multiplying the variances of the abnormal observations by
exponential terms, the weight of the abnormal observations
will likely become much smaller than that of the normal
observations; therefore, the abnormal observations can be
considered as being excluded.

III. SIMULATION OF THE HAPS-AIDED GPS SYSTEM
In this section, we will describe the simulation setup used in
the Skydel GNSS software [27] and present the simulation
results in terms of 3D positioning accuracy for several hybrid
systems and two standalone systems in both a suburban
scenario and a dense urban scenario.

A. SIMULATION SETUP
The system model is established using the default Earth
orientation parameters of the Skydel GNSS simulation
software [27], which considers all GPS satellites orbit-
ing around the Earth and transmitting the L1 C/A code.
The Saastamoinen model is chosen to emulate the tro-
pospheric effect, and the Klobuchar model is chosen to
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TABLE 2. Details of the simulation setup.

emulate the ionospheric effect using the default Klobuchar
parameters that come with the software. The output from
Skydel contains the ECEF coordinates of satellites at the
signal emission time, the ionospheric corrections, the tro-
pospheric corrections, the satellite clock offsets, the ECEF
coordinates of the receiver, the signal emission time, and
so forth, at each time stamp from the start of the simula-
tion. The receiver clock offset in the simulation is zero by
default. The correction terms in the pseudorange equation
of satellite including the satellite orbit error, the multipath
error, and the receiver noise are not separately consid-
ered in the simulation; instead, a pseudorange error is
introduced to reflect the presence of those effects. The pseu-
dorange error of satellite is featured using the built-in first
order Gauss-Markov process with a default time constant
of 10 s, and the standard deviation of 6 m. The continuous
model for the first order Gauss-Markov process is described
by [31]:

ẋ = − 1

Tc
x+ w (27)

where x represents a random process with zero mean, corre-
lation time Tc, and noise w. The autocorrelation of the first
order Gauss-Markov process is described by [32]:

R(�t) = σ 2e−
|�t|
τ (28)

where �t represents the sampling interval, σ and τ denote
the standard deviation and the time constant of the first
order Gauss-Markov process, respectively. The characteris-
tics of the pseudorange errors for satellites are set to be
the same in both the suburban scenario and the dense urban
scenario. However, we randomly select four satellites in the
dense urban scenario in order to emulate the dense urban
area in a rather simple way. We verify that by doing so,
the standard deviation of the 3D positioning accuracy for
the GPS-only system in the simulation is close to that in the
physical experiment. The pseudorange error for the HAPS is
modeled using the Gaussian noise with standard deviations
of 2 m and 5 m, representing the suburban and the dense
urban scenario, respectively. Under the assumption that the

overall estimation error of the HAPS is less than that of the
satellite, the standard deviation for the HAPS pseudorange
error is deliberately set to be smaller than that of the satellite
pseudorange error in the suburban and dense urban scenar-
ios. To investigate the impact of the number of HAPS on
the positioning performance of the HAPS-aided GPS system,
we consider four hybrid systems with different numbers of
randomly selected HAPS at each epoch. We also consider
the HAPS-only system for the completeness of a research
problem. Under this setting, we examine the 3D position-
ing performance of different systems in the suburban and
dense urban scenarios. In the suburban scenario, the number
of visible satellites varies between eight and ten, while in
the dense urban scenario the number of visible satellites is
set to four. The details of the simulation setup are given
in Table 2.

B. SIMULATION RESULTS
Fig. 7 shows the cumulative distribution function (CDF) of
the 3D positioning accuracy for different positioning systems
in the suburban scenario. With the assumption that the pseu-
dorange error for a HAPS is smaller than that of a satellite,
we can see from Fig. 7 that all the hybrid systems (HAPS
+ GPS) outperform the GPS-only system; the more HAPS,
the better the positioning performance of the HAPS-aided
GPS system. Nevertheless, we observe that the positioning
performance of the 4-HAPS-only system, where all rang-
ing sources have a much smaller pseudorange error than
the satellite, is not the best and can occasionally be very
poor. This may be due to the following reasons: 1) the
4-HAPS-only system has much fewer ranging sources for
computing receiver positions; 2) the HAPS geometry can
be poor occasionally since we are randomly selecting four
HAPS at each epoch. There are several cases where the
HAPS geometry is considered poor. For example, when the
four randomly selected HAPS are on the same side of the
receiver. The CDF of the 3D positioning accuracy for differ-
ent positioning systems in the dense urban scenario is shown
in Fig. 8, from which we can see a similar trend that the more
HAPS the better the positioning performance of the HAPS-
aided GPS system. In the dense urban scenario, where only
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FIGURE 7. CDF of the 3D positioning accuracy for different systems (suburban
scenario).

FIGURE 8. CDF of the 3D positioning accuracy for different systems (dense urban
scenario).

four GPS satellites are selected for positioning, the 4-HAPS-
only system achieves better positioning performance than the
4-GPS-only system due to the better signal quality for the
HAPS. However, we should consider using the HAPS-aided
GPS system for the best positioning performance.

IV. FIELD EXPERIMENTS
To verify and support the simulation results, we process
the raw GNSS data collected using two commercial GNSS
receivers. In this section, we present the experiment setup,
the modeling of HAPS signals, and the HAPS pseudorange
error. We also provide an analysis of the DOP and the 3D
positioning accuracy for both the GPS-only system and the
HAPS-aided GPS system.

FIGURE 9. Positioning performance of M8T and M8U for horizontal and vertical
planes.

A. EXPERIMENT SETUP
The raw GNSS data is collected along a vehicle trajectory
similar to the one shown in Fig. 2, except for a slight dif-
ference due to a partial road closure on the day of data
collection. The raw GNSS data is collected using both the
Ublox EVK-M8T and the Ublox EVK-M8U GNSS units.
The Ublox EVK-M8T unit is a timing product that can
provide users with precise timing information for post-
processing; the Ublox EVK-M8U unit is a dead reckoning
product equipped with inertial measurement units (IMUs)
such that the positioning performance of this product will
not be degraded much even in the dense urban area. Fig. 9
shows the positioning performance along both horizontal and
vertical planes for both M8T and M8U during the entire
observation period. From Fig. 9, we can see that M8U out-
performs M8T for both horizontal positioning accuracy and
vertical positioning accuracy. As only M8T provides the
timing information required for post-processing, the receiver
positions computed by EVK-M8U are used as the ground
truth data for the analysis of the positioning performance.
The raw GNSS data is processed using the single point posi-
tioning algorithm described in Section II. Table 3 gives the
specifications of the EVK-M8T GNSS unit. To emulate real-
istic LOS conditions for HAPS in the urban area, the LOS
probability as a function of the HAPS elevation angle in the
urban area is implemented on the basis of [33] and [34].
It is worth mentioning that the LOS probability model for
the HAPS provided by [33] is proposed based on the city
of Chicago; imposing this LOS probability model for the
dense urban area of Ottawa might be too harsh consider-
ing their incompatible city scales. Since there is no LOS
probability corresponding to the suburban area in [34], the
one for rural area in [34] is used as the LOS probability for
the HAPS in the suburban area. The LOS probability for the
HAPS in the rural area in [34] is verified as being consistent
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FIGURE 10. HAPS availability during the entire observation period.

TABLE 3. EVK-M8T GNSS unit specifications [35].

with the LOS probability for the HAPS in the suburban area
in [33]. The pseudorange of the HAPS in the experiment is
modeled as the addition of the geometric range between the
satellite and receiver, the receiver clock offset multiplied by
the speed of light, and the pseudorange error representing
the sum of all kinds of estimation errors. The pseudorange
errors for the HAPS in the suburban and dense urban areas
are simulated as Gaussian noise with zero mean and standard
deviations of 2 m and 5 m, respectively. Since the vehicle
trajectory involves both suburban and dense urban areas, the
entire route is divided into two segments, where the first
segment is considered as the suburban scenario while the
second segment is considered as the dense urban scenario
(see Fig. 2). By observing the positioning performance of
the GPS-only system using the real GPS data, the LOS
probability for the suburban area is applied to the HAPS
for epochs less than 380 s, and the LOS probability for
the dense urban area is applied to the HAPS for epochs

greater than or equal to 380 s. Since the GNSS receivers
we use do not provide an accurate receiver clock offset with
respect to the GPS time, the receiver clock offset in each
epoch is estimated by using the ground truth receiver posi-
tions provided from Ublox EVK-M8U and the precise timing
information, such as the receiver clock drift and the receiver
clock bias, provided from Ublox EVK-M8T. We should note
that the pseudorange of the HAPS in the experiment is
modeled as a function of the receiver clock offset, which
is estimated with best effort. Nevertheless, additional errors
should be expected in the pseudorange of the HAPS with the
magnitude depending on the quality of all visible satellite
signals and the ground truth receiver position. As we would
expect the quality of the satellite signals in the suburban area
to be better than that in the dense urban area, we should
also expect the receiver clock offset to be estimated with
higher accuracy in the suburban area than in the dense urban
area.

B. EXPERIMENT RESULTS
With more ranging sources, we should expect the avail-
ability of the HAPS-aided GPS system to be higher than
the GPS-only system. The availability of HAPS and GPS
satellite during the entire course of observation is shown in
Fig. 10. As we can see, the availability of the HAPS-aided
GPS system during the entire observation period is 100%,
while the availability of the GPS-only system is 99.71%
as there are two epochs (circled in a black ellipse) where
the number of GPS satellites is three. While the difference
between the availability of the HAPS-aided GPS system
and the GPS-only system is not significant, this is probably
because Ottawa is a relatively small metro city compared
to the metro cities like Chicago. In the following, we first
present a comparison of the HDOP and VDOP between the
HAPS-aided GPS system and the GPS-only system. Next, we
analyze the 3D positioning performance for both the GPS-
only system and the HAPS-aided GPS system. To show the
improvements brought by the RAIM algorithm, we com-
pare the RAIM-enabled positioning systems, where both the
SPP and the RAIM algorithms are applied, with the RAIM-
disabled positioning systems, where only the SPP algorithm
is applied.

1) DILUTION OF PRECISION ANALYSIS

Fig. 11 shows the HDOP and VDOP of the GPS-only system
and the HAPS-aided GPS system. As we can see, both
the HDOP and VDOP of the HAPS-aided GPS system
are better than that of the GPS-only system. In particu-
lar, we notice that there are fewer spikes on the HDOP and
VDOP performance of the HAPS-aided GPS system, which
demonstrates that the HDOP and VDOP performance of the
HAPS-aided GPS system is more stable than the GPS-only
system.
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FIGURE 11. HDOP (top) and VDOP (bottom).

FIGURE 12. CDF of the 3D positioning accuracy in the suburban area.

2) 3D POSITIONING ACCURACY ANALYSIS

The CDFs of the 3D positioning accuracy for both the sub-
urban area and the dense urban area are shown in Fig. 12
and Fig. 13, respectively. As we can see, without enabling
the RAIM, the 90-percentile 3D positioning accuracy of the
GPS-only system can be improved by 36% in the suburban
area, and 33.64% in the dense urban area with the assis-
tance from the HAPS. With the RAIM turned on, we can
observe that the positioning performance of both the GPS-
only system and the HAPS-aided GPS system can be further
improved. Yet we notice that the improvement brought by
the RAIM in the suburban area for the GPS-only system is
almost negligible, while it is more tangible for the HAPS-
aided GPS system. This is because the quality of signals in
the suburban area tends to be great, and the HAPS-aided GPS
system has a relatively higher chance to enable the RAIM as

FIGURE 13. CDF of the 3D positioning accuracy in the dense urban area.

there are more ranging sources in the system. This observa-
tion is also applicable to the dense urban scenario where the
90-percentile 3D positioning accuracy of the HAPS-aided
GPS system is improved by 45.2%, which is much more
significant than that for the GPS-only system. For the dense
urban scenario where the multipath is severe, the RAIM
algorithm plays a more significant role, especially in the
HAPS-aided GPS system. The reason behind this is that the
number of visible satellites in the dense urban area is low,
making the RAIM algorithm for the GPS-only system less
effective. Since the implemented RAIM algorithm detects
and excludes an abnormal observation by multiplying its
variance with an exponential term if the absolute value of
its normalized pseudorange residual surpasses the critical
value, we count the number of times where the absolute
value of the normalized pseudorange residuals surpass the
critical value for both systems considered and for both the
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suburban scenario and the dense urban scenario. For conve-
nience, we rephrase the number of times where the absolute
value of the normalized pseudorange residuals surpass the
critical value as the number of times the RAIM is enabled.
With the system model considered in this work, we find that
the number of times the RAIM is enabled for the GPS-only
system is roughly 23.84% as many as the number of times
the RAIM is enabled for the HAPS-aided GPS system in
the suburban area; and the number of times the RAIM is
enabled for the GPS-only system is about 50.72% as many
as the number of times the RAIM is enabled for the HAPS-
aided GPS system in the dense urban area. This demonstrates
the applicability of the RAIM algorithm on the HAPS-aided
GPS system, especially in the dense urban area.

V. CONCLUSION
HAPS have a number of advantages over satellites, includ-
ing (but not limited to) lower latency, lower pathloss, smaller
pseudorange errors, and HAPS can provide continuous cover-
age to reduce the number of handovers for users. This makes
HAPS an excellent candidate to serve as another type of
ranging source. Since urban areas are where GNSS position-
ing performance degrades severely, while also being where
most people live, deploying several HAPS as additional rang-
ing sources above metropolitan cities would improve GNSS
positioning performance and maximize the profit of the extra
payloads on HAPS. From both the simulation and physi-
cal experiment results, we observed that HAPS can indeed
improve the HDOP, the VDOP, and the 3D positioning accu-
racy of a legacy GNSS. With the system model considered
in this work, we showed that the 90-percentile 3D position-
ing accuracy of the GPS-only system can be improved by
around 35% in both suburban and dense urban areas. We
demonstrated the applicability of the RAIM algorithm for
the HAPS-aided GPS system, especially in the dense urban
areas. To enhance the simulation of the HAPS-aided GPS,
the receiver clock offset should be estimated with higher
accuracy. We think the effectiveness of the RAIM algo-
rithm can be improved if the standard deviation of the target
observable is available. To further improve the positioning
performance for urban areas, we can make use of terrestrial
signals such as cellular network signals and multipath sig-
nals. This would constitute a vertical heterogeneous network
(V-Het-Net) positioning system, which we believe will yield
a lower VDOP based on the DOP illustration presented in
this paper.
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