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Abstract 

3D maps may be treated as a new data source for urban navigation and used to improve 

positioning accuracy in urban canyons However, 3D digital maps are not available in most 

cities. This paper proposed a new approach to build a 3D model by using a GNSS VT 

receiver. The system architecture was described first, and then the method of 3D modeling by 

analyzing received data was presented. The premise for building the 3D model is signal 

classification. Analysis of data collected by the VT receiver was described in detail. Using a 

GNSS signal recorded in a dense urban environment showed the effectiveness of the proposed 

approach. 
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1. Introduction 

Currently, the applications of a global navigation satellite system (GNSS) are rapidly 

gaining popularity. With the planned GPS modernization programs of the U.S., GLONASS of 

Russia, GALILEO of Europe, and the launch of quasi-zenith satellites by Japan, an 

improvement in the availability of satellite positioning is anticipated. Indeed, 30 GPS 

satellites and 17 GLONASS satellites have become available in February 2010, and they are 

expected to increase the application of in-car navigation system. However, the poor 

performance of GNSS receivers in urban canyons is a well-known problem in terms of 

accuracy and solution availability [1, 2]. The receiver delivers a position that can be biased by 

an error of more than 100 m [3–5], which limits the use of many applications. A typical 

problem in urban areas is multipath and non-line-of-sight (NLOS) effect. Multipath 

propagation occurs when GNSS signals bounce off buildings and reach the receiver’s antenna 

via different paths with a traveling time longer than that of the line-of-sight (LOS) path. 

Multipath signals can be strong and have small relative delays, which make them difficult to 

distinguish from the desired path signal. 

Various hardware-based correlators that are robust to the multipath effect have been 

developed [6–11], such as multipath estimating delay-locked loop. Referencing building 

geometry data and satellite positions has been suggested as a way to avoid the use of NLOS 

satellites or weighting down [12, 13]. GNSS can show improved positioning accuracy in 

conjunction with other sensors such as Wi-Fi and/or dead reckoning using inertial sensors, 

magnetic compass, and barometric altimeter [14, 15].  

A new approach has recently been proposed to improve cross-street accuracy using GNSS 

assisted by knowledge derived from 3D building models close to the user of navigation 

devices [16]. 3D maps may be treated as a new data source for urban navigation and used to 

improve positioning accuracy in urban canyons [17, 18]. Peyret et al. [19] used digital maps 

to detect hidden satellites. Iwase et al. [20] used an altitude map to estimate the pseudorange 

error and utilized the error to weight satellite signals. A 3D digital map-assisted GNSS 

receiver can obtain good results in urban canyons. However, a 3D digital map is not available 

in most cities. 
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This study aims to achieve 3D building models beside a road from a GNSS vector tracking 

receiver. Most land vehicles pass through the same area of a road many times every day. 

Therefore, the recorded data can be stored and analyzed to generate a 3D map near the road.  

 

2. 3D Surveying Techniques and 3D Modeling 
 

2.1. System Architecture 

The 3D modeling system architecture is shown in Figure 1. An antenna collects the GNSS 

signal and relays it to the designed GNSS vector tracking receiver, which is described in 

detail in Section 3. Vector tracking (VT) code discriminator output is used to separate the 

NLOS signal from all received signals, and time output is synchronously stored as timestamp. 

Ephemeris storage is the necessary condition to find all blocked signals (BS). Through data 

analysis and processing, signals are classified as LOS and BS/NLOS, and the azimuth and 

altitude angle of satellites can be obtained. The 3D model of buildings on both sides of a road 

cannot be created by using only the classified GNSS signals. Therefore, some constraints of 

3D modeling need to be established, which are based on a real field. 
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Figure 1. Architecture of 3D Building Modeling System. 

 

2.2. Constraint Setting 

Constraints are needed to combine with classified GNSS signal for the process of 3D 

modeling, and an accurate 3D model can be created with detailed constraints. To observe 

buildings on both sides of major roads in a city, some common rules are given as follows: 

1. The width of the road is almost constant. 

2. Most of the buildings can be equivalent as a cuboid. 

3. The buildings on the both sides of the road are assumed to have the same width. 

A 3D model is established in this paper is to assist the GNSS receiver in obtaining more 

accurate positioning results in urban canyons. Therefore, building a 3D model that is similar 

to the actual object is unnecessary. The above rules can be used to generate constraints. The 

width of the road 0W  (including the width of the sidewalk on both sides of the road) can be 

easily obtained by a digital 2D map. According to rough statistics result, the width of 

buildings can be unified as 1W . 

 

2.3. 3D modeling Method 

While the land vehicle is moving, all necessary data are stored in our system. The satellite 

azimuth and altitude angle ( , )j q of LOS and BS/NLOS for each positioning result was 

obtained through data storage and analysis. The NLOS signals can be detected only dozens of 
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seconds later. Therefore, each positioning result is postprocessed to remove the effect of 

NLOS signal. The azimuth angle of a land vehicle running in a certain direction along a road 

isa . The GNSS signal is not blocked in the front and the back directions of a road. Thus, the 

satellite signal will not be used for 3D modeling if its azimuth angle  

45j a- £ o
 or 180 45j a+ - £o o

                   (1) 

Also, the satellite altitude angle should satisfy the inequality 

15q ³ o
                                                                 (2) 

If the satellite does not meet the above condition, its information will not be stored. 

The width of the road 0W , the uniform width of building 1W  and the antenna height 

0H are set as constant values. Thus, only the height and length of the building 1H  needs to be 

determined. The height and length of the building should meet the requirements for directly 

receiving the LOS signal and blocking the BS/NLOS signal. If the height is less than 3 m, the 

building is assumed to be non-existent on the ground in the 3D modeling process. Therefore, 

a 3D model of buildings on both sides of the road in urban areas can be constructed. The 

process of acquiring the information of LOS, NLOS, and BS separately will be discussed in 

the next section. 

 

 

Figure 2. Schematic Diagram of 3D Modeling. 

 

3. Signal Classification 

VT [21, 22] is used in our receiver, and VT code discriminator output was stored by the 

system. Simultaneously, satellite pseudorange, ephemeris, and time information are also 

stored. With postprocessing, the effects of multipath interference and NLOS reception can be 

mitigated, and a better positioning result can be obtained. Moreover, long-path-delay NLOS 

signal can be separated from the received signals.  

For each satellite signal receiving channel, the incoming signal is correlated with six 

locally generated replica signals: in-phase (I) and quadrant-phase (Q) early (E), prompt (P), 

and late (L). The incoming signal is correlated with a linear combination of reference signals 

subject to different delays, and the code discriminator is  

2 2strobe

ID IP QD QP
d

IP QP

× + ×
=

+
                          (3) 

where ID and QD are the in-phase and quadrature components of the strobe correlators, 

respectively, and IP and QP are the in-phase and quadrature components, respectively, of 

prompt code correlators. 

An EKF is used to correct the position and velocity solution using the code discriminator 

outputs and Doppler shift estimates. The measurements that are input to the EKF are delta 
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pseudorange 
jrD , and pseudorange rate 

jr& . The delta pseudorange is the difference 

between the true and predicted pseudorange. They are calculated in the pre-filter by using 

0

j j c
d

f
rD = ´                                                    (4) 

1

j j

Doppler

L

c
f

f
r = ´&                                                     (5) 

where d  is the code discriminator output in chips, Dopplerf  is the Doppler frequency in Hz, 

c  is the speed of light, 0f  is the code chipping rate, and 1Lf  is the L1 band carrier frequency. 

The corrected receiver velocity and clock drift solution are used to update the position and 

clock offset every 20 ms, from which each of the pseudoranges are predicted using 

, ,
ˆˆ ˆ ˆ ˆˆ ˆ ˆ ˆ

T T
j j j j j j

R k s a s a SV C T I kr r r r br dr dr dr- -é ù é ù= - - + + + -ê ú ê úë û ë û       (6) 

where ˆ j

sr  is the position of the satellite denoted by index j, determined from the broadcast 

ephemeris; âr
-

 is the predicted receiver position; ,
ˆ j

SV Cdr  is the satellite clock correction; 

ˆ j

Tdr and ˆ j

Idr are the tropospheric and ionospheric error estimates, respectively; and ˆ
kb  is the 

estimated receiver clock bias. The predicted pseudoranges are then used to generate the code 

NCO commands using 

( ), 1 ,j

, j k+1 0

ˆ ˆ
ˆ = 1

j j

R k R k

co NCO

a

f f
c

r r

t

+
é ù-ê ú-ê ú
ê úë û

，                                      (7) 

where at is the interval between epochs k  and 1k + . The state vector x  thus comprises 

the following states: 

,[ ]T

xk yk zk xk yk zk k clk kp p p v v v b d= D D D D D D D Dx          (8) 

where kpD ， kvD ， bD , and clkdD are the position, velocity, receiver clock bias, and 

drift, respectively. The transition matrix is 

3 3 3 3 3 2

3 3 3 3 3 2
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                     (9) 

where st  is the EKF update interval. The system (or process) noise covariance matrix may 

be divided into user dynamic noise and receiver clock noise as follows: 

6 2

2 6

´

´

é ù
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dynamic

clock

B 0
Q =

0 B
                                          (10) 
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where vS  is the user velocity noise power spectral density (PSD), cS f  is the oscillator 

phase noise PSD, and cfS  is the oscillator frequency noise PSD. 0h and 2h-  are clock model 

coefficients. The measurement vector is  

1 2 1 2

k

T
m m

k k k k k kZ
d r r r r r r-

é ù= D D D D D Dê úë û
& & &L L                       (13) 

where 
j

krD  and 
j

krD &are the delta pseudorange and delta pseudorange rate, respectively, 

for satellite j  at epoch k . The measurement matrix, which comprises the partial derivatives 

of the measurements with respect to the states, is 
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where m  is the number of satellites, and u is the vector from the receiver to the satellite. 

The VT code discriminator output has a large negative value during most of the period of 

NLOS reception. Furthermore, the highest correlation value is found in the late channel. Both 

phenomena provide an indication of potential NLOS reception. If the code discriminator 

output exceeds a pre-determined value, an abnormal output is assumed and a counter is 

incremented by one. If the counter value exceeds the pre-determined threshold N  in a time 

window windowT , NLOS signal is detected; otherwise, the counter is reset to zero. 

The GNSS receiver is unable to collect BS signals, and the VT receiver can eliminate 

multipath itself. Thus, only LOS and NLOS signals can be received. Therefore, based on the 

fact that the NLOS signals have been detected, the rest of the received signals are LOS.  

The satellite signal that should be received can be predicted according to the ephemeris 

( 15q ³ o
), but LOS and NLOS are the signals that can actually be received. As a result, BS is 

the signal that should be received, but is not received by the GNSS receiver.  
 

4. Experiments 

The equipment used in the experiments is shown in Figure 3, where the VT receiver was 

designed with the implementation of DSP and FPGA devices.  
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Figure 3. Equipment Used in the Experiments. 

We selected a stretch of Changa’an Road in Xi’an City as the experiment field, which is an 

open area surrounded by buildings. Both multipath interference and NLOS reception were 

present along many parts of the route. The latitude and longitude of the starting point is 

( 34 13 51.078¢ ¢¢o , 108 56 31.137¢ ¢¢o
), and the end point is 

( 34 13 38.858¢ ¢¢o ,108 56 31.095¢ ¢¢o
). The average elevation of the field is about 451m. 

Figure 4 shows the real driving route of the land vehicle on a satellite map. Without blockage, 

12 GNSS satellite signals can be received (GPS+Glonass). 

 

 

Figure 4. Real Driving Route.  

The width of the road 0W  and the width of buildings 1W  are set to a constant value as 

constraints. Thus, only the building length and height need to be determined through data 

analysis. If data in this specific stretch of the road are collected and analyzed only once, then 

the built 3D model is shown in Figure 3(a). Within a short period of time for moving from the 

start point to the end point, the satellite azimuth and altitude angle ( , )j q  change minimally. 

Therefore, not enough signals are available to build an accurate model. However, an accurate 

3D model was built when data were collected 10 times with long time intervals. The 3D 

model is shown in Figure 3(b).  
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(a) 1 data collection                                    (b) 10 data collection 

Figure 5. 3D Model of Buildings on Both Sides of the Road.  

 

5. Conclusion 

A new approach to build a 3D model of buildings in an urban area based on GNSS VT 

receiver was proposed and implemented. Through analysis of data collected from a VT 

receiver, LOS/NLOS/BS can be obtained separately. With the preset constraint, a 3D model 

can be built with satellite azimuth and altitude angle of LOS/NLOS/BS. The effectiveness of 

the proposed approach was proved by using a GNSS signal recorded in a dense urban 

environment. The accuracy of the model could be improved through experiments with data 

collected multiple times with long time intervals. 
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