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Abstract—Today the global averaged civilian positioning 

accuracy is still at meter level for all existing Global Navigation 

Satellite Systems (GNSSs), and the civilian positioning 

performance is even worse in regions such as the Arctic region 

and the urban areas. In this work, we examine the positioning 

performance of the High Altitude Platform Station (HAPS)-

aided GPS system in an urban area via both simulation and 

physical experiment. HAPS can support GNSS in many ways, 

herein we treat the HAPS as an additional ranging source. From 

both simulation and experiment results, we can observe that 

HAPS can improve the horizontal dilution of precision (HDOP) 

and the 3D positioning accuracy. The simulated positioning 

performance of the HAPS-aided GPS system is subject to the 

estimation accuracy of the receiver clock offset. This work also 

presents the future work and challenges in modelling the 

pseudorange of HAPS.  
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I. INTRODUCTION  

The global navigation satellite system (GNSS) has been 
around for decades. Since the first launch of a legacy GNSS 
in 1978, the global positioning system (GPS) owned by the 
US, the positioning accuracy brought by satellites has been 
improving thanks to the ongoing research in the associated 
scientific fields. Depending on the application, centimeter 
level accuracy can be obtained by techniques such as 
differential GPS (DGPS), real-time kinematic (RTK), multi-
constellation GNSS and so forth. For example, the multi-
constellation GNSS (BeiDou + Galileo + GLONASS + GPS) 
has been shown to not only shorten the convergence time, but 
also to provide centimeter-level positioning accuracy even 
with 40° cut-off elevation using the precise positioning 
algorithm [1]. Although numerous techniques have been 
developed to achieve centimeter-level positioning accuracy, 
many of which are not suitable for civilian applications such 
as smartphones, smartwatches, bikes, and so on. Most civilian 
applications use single frequency and low cost receivers for 
navigation and positioning, hence precise positioning is not 
applicable due to reasons such as the incomplete elimination 
of the ionospheric delay which appears to be one of the largest 
error sources in the pseudorange measurement. For similar 
reasons, the most common algorithm used in the civilian 
applications is therefore the single point positioning algorithm 
which only requires a single frequency in localization. 
However the global averaged positioning accuracy of using 
the single point positioning algorithm is still at meter level. 
For example, the 95% global averaged horizontal error is less 
than or equal to 8 m and the 95% global averaged vertical error 
is less than or equal to 13 m for the GPS system [2]; the 95% 
global averaged horizontal error is less than or equal to 9 m 
and the 95 % global averaged vertical error is less than or 
equal to 10 m for the BeiDou Navigation Satellite System 
(BDS) [3]; the 95% global averaged horizontal error is less 
than or equal to 5 m and the 95% global averaged   vertical 
error is less than or equal to 9 m for GLONASS [4]; the 95% 

global averaged positioning error is less than or equal to 7 m 
for Galileo [5]. The positioning performance of the GNSS is 
even worse in the urban area.  

Today there are many low Earth orbit (LEO) satellites 
launched into space, people are also interested in utilizing 
LEO satellites to aid positioning service. For instance, Li et al. 
prove that the LEO enhanced GNSS can provide centimeter 
level Signal-In-Space Ranging Error (SISRE) in real-time 
precise point positioning (PPP) application [6]. Furthermore, 
researchers have also been investigating the navigation 
performance which relies exclusively on the LEO satellite 
signals in case the GNSS signals are unavailable. Khalife et 
al. have shown that a position root mean squared error 
(RMSE) of 14.8 m for an unmanned aerial vehicle (UAV) can 
be achieved with only two Orbcomm LEO satellites using the 
carrier phase differential algorithm [7]. Compare LEO 
satellites with the typical satellites used in the traditional 
GNSS which are the medium Earth orbit (MEO) satellites, 
LEO exhibits the advantages including but not limited to 
shorter propagation delay and lower pathloss due to shorter 
distance to the ground user, wider coverage and higher 
availability due to the enormous number of satellites 
simultaneously visible/available for positioning. To further 
enhance high bandwidth networking coverage in challenging 
areas, High Altitude Platform Stations (HAPS), which resides 
in the stratosphere with a typical altitude of about 20 km, can 
be introduced. As urban area is the region where the GNSS 
positioning performance degrades most severely, we could 
utilize HAPS as another ranging source by equipping it with a 
satellite-grade atomic clock on top of a metro city. Since 
HAPS is only 20 km above the ground, the pathloss of the 
HAPS signal is expected to be much less than that for any 
satellites, making the received signal power of HAPS stronger 
than that of satellite, which likely renders less estimation error 
in the multipath mitigation of the HAPS signal. HAPS is 
quasi-stationary as it does not orbit around the globe, this can 
reduce the number of handovers during the course of 
positioning. Moreover the HAPS signal does not suffer from 
the ionospheric effect since it is transmitted from below the 
ionosphere. Therefore the pseudorange from HAPS can likely 
be estimated with less error compared with that from satellites. 
Similar to the pseudorange from satellites which incorporates 
satellite position error, we should also consider the position 
error in the pseudorange measurement for HAPS. Fortunately, 
there are ongoing research in the literature investigating the 
positioning of HAPS and showing HAPS positioning error 
can be comparable or even better than the satellite orbit error. 
For example, a 0.5 m positioning accuracy (circular error 
probable [CEP] 68 percent) for HAPS has been shown 
achievable using the modified RTK method [8]. In fact, there 
are a handful of papers in the literature investigating the 
HAPS-aided GNSS positioning performance [9]-[12], but 
none of which considers utilizing HAPS for the sole mission 
of improving the GNSS positioning performance in the urban 
area. In this work we examine the HAPS-aided GNSS 
positioning performance in the urban area via both simulation 
and physical experiment. For simplicity, the GNSS signal only 



involves the GPS C/A L1 signal, and the single point 
positioning algorithm is used to compute the position solution. 

II. SYSTEM MODEL 

The general system model is depicted in Fig. 1. The HAPS 
is situated at 20 km above ground in the stratosphere which is 
below the ionosphere. 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. Although 
only a selection of visible satellites is used in position solution 
calculation in reality, in this work all available satellites are 
used in position solution calculation for simplicity. The 
elevation masks for both satellite and HAPS are chosen to be 
15 degrees. 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 is described by 

  
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. In this 
work, the satellite orbit error, the HAPS position error, and 
the HAPS clock offset are assumed to be zero for simplicity. 
The simulated vehicle trajectory originates from Carleton 
University in the suburban area and ends at the Rideau Street 
of Ottawa in the dense urban area (see Fig. 2). There are four 
simulated HAPS where one HAPS is following a circular 
trajectory on top of the downtown Ottawa area, and the other 
three HAPS are following similar circular trajectories on top 
of three populated regions near Ottawa. Note that HAPS is 
quasi-stationary due to factors such as wind, it can move 
within a confined space. Fig. 3 shows the flowchart of the 
single point positioning algorithm. Since the HAPS clock 
offset in this work is assumed zero, we simply use 𝑑𝑇  to 
denote the satellite clock offset. From the data collected by 
the GNSS receiver, we shall obtain both the receiver 
independent exchange (RINEX) format observation file and 
the RINEX navigation file, which contains the satellite 
information such as the pseudorange, the ionospheric 
parameters, 𝜶, the Keplerian parameters, and so on. With that 
information, we know 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. Note that 𝑷𝑹𝑵 is in bold to represent a vector  

 

Fig. 1: System model of the HAPS-aided GPS system. 

 

Fig. 2: Vehicle trajectory. 

containing the pseudo-random noise code of all visible 
satellites at the current epoch and the current iteration of 
estimation. We can 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 [13], and 𝒑𝑯𝑨𝑷𝑺 denotes a 
vector containing the HAPS pseudorange which will be 
explained in Section III. To compute the position solution, 𝒙, 
we firstly initialize the receiver position to the center of the 
Earth, and the receiver clock offset is initialized to zero. The 
change in estimate, 𝒅𝒙 , is initialized to infinity. For each 
epoch of measurement, we will 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 
localization. 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  



 

Fig. 3: Flow chart of the single point positioning algorithm. 

elevation angle, satellite pseudorange, HAPS pseudorange, 
satellite position, satellite clock offset, the tropospheric 
delay, 𝒅𝒕𝒓𝒐𝒑 , the ionospheric delay, 𝒅𝒊𝒐𝒏 , and the pseudo-

random noise (𝑷𝑹𝑵) code are modified iteratively based on 
the re-computed elevation angles for both satellites and 
HAPS. To prepare the parameters needed for the least square 
methods, the corrected pseudorange needs to be computed as 
follows: 

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

where 𝒑𝑺𝑨𝑻
𝒄  represents the corrected pseudorange for 

satellite, 𝒑𝑺𝑨𝑻  represents the uncorrected pseudorange for 
satellite.  Since the pseudorange error of HAPS is modeled as 
Gaussian noise representing the estimation residual, the 
HAPS pseudorange does not need to be corrected. Due to the 
Earth rotation, the positions of satellites and HAPS at the 
signal emission time are different from that at the signal 
reception time, this is known as the Sagnac effect [14]. The 

coordinates of satellite/HAPS can be transformed from the 
signal emission time to the signal reception time by [14] 

∆𝑡𝑅𝑂𝑇 = 𝑡𝑟𝑥 − 𝑡𝑡𝑥                             (4) 

𝑃𝑖,𝑟𝑥 = 𝑀𝑅𝑂𝑇(𝜔𝐸 × ∆𝑡𝑅𝑂𝑇)𝑃𝑖,𝑡𝑥                 (5) 

where ∆𝑡𝑅𝑂𝑇  denotes the signal propagation time, 𝑡𝑟𝑥 
represents 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 

coordinates 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 by 

𝑀𝑅𝑂𝑇(𝜔𝐸 × ∆𝑡𝑅𝑂𝑇)

= [
cos(𝜔𝐸 × ∆𝑡𝑅𝑂𝑇) sin(𝜔𝐸 × ∆𝑡𝑅𝑂𝑇) 0

− sin(𝜔𝐸 × ∆𝑡𝑅𝑂𝑇)
0

cos(𝜔𝐸 × ∆𝑡𝑅𝑂𝑇)
0

0
1

] . 

       (6) 

The line-of-sight vector, 𝒗, and the geometric range between 
ranging sources and receiver, 𝝆 , are then calculated to 
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. At last, the least 
square solution is computed as 

𝑸 = (𝑯′𝑯)−1                            (9) 

𝒅𝒙 = 𝑸𝑯′𝒃                             (10) 

𝑑𝑡 = 𝒅𝒙(4)/𝑐                           (11) 

where Q is known as the covariance matrix, 𝒅𝒙(4) means the 
fourth element in the vector 𝒅𝒙. The covariance matrix, 𝑸, is 
described by 

𝑸 =

[
 
 
 
 
𝜎𝑥

2 𝜎𝑥𝑦 𝜎𝑥𝑧 𝜎𝑥𝑡

𝜎𝑥𝑦 𝜎𝑦
2 𝜎𝑦𝑧 𝜎𝑦𝑡

𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧
2 𝜎𝑧𝑡

𝜎𝑥𝑡 𝜎𝑦𝑡 𝜎𝑧𝑡 𝜎𝑡
2
]
 
 
 
 

                   (12) 

where 𝜎𝑥 , 𝜎𝑦 , 𝜎𝑧  and 𝜎𝑡  represent the standard deviations of 

the receiver coordinates x, y, z in the Earth-centered Earth-
fixed (ECEF) coordinate frame and the receiver clock offset, 
respectively. The least square solution shall be found when 
the norm of the change in receiver position, 𝒅𝒙(1: 3) , is 
sufficiently small. In this work, this threshold is chosen to be 
0.01 m. We use the horizontal dilution of precision (HDOP) 
and the 3D positioning accuracy as the metrics to examine the 
positioning performance of the proposed HAPS-aided GPS 
system. To compute the HDOP, we must convert the 
covariance matrix into the local north-east-down (NED) 
coordinate frame, which can be done with the following 
equation [15]: 

𝑸𝑵𝑬𝑫 = 𝑹′𝑸̃𝑹                          (13) 

where 𝑸̃ and 𝑹 are defined as 

𝑸̃ = [

𝜎𝑥
2 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑥𝑦 𝜎𝑦
2 𝜎𝑦𝑧

𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧
2

]                           (14) 



𝑹 = [

−sin 𝜆 cos 𝜆 0
− cos 𝜆 sin𝜑 − sin 𝜆 sin𝜑 cos𝜑
cos 𝜆 cos 𝜑 sin 𝜆 cos 𝜑 sin𝜑

]        (15) 

where 𝜆  and 𝜑  represent the longitude and latitude of the 
receiver, respectively. Then the HDOP is described by 

𝐻𝐷𝑂𝑃 = √𝜎𝑛
2 + 𝜎𝑒

2                         (16) 

where 𝜎𝑛, 𝜎𝑒, and 𝜎𝑑 represent the receiver position errors in 
the local north, east and down directions, respectively. 

III. SIMULATION OF THE HAPS-AIDED GPS SYSTEM 

A. Simulation Setup 

The system model is established using the default Earth 
orientation parameters of the Skydel GNSS simulation 
software [13] which considers all GPS satellites orbiting 
around the Earth and transmitting the L1 C/A code. The 
Saastamoinen model is chosen to emulate the tropospheric 
effect and the Klobuchar model is chosen to emulate the 
ionospheric effect along with the software default Klobuchar 
parameters (i.e., alpha and beta). The output from Skydel 
contains the ECEF coordinates of satellites at the signal 
emission time, the ionospheric corrections, the tropospheric 
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 simulation. 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 and the receiver noise are not 
separately considered in the simulation, instead a pseudorange 
error is introduced to reflect the presence of those effect. The 
pseudorange error of satellite is featured using the built-in first 
order Gauss-Markov process with the 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 [16] 

𝑥̇ = −
1

𝑇𝑐
𝑥 + 𝑤                                   (17) 

where 𝑥  represents a random process with zero mean, 
correlation time 𝑇𝑐 , and noise 𝑤. The autocorrelation of the 
first order Gauss-Markov process is described by [17] 

𝑅(∆𝑡) = 𝜎2𝑒−
|∆𝑡|

𝜏                                 (18) 

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 pseudorange of 
HAPS is simulated by adding Gaussian noise to the geometric 
range between HAPS and receiver, where the Gaussian noise 
represents the sum of all kinds of estimation residuals 
including the HAPS position, the HAPS clock offset, the 
tropospheric delay, the multipath and the receiver noise. The 
pseudorange error for HAPS is modelled using the Gaussian 
noise with standard deviations of 2 m and 5 m representing the 
suburban and the dense urban scenario, respectively. The 
characteristics of the pseudorange errors for the suburban 
scenario and the dense urban scenario are set to be the same 
for satellites. Note that by doing this, the positioning 
performance of the GPS-only system stays the same in both 
suburban scenario and dense urban scenario. The standard 
deviation for the HAPS pseudorange error is enforced to be 
smaller than that for the satellite pseudorange error in both 
suburban scenario and dense urban scenario. All the available 
satellites (i.e., satellites with elevation angles greater than the 
predefined elevation mask) are simultaneously utilized for 

positioning as if all satellites above the elevation mask are in 
line of sight (LOS) with the receiver. Under this setting, we 
examine the 3D positioning performance for the GPS-only 
system, the one-HAPS with GPS system, the four-HAPS with 
GPS system and the four-HAPS-only system. For the one-
HAPS with GPS system, we use the HAPS on top of the 
downtown Ottawa area which elevation is above 80°. 

B. Simulation Results 

The cumulative distribution functions of the 3D 
positioning accuracy for different systems with the standard 
deviations of the HAPS pseudorange error being 2 m and 5 m 
are shown in Fig. 4 and Fig. 5, respectively. From Fig. 4, we 
can observe that with much less pseudorange error for HAPS, 
the four-HAPS with GPS system achieves the best 
positioning performance, the one-HAPS with GPS system 
achieves almost the same positioning performance as the 
GPS-only system, and the four-HAPS-only system achieves 
slightly worse performance than the four-HAPS with GPS 
system. The reasons why the four-HAPS-only system does 
not achieve the best positioning performance is potentially 
due to the following reasons 1) it has much fewer ranging 
sources in receiver position computation; 2) the ranging 
source geometry is poor as the elevation angles for all four 
HAPS at any given time are above 40° with one even above 
80°. From Fig. 5, we see that with the HAPS pseudorange 
error similar but slightly smaller than the satellites’ 
pseudorange error, the four-HAPS-only system achieves the 
worst positioning performance but the four- HAPS with GPS  

 

Fig. 4: CDF for 3D position accuracy (suburban scenario). 

 

Fig. 5: CDF for 3D position accuracy (dense urban scenario). 



system still outperforms the other systems considered. 

IV. FIELD EXPERIMENTS 

A. Experiment Setup 

To verify and support the simulation results, we also 
process the raw GNSS data collected along the vehicle 
trajectory which is similar to the one shown in Fig. 2 with a 
slight difference due to partial road closure on the day of data 
collection. The raw GNSS data are collected using the Ublox 
EVK-M8T GNSS unit and processed using the single point 
positioning package developed by Napat Tongkasem [18] 
with proper modification so that HAPS can be incorporated 
in the single point positioning algorithm. Table I gives the 
specifications of the EVK-M8T GNSS unit. To reflect 
realistic LOS conditions for HAPS, the LOS probability with 
respect to the HAPS elevation angle in the urban area is 
implemented based on [19] and [20]. Note that the LOS 
probability for HAPS provided by [19] is generated based on 
the city of Chicago and enforcing the LOS probability on 
HAPS in the dense urban area in Ottawa might be too harsh 
considering the incompatible city scale. The pseudorange of 
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 residuals. The pseudorange errors for HAPS in the 
suburban area and in the dense urban area are simulated as 
Gaussian noise with standard deviations of 2 m and 5 m, 
respectively. Since the vehicle trajectory involves both 
suburban area and dense urban area, the entire route is 
divided into two parts where the first part is considered as the 
suburban scenario and the second part 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 HAPS for epochs less than 380 s, and the LOS 
probability for the dense urban area is applied to HAPS for 
epochs greater than or equal to 380 s (refer to Fig. 6). Since 
the GNSS receiver does not provide accurate receiver clock 
offset with respect to the GPS time, the receiver clock offset 
in each epoch is estimated by making use of the ground truth 
receiver position. The ground truth data is provided by Ublox 

EVK-M8U GNSS unit, which is equipped with 
accelerometer and gyroscope, hence it can perform sensor 
fusion to get better positioning performance and dead 
reckoning when the signal quality degrades. 

TABLE I.  EVK-M8T GNSS UNIT SPECIFICATIONS [21] 

Parameter Specification 

Serial Interfaces 

1 USB V2.0 

1 RS232, max.baud rate 921,6 kBd 

DB9 +/- 12 V level 

14 pin – 3.3 V logic 

1 DDC (I2C compatible) max. 400 kHz 

1 SPI-clock signal max. 5,5 MHz – SPI DATA 
max. 1 Mbit/s 

Timing Interfaces 
2 Time-pulse outputs 

1 Time-mark input 

Dimensions 105 × 64 × 26 mm 

Power Supply 
5 V via USB or external powered via extra power 
supply pin 14 (V5_IN) 13 (GND) 

Normal Operating 
Temperature 

−40℃ to +65℃ 

 

Fig. 6: HDOP (top) and 3D position accuracy (bottom). 

B. Experiment Results 

Fig. 6 shows the HDOP, and the 3D positioning accuracy 
overlapped with the number of visible HAPS at each epoch. 
As we can see from Fig. 6, the HDOP and 3D positioning 
accuracy of the HAPS-aided GPS system are better than that 
of the GPS-only system in both suburban area and dense 
urban area. Moreover, we can observe that the positioning 
performance of the HAPS-aided GPS system is more stable 
than the GPS-only system as there are less spikes for the 
HAPS-aided GPS system. Note that, the pseudorange of 
HAPS in the experiment is modeled as a function of the 
receiver clock offset, which is estimated with the best effort, 
additional error should be expected in the pseudorange of 
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 is better compared to that in the dense urban 
area, the receiver clock offset would also be expected to be  

 

Fig. 7: CDF of 3D position accuracy in the suburban area. 

 

Fig. 8:  CDF of 3D position accuracy in the dense urban area. 



estimated with higher accuracy in the suburban area than in 
the dense urban area, hence the HDOP of the HAPS-aided 
GPS system in the suburban area is better. The cumulative 
distribution functions of the 3D positioning accuracy in the 
suburban and dense urban areas are shown in Fig. 7 and Fig. 
8, respectively. From Fig. 7 and Fig. 8, we can observe that 
the HAPS-aided GPS system outperforms the GPS-only 
system, especially in the suburban area. 

V. CONCLUSION 

As we are passing 5G and soon entering 6G and beyond, 
HAPS can be of invisible treasure as it can be used for 
computation offloading [22], edge computing [23], even base 
station [24] to meet human needs. HAPS can be another type 
of ranging source which is quasi-stationary and much closer 
to the ground of the Earth. Compared to satellite, HAPS 
exhibits the advantages of lower latency, lower pathloss, 
lower pseudorange error, and it can provide continuous 
coverage to reduce the number of handovers for the users in 
a certain region. Since urban area is the region where GNSS 
positioning performance degrades severely and where most 
people live in, deploying several HAPS acting as another type 
of ranging source on top of a metro city would improve the 
GNSS positioning performance and maximize the value of 
the extra payload on HAPS. The HAPS-aided GNSS can also 
be deployed in the regions with extreme environment such as 
the Arctic region where the satellite availability is low, and 
the ionospheric disturbances is severe [25]. From both the 
simulation and physical experiment results, we observe that 
HAPS can indeed improve the 3D positioning accuracy, 
especially in the suburban area. To improve the results of 
HAPS-aided GPS system in the dense urban area, the receiver 
clock offset should be estimated with higher accuracy. In 
future work, the received signal powers of HAPS and satellite 
will jointly be considered, a satellite selection algorithm will 
be applied to better emulate the way a modern GNSS receiver 
processes the raw GNSS data. 
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