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ABSTRACT  

 

In this paper, a novel method to simulate global 

navigation satellite system (GNSS) satellite availability in 

urban environments is proposed. Owing to the increased 

need for positioning in urban and mountain areas, an 

analysis of GNSS availability and accuracy is required 

under conditions in which satellite visibility is low due to 

obstacles that block GNSS signals. The positioning 

accuracy depends on the number of satellites and the 

dilution of precision (DOP) satellite geometry. However, 

the DOP and actual received satellite signals depend on 

the surrounding environment of the GNSS antenna. The 

prediction of positioning accuracy and availability, which 

can account for the surrounding environment, such as 

buildings, is needed in many outdoor applications. 

 

We therefore propose a method to directly estimate GNSS 

satellite visibility using Google Earth based on so-called 

virtual fish-eye sky image generation and without using 

laser scanning data or three-dimensional (3D) city models 

prepared in advance. Google Earth provides accurate 3D 

city models of many downtown areas throughout the 

world, even in locations where tall buildings block GNSS 

signals. First, a virtual image of the zenith point in the 

specified location is captured with Google Earth. Then, a 

virtual fish-eye image is generated from the nonlinear 

transformation of the captured image. The obstacle area in 

the virtual fish-eye image is extracted using a simple 

image binarization technique. The GNSS satellite position, 

which is calculated based on satellite orbit information, is 

projected onto the binarized fish-eye image. Satellite 

visibility is automatically determined by monitoring the 

overlapping pixels of the binarized fish-eye image.  

 

To confirm the effectiveness of the proposed technique, a 

positioning test was conducted in a real-world ‘urban 

canyon’ environment. The results demonstrate that the 

proposed method can accurately simulate visible satellites 

and that the exclusion of signals from invisible satellites, 

which are blocked by buildings, can improve GNSS 

positioning availability and accuracy in urban 

environments. 

 

I. INTRODUCTION  

 

Location information is essential to outdoor applications, 

such as intelligent transportation systems (ITS) and 

pedestrian navigation. Currently, new location-based 

services (LBS) are being developed based on the global 

navigation satellite system (GNSS). GNSS is typically 

used for various applications to obtain an accurate self-

location. These applications are usually employed in 

urban areas where many buildings are situated. Because 

of the increased need for positioning in urban areas, the 

prediction of GNSS performance, such as positioning 

accuracy and availability, is required under conditions in 

which satellite visibility is low due to buildings that block 

GNSS signals. Mobile mapping systems, for example, 

require the ability to carry out continuous, accurate self-

positioning, even near high-rise buildings, which are 

especially responsible for causing multipath errors [1, 2]. 

The positioning accuracy depends on the number of 

satellites and the dilution of precision (DOP) based on the 

satellite geometry. However, the DOP and actual received 

satellite signals additionally depend on the surrounding 

environment of the GNSS antenna. The prediction of 

positioning accuracy and availability, which can account 

for the surrounding environment, such as buildings, is 



important for planning the survey routes for mobile 

mapping systems. 

 

On the other hands, in GNSS positioning, invisible 

satellites, which are blocked by obstacles, emit reflection 

and diffraction signals. These non-line-of-sight (NLOS) 

signals cause large positioning errors, which are also 

known as NLOS multipath errors [3, 4]. Urban and 

mountain environments include many locations where 

GNSS antennae receive NLOS signals from invisible 

satellites. The NLOS multipath error effect is highly 

dependent on the shape and geometry of geographic 

features near a GNSS receiver. Therefore, this effect 

cannot be addressed by differential GNSS techniques that 

attempt to remove most errors in GNSS positioning. For 

example, with fixed point GNSS observation for 

monitoring landslides or earthquakes [5, 6], the NLOS 

multipath error affects the accuracy and availability of the 

estimated location. Thus, estimating visible satellites and 

excluding NLOS signals are also important for realizing 

accurate and robust positioning. 

 

In previous studies, GNSS satellite visibility has been 

simulated based on a well-known ray-tracing technique 

that employs aerial laser scanning data or existing three-

dimensional (3D) city models [7-13]. Reference [9] uses a 

digital elevation model, which is generated from an aerial 

survey, to simulate satellite visibility. Reference [10] uses 

3D city models and the extraction of building edges to 

verify satellite visibility. However, these methods based 

on the ray-tracing technique incur high computational 

costs. In addition, accurate 3D data must be prepared and 

modified in advance for their applications to simulate 

satellite visibility. Reference [13] uses the image obtained 

from Google Street View to estimate satellite availability. 

This technique is easily used; however, it can only be 

applied in cases where the image can be obtained from 

Google Street View. References [14-17] use 

omnidirectional or fish-eye cameras to select the visible 

satellites; however, they cannot be used for predicting the 

satellite visibility. 

 

In this paper, we therefore propose a technique to 

simulate GNSS satellite visibility at any time and place in 

order to analyze GNSS availability and accuracy. Unlike 

previous studies, we present a method for directly 

estimating GNSS satellite visibility using Google Earth 

based on so-called virtual fish-eye sky image generation 

and without using laser scanning data or 3D city models 

prepared in advance. 

 

II. METHODOLOGY  

 

The principal concept of this study is the generation of a 

virtual fish-eye sky image to determine visible satellites. 

If the virtual fish-eye sky image can be generated in 

advance at a specified location, it can be repeatedly used 

to determine the visible satellites at a different time. 

Further, because the proposed method does not use the 

ray-tracing technique, the computational cost of this 

determination of visible satellites is very low. Instead, the 

proposed method uses the virtual fish-eye sky image and 

checks the satellite visibility using the satellite position 

projected onto the virtual fish-eye image. 

 

The secondary concept of this study is to use Google 

Earth to generate the virtual fish-eye sky image. Google 

Earth is a free computer program that contains 3D city 

models generated by laser scanning data. Using Google 

Earth, the satellite visibility can be easily determined 

without using laser scanning data or 3D city models 

prepared in advance. In addition, Google Earth provides 

3D city models of many downtown areas throughout the 

world. This means that the proposed method can be used 

at any time and place to simulate GNSS satellite 

availability. 

 

Fig. 1 shows the procedures of the proposed methods. Our 

algorithm is executed as follows: 

 

 
Fig.1 Proposed technique for estimating visible satellites based 

on the virtual fish-eye sky image. 

 

(i) The specified location, date, time, and satellite orbit 

information are required for the proposed method. Here, 

the method employs two-line element (TLE) data for 

computing the satellite orbit. TLE data can be easily 

obtained from the Internet. The GNSS satellite azimuth 

and elevation angles at the input location are computed by 

the TLE data. 

 

(ii) A virtual image of the zenith point in the specified 

location is captured through the Google Earth application 

programming interface (API). Here, the parameter of the 
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horizontal field of view of the virtual camera is 

configured at 180° through the API. 

 

(iii) The camera model for the captured image from 

Google Earth employs a pinhole camera model. We thus 

convert the captured image to a fish-eye image by adding 

image distortion. The fish-eye image can be generated 

from the nonlinear transformation of the captured image. 

 

(iv) The sky and obstacle area in the virtual fish-eye 

image can be extracted using a simple threshold test; the 

binarized fish-eye image is then generated. Finally, the 

GNSS satellite position is projected onto the binarized 

fish-eye image. Satellite visibility is automatically 

determined by monitoring the overlapping pixels of the 

binarized fish-eye image. The GNSS satellite availability, 

visible satellites, and DOP are outputted. 

 

Using the proposed method, GNSS satellite visibility can 

be easily simulated at any time and place in order to 

analyze GNSS availability and accuracy. In the following 

section, we describe the details of the method for 

simulating visible satellites based on the virtual fish-eye 

sky image generation. 

 

III. VIRTUAL FISH-EYE SKY IMAGE 

GENERATION 

 

Unlike previous studies, we propose a method to directly 

estimate GNSS satellite visibility using Google Earth 

based on virtual fish-eye sky image generation. Google 

Earth provides high-resolution satellite and aerial imagery 

to represent the Earth as a 3D globe. As mentioned above, 

it additionally contains 3D city models generated by laser 

scanning data and provides 3D city models of many 

downtown areas throughout the world, even in locations 

where tall buildings block GNSS signals. We propose a 

technique to simulate GNSS satellite visibility at any time 

and place in order to analyze GNSS availability and 

accuracy using Google Earth. 

 

In previous studies, GNSS satellite visibility is simulated 

based on a well-known ray-tracing technique using 3D 

environmental data. In general, the computational cost of 

determining satellite visibility from a 3D model is high 

because ray tracing requires extensive calculations. By 

contrast, when using our proposed method, the cost is 

very low because we use virtual fish-eye image 

generation based on Google Earth to determine satellite 

visibility. Another advantage of using Google Earth is 

that it contains accurate 3D city models generated from 

aerial laser scanning data. To simulate satellite 

availability, we do not need to prepare in advance the 

laser scanning data or 3D city models. The proposed 

method only requires the specific location, date and time 

of the simulation, and satellite orbit data to simulate 

satellite visibility; thus, the proposed method can be 

easily used for various applications. 

 

The camera model for the captured image from Google 

Earth employs the pinhole camera model. The fish-eye 

image can be generated from the nonlinear transformation 

of the captured image. The pixels in the captured image in 

the zenith direction from Google Earth are denoted as x 

and y. The elevation angle el and azimuth angle az of the 

pixels in the image are calculated as: 

 

𝑒𝑙 = arctan⁡(
𝑠𝑞𝑟𝑡(𝑥2+𝑦2)

𝑓
)                       (1) 

 

𝑎𝑧 = arctan(
𝑦

𝑥
)                              (2) 

 

where f is the focal length, which can be calculated from 

the horizontal field of view (HFOV) of the virtual camera 

and the image width w of the virtual image. These 

parameters can be obtained through the Google Earth API, 

and f is computed as: 

 

𝑓 =
𝑤

2arctan(
𝐻𝐹𝑂𝑉

2
)
                               (3) 

 

The image width of the generated virtual fish-eye sky 

image is denoted as wfish. The pixels in the virtual fish-eye 

image xfish and yfish are computed as: 

 

𝑥𝑓𝑖𝑠ℎ =
𝑒𝑙

𝜋
𝑤𝑓𝑖𝑠ℎ𝑐𝑜𝑠(𝑎𝑧) +

𝑤𝑓𝑖𝑠ℎ

2
                   (4) 

 

𝑦𝑓𝑖𝑠ℎ =
𝑒𝑙

𝜋
𝑤𝑓𝑖𝑠ℎ𝑠𝑖𝑛(𝑎𝑧) +

𝑤𝑓𝑖𝑠ℎ

2
                   (5) 

 

Using Equations (1) to (5), the captured image from 

Google Earth can be converted to the fish-eye image by 

nonlinear transformation. The captured image and 

generated virtual fish-eye image are shown in Fig. 2. The 

captured image, which is based on the pinhole camera 

model, is distorted. However, the generated virtual fish-

eye image directly represents the simulated environment; 

it therefore can be used to check the satellite visibility. 

 

 
Fig.2 Simulated image from Google Earth (left) and generated 

virtual fish-eye image (right). 

 



IV. SATELLITE VISIBILITY DETERMINATION  

 

Next, we describe satellite visibility determination using 

the virtual fish-eye sky image. To determine the visible 

satellites, the sky area in the virtual fish-eye image must 

be extracted. Sky area extraction is performed by a simple 

technique. First, the fish-eye sky mask image is generated 

in advance from Google Earth. Fig. 3(a) shows the fish-

eye sky mask image, which is simulated as an open-sky 

environment by the method described in the previous 

section. The sky area is always rendered as the same 

light-blue color as in the generated virtual fish-eye image. 

The difference image between the generated virtual fish-

eye image and the sky mask image is computed to 

determine the sky area. The difference image is shown in 

Fig. 3(b); the difference of image intensity values is 

almost zero in the sky area. A simple threshold test is 

used to generate the binarized fish-eye image. The sky 

area in the simulated virtual fish-eye sky image can be 

easily and robustly detected by the proposed method. 

 

 
Fig.3 Sky area extraction using the fish-eye sky mask image. 

 

Next, we describe the projection of the satellite position 

onto the binarized fish-eye image. First, we calculate the 

satellite position in local east, north, up (ENU) 

coordinates with the origin at the location where the fish-

eye image is generated. The satellite position, xsat,ECEF, 

ysat,ECEF, zsat,ECEF, in Earth-centered Earth-fixed (ECEF) 

coordinates can be calculated from the TLE data. To 

transform the ECEF coordinates into local ENU 

coordinates, the following equations are used: 
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ENU
ECEFC  is the rotation matrix denoted as: 
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Here, x0, y0, z0, 0, and 0 are the input location in the 

ECEF and geodetic coordinates, respectively. The satellite 

position is converted into the azimuth azsat and elevation 

elsat angles as follows: 

 

)arctan( ,, ENUsatENUsatsat xyaz                 (8) 

 

)arctan( 2
,

2
,, ENUsatENUsatENUsatsat yxzel       (9) 

 

The satellite positions are plotted to determine the 

visibility of each satellite from the overlapping of the 

satellites and sky area. The visibility of the satellite is 

easily determined by checking the value of the pixels in 

the binarized fish-eye image of its position. The process 

of determining the visible satellites is automatically 

performed. Using the described method, GNSS satellite 

visibility can be automatically simulated at any time and 

place from Google Earth. 

 

V. EXPERIMENTS  

 

To confirm the effectiveness of the proposed method, two 

positioning tests—static and kinetic—were conducted in a 

real ‘urban canyon’ environment. In these tests, we 

evaluated the accuracy of the visible satellite simulation 

by the proposed method and the effectiveness of the 

NLOS signal extraction by the virtual fish-eye sky image. 

 

A. Static test 

A static test was performed on February 23 and 24, 2015 

at a known location in the Yaesu area of Tokyo, Japan, 

where many buildings are situated. The two locations of 

the static test are shown in Fig. 4. The GNSS antenna 

(Trimble Zephyr 2) and GNSS receiver (Trimble NetR9) 

were used to collect the GNSS data at a rate of 1 Hz over 

a 12-hr period. 

 

First, we generated virtual fish-eye sky images using the 

proposed method and compared them with the actual 

images captured by the fish-eye camera. The actual 

captured images are shown in Fig. 5; the simulated virtual 

fish-eye sky images are shown in Fig. 6. Note that the 

intrinsic parameters of the actual fish-eye camera (shown 

in Fig. 5) were not calibrated. Thus, the relationship 

between the elevation angle and pixel location in the 

actual fish-eye camera was not linear. However, from 

these figures, we could verify that the appearances of the 

actual and simulated fish-eye images were almost the 

same, and that the proposed method could accurately 

simulate sky images from Google Earth. Fig. 7 shows the 

result of the sky area extraction from the generated virtual 

fish-eye sky image. The red area in the figure indicates 

the extracted sky area. Compared with the simulated 

virtual fish-eye sky images in Fig. 6, the sky area 

extraction shown in Fig. 7 was successfully performed. 
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Fig.4 Static test environment (Yaesu area, Tokyo, Japan). 

 

 
Fig.5 Fish-eye image in Test #1 (left) and Test #2 (right). 

 

 
Fig.6 Simulated virtual fish-eye sky image in Test #1 (left) and 

Test #2 (right). 

 

 
Fig.7 Extraction of the sky area (red) in Test #1 (left) and Test 

#2 (right). 

 

 

At this point, we compared the simulated GNSS satellite 

visibility and actual received GNSS signals of the static 

test. Fig. 8 illustrates the success rate of the visible 

satellite simulation over a 12-hr period. The blue area in 

Fig. 8 indicates that the simulated visible satellites 

matched the actual received signals; the red area indicates 

that the simulated visible satellites were mismatched. 

Most of the simulated and actual GNSS satellites matched. 

The total success rates of the visible satellite simulations 

were 96.37% in Test 1 and 95.69% in Test 2. The 

numbers of received satellite and simulated satellite 

signals in the given time interval are shown in Fig. 9. The 

blue and red lines respectively indicate the actual and 

simulated numbers of satellites. The changes of both 

numbers of satellites were almost the same; however, the 

total number of satellites in the simulation was smaller 

than the actual number of satellites because we received 

NLOS multipath signals from invisible satellites that were 

blocked by buildings in the actual urban environment. It 

can be inferred that, if these multipath signals were to be 

excluded, the GNSS positioning availability and accuracy 

in the static survey would be improved. 

 

Finally, we excluded the NLOS signals from the observed 

GNSS signals by means of the proposed method and then 

compared the positioning results. Fig. 10 illustrates the 

actual received GNSS signals projected onto the virtual 

fish-eye sky image. We verified that the many NLOS 

multipath signals were received from invisible satellites. 

 

We compared the results of the two positioning methods: 

the normal real-time kinematic (RTK)-GNSS positioning 

result from using the threshold of the GNSS signal-to-

noise ratio (SNR) (35 dB/Hz), and the satellite exclusion 

from using the virtual fish-eye sky image. It should be 

noted that, under multipath conditions, the SNR often 

decreases because signals decay from diffraction and 

reflection. The SNR threshold is typically used to reduce 

multipath errors. The result of position estimation in our 

test is shown in Fig. 11. The blue and red points 

respectively indicate the before and after states of NLOS 

signal exclusion by the proposed method. Table 1 shows 

the horizontal root mean square (RMS) error, maximum 

error, and availability of the fixed solutions of RTK-

GNSS. The positioning accuracy of the excluded NLOS 

signals was slightly improved compared to that without 

exclusion. In contrast, the availability of the RTK-GNSS 

fixed solutions was greatly improved from 20.36% to 

51.20% in Test 1, and from 35.75% to 68.02% in Test 2. 

It is evident that the proposed method can improve the 

accuracy and availability of the GNSS fixed-point 

observation. 



environment. The reference position and orientation of the 

 

 
Fig.8 Evaluation of the success rate of the visible satellite simulation in Test #1 (top) and Test #2 (bottom). Blue and red respectively 

indicate the matching and mismatching of simulated satellite visibility. 

 

 

 
Fig.9 Comparison of the number of received and simulated satellite signals in Test #1 (top) and Test #2 (bottom). 

 

Satellite System/PRN (G:GPS, R:GLONASS, E:Galileo C:BeiDou Q:QZSS None:SBAS)

E
la

ps
ed

 T
im

e 
(s

)

G01 G02G03 G04 G05 G06G07 G08 G09 G10G11 G13 G15 G16G17 G19 G20G21 G22 G23 G27G28 G29 G30 G31G32 R01 R03 R04R05 R06 R07 R08R09 R10 R15 R16R17 R18 R19 R20R21 R22 R23R24 E11 E12 C01C03 C04 C06 C07C08 C09 C10 C12129 137

0.5

1

1.5

2

2.5

3

3.5

4

x 10
4

Satellite System/PRN (G:GPS, R:GLONASS, E:Galileo C:BeiDou Q:QZSS None:SBAS)

E
la

ps
ed

 T
im

e 
(s

)

G01G02G03G04G05G06G07G08G09G10G11G12G13G16G17G19G20G21G22G23G27G28G29G30G31G32R01R02R04R05R06R07R08R09R10R11R12R15R16R17R18R19R20R21R22R23R24E11 E12E19E20 C01C03C06C07C08C09C10C11C14129 137

0.5

1

1.5

2

2.5

3

3.5

4

x 10
4

0 0.5 1 1.5 2 2.5 3 3.5 4

x 10
4

4

6

8

10

12

14

16

18

Elapsed Time (s)

N
um

be
r 

of
 S

at
el

lit
es

 

 

Actual data
Simulation

0 0.5 1 1.5 2 2.5 3 3.5 4

x 10
4

6

8

10

12

14

16

18

20

22

Elapsed Time (s)

N
um

be
r 

of
 S

at
el

lit
es

 

 

Actual data
Simulation



vehicle were computed by means of a high-grade  

 

 
Fig.10 Visible satellites selection from the virtual fish-eye sky image in Test #1 (left) and Test #2 (right). 

 

 

 
Fig.11 Comparison of position accuracy before and after satellite exclusion in Test #1 (top) and Test #2 (bottom). 

 

Table 1 Result of horizontal positioning errors 

 Test #1 Test #2 

 Before NLOS exclusion After NLOS exclusion Before NLOS exclusion After NLOS exclusion 

RMS error 1.25 cm 1.17 cm 1.21 cm 1.10 cm 

Maximum error 7.36 cm 6.99 cm 10.67 cm 10.84 cm 

Availability 20.36 % 51.20 % 35.75 % 68.02 % 
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B. Kinetic test 

A kinematic positioning test was performed on October 

17, 2013 in the Tsukishima area of Tokyo, Japan, where 

many buildings are located. The travel route is shown in 

Fig. 12. The round-trip travel route was approximately 3 

km. The travel route surroundings included many 

buildings; it was therefore an environment susceptible to 

satellite masking. A GNSS antenna and a fish-eye camera 

were installed on the roof of a vehicle, and GNSS data 

and fish-eye images were then collected from the urban 

environment. The reference position and orientation of the 

vehicle were computed using a high-grade gyroscope and 

GNSS integration system as a ground truth. 

 

 
Fig.12 Kinetic test environment and path (Tsukishima area, 

Tokyo, Japan). 

 

The actual fish-eye images captured during the test, the 

simulated virtual fish-eye images, and the results of the 

sky area extraction by the proposed method are shown in 

Fig. 13. The simulated GNSS satellites were projected 

onto the virtual fish-eye images; the circle and cross 

markers in Figs. 13(b) and (c) respectively indicate the 

visible and invisible satellites determined by the proposed 

method. Based on this result, we verify that the proposed 

technique can accurately simulate the sky images and 

visible satellites. 

 

Next, we compared the number of actual received satellite 

and simulated satellite signals. Fig. 14 shows the number 

of satellites in a time series. The actual and simulated 

numbers of satellites were almost the same, and the 

average numbers of satellites in the actual data and 

simulation were 13.48 and 13.82, respectively. The 

success rate of the visible satellite simulation was 90.84%. 

 

We compared the RTK-GNSS positioning results by 

using the threshold of the GNSS SNR (35 dB/Hz); in 

addition, we compared the satellite exclusions by using 

the virtual fish-eye sky images, as with the static test. The 

positioning estimation results are shown in Fig. 15. The 

blue and red points respectively indicate the before and 

after states of the NLOS signal exclusion by the proposed 

method. From the data in Fig. 15, the new fixed solution 

could be generated in the case of using NLOS signal 

extraction. The availability of the RTK-GNSS fixed 

solutions improved from 59.76% to 69.02%. 

 

These results demonstrate that the proposed technique can 

accurately simulate GNSS satellite visibility without 

using laser scanning data or 3D city models prepared in 

advance. Moreover, predicting GNSS availability by the 

proposed method is effective and useful for many outdoor 

applications, such as ITS and survey applications. 

 

VI. CONCLUSION  

 

GNSS is typically used for various applications to obtain 

an accurate self-location; these applications are usually 

employed in urban areas where many buildings are 

located. Thus, estimating GNSS positioning availability 

and accuracy in urban areas is needed for these 

applications, such as those for ITS and surveying. In this 

paper, we proposed a method to estimate GNSS satellite 

visibility using Google Earth based on virtual fish-eye sky 

image generation. A virtual fish-eye sky image is 

generated from the view captured from Google Earth 

using nonlinear transformation. The visible satellites are 

automatically determined based on sky area extraction of 

the virtual fish-eye image. Our method can easily and 

robustly simulate satellite visibility without using laser 

scanning data or 3D city models prepared in advance. 

Moreover, the computational cost of the proposed method 

is very low, and it can be used at any time and place 

throughout the world.  

To evaluate the proposed method, static and kinematic 

evaluations were performed in urban environments. The 

results demonstrate that the proposed method can 

accurately simulate visible satellites and that the 

exclusion of NLOS signals determined by the proposed 

method can improve GNSS positioning availability and 

accuracy. From these results, it is evident that prediction 

of GNSS availability by the proposed method is effective 

and useful for ITS and survey applications. 
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