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GPS Error Correction With Pseudorange Evaluation
Using Three-Dimensional Maps
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Abstract—The accuracy of the positions of a pedestrian is very
important and useful information for the statistics, advertisement,
and safety of different applications. Although the GPS chip in
a smartphone is currently the most convenient device to obtain
the positions, it still suffers from the effect of multipath and
nonline-of-sight propagation in urban canyons. These reflections
could greatly degrade the performance of a GPS receiver. This
paper describes an approach to estimate a pedestrian position by
the aid of a 3-D map and a ray-tracing method. The proposed ap-
proach first distributes the numbers of position candidates around
a reference position. The weighting of the position candidates is
evaluated based on the similarity between the simulated pseudor-
ange and the observed pseudorange. Simulated pseudoranges are
calculated using a ray-tracing simulation and a 3-D map. Finally,
the proposed method was verified through field experiments in an
urban canyon in Tokyo. According to the results, the proposed
approach successfully estimates the reflection and direct paths so
that the estimate appears very close to the ground truth, whereas
the result of a commercial GPS receiver is far from the ground
truth. The results show that the proposed method has a smaller
error distance than the conventional method.

Index Terms—3-dimensional digital map, GNSS, GPS, non-line-
of-sight (NLOS) propagation, ray tracing.

I. INTRODUCTION

P EDESTRIAN LOCALIZATION plays a very important
role from the point of view of automated data collec-

tion for marketing surveys, statistics, and safety applications
of intelligent transportation system (ITS). Global positioning
system (GPS) is developed as a positioning technology and
is widely used in various daily-use devices such as vehicles
and cell phones. However, the positioning accuracy of a single
frequency GPS receiver is currently not enough for the safety
application of pedestrian such as pedestrian to vehicle (P2V)
collision avoidance system and comfortable pedestrian posi-
tioning. The GPS receiver embedded in cell phones is usually
low-cost, single-frequency, stand-alone modules. Its typical
error budget is around 10 m drms [1], [2]. Although such per-
formance is adequate for rough navigation, it is not sufficiently
accurate from a safety perspective. Moreover, its positioning
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performance is severely degraded in urban canyons. The main
reason is the multipath effect and non-line-of-sight (NLOS)
propagation. These effects may lead to a positioning error of
around 100 m in urban canyons [3]. Various technologies are
developed to mitigate the multipath and NLOS effects. Among
these, special hardware-based correlator designed is proposed
[4]–[9]. The idea of the hardware-based correlator design is
to narrow the correlator spacing between channels. Thus, GPS
receiver became more robust against multipath effect. The
authors of this paper believe that the effect of the multipath is
relatively small in comparison to NLOS reception. Therefore,
this paper focuses on the detection of NLOS signals, and further
increases the receiver positioning by taking advantage of NLOS
reception.

Receiver autonomous integrity monitoring (RAIM) is a tech-
nology that could mitigate the multipath and NLOS problems
[10], [11]. RAIM checks the residual of the least square during
the positioning calculation and identifies suspicious satellites.
RAIM then selects satellites in the calculation to minimize
the least-square residual. Although RAIM is effective for the
case of a few outliers, it is not fully appropriate for urban
environments [12].

In recent years, various techniques have been developed to
avoid NLOS satellites by an additional device or database for
discrimination, such as using ray-tracing, omnidirectional cam-
eras, referring the signal strength, dual-polarization antenna, or
array antenna [12]–[19]. Peyret et al. [13] used digital maps
to detect hidden satellites. Iwase et al. [12] used an altitude
map to estimate the pseudorange error. Jiang et al. [19] used a
dual-polarization antenna to accurately detect reflected signals,
both in the form of NLOS reception and multipath interference,
considering characteristics of circular polarization. Because
the direct signals from GPS satellite are right-hand circular
polarized (RHCP) whereas the reflected signals are left-hand
circular polarized (LHCP), the dual-polarization antenna can
separately compute the strength of RHCP signals and LHCP
signals. Obst et al. [16] used a simple 3-D (3-D) ray-tracing
method to distinguish NLOS satellites with small increase of
calculation quantity. The 3-D environment model used in the
3-D ray-tracing method is created by integrating 2-D (2-D)
building shapes, the terrain model, and the elevation model.
The studies mentioned above reveal that the height data and
additional devices to distinguish NLOS satellites is practical
and very effective technique.

One of the most famous urban positioning method called,
shadow matching, which uses city building models to predict
the satellite visibility and compare it with measured satel-
lite visibility to improve the cross street positioning accuracy
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[20]–[22]. Recently, a real-time kinematic GNSS shadow
matching based on particle filter is developed [23]. This kine-
matic GNSS shadow matching decides the likelihood of par-
ticles based on the signal strength and satellite visibility. The
proposed method in this paper also applies particle filter to es-
timate receiver position. Moreover, this paper takes the advan-
tage of 3-D map to generate the pseudorange correction for the
purpose of correcting NLOS effect. As a result, the likelihood of
the particle in this paper is determined by the similarity between
corrected pseudorange and pseudorange measurement.

This study aims to improve the positioning accuracy of an in-
expensive GPS module by discriminating NLOS satellites and
calculating signal delays. By combining the ray-tracing simu-
lation and 3-D building map, NLOS satellites are distinguished
from all satellites perceived by a receiver with a small computa-
tional complexity. In addition, multipath effect is also mitigated
by the examination of the receiver measurements. By the use
of the NLOS satellite detection and multipath mitigation, this
paper proposes an algorithm to accurately estimate positions on
urban streets. The proposed method first distributes a number
of positioning candidates and then evaluates the candidates’
feasibility. The feasibility is determined by the 3-D map and
ray-tracing technique. Afterwards, the calculation of proper
likelihood function of the feasible candidates is achieved by the
similarity of the simulated and receiver observed pseudorange.
Finally, the expected value of all the candidates is regarded as
the rectified receiver position.

II. GPS RECEIVER IN URBAN CANYON

A. Errors in GPS Measurement

This study uses a weighted least-squares (WLS) method for
the positioning calculation, which is the standard algorithm for
GPS positioning [1]. This method calculates the receiver posi-
tion in three dimensions and the receiver clock offset according
to the satellite positions obtained from the broadcast ephemeris.
Thus, at least four pseudorange measurements from satellites
are required to determine the receiver position and receiver
clock offset. The measured raw pseudorange data are simply
derived by multiplying the signal propagation time with the
speed of light. Because the signal propagation time includes
numerous delays, the associated corrections of the pseudorange
must be calculated. Each pseudorange ρn is written as [1]

ρn = Rn + c (δtr − δtsv
n ) + In + Tn + εn (1)

where Rn = ‖xxxsv
n − xxx‖ is the geometric range between the nth

available satellite and the receiver, δtsv
n denotes the satellite

clock offset time; δtr, the receiver clock offset time; In, the
ionospheric delay distance; Tn, the tropospheric delay distance;
and εn, the errors caused by the multipath, receiver noise,
antenna delay, and so on. ρ = [ρ1, ρ2, · · · , ρn]T is the vector
stacking all the available pseudorange measurements at one
epoch. The error in measured pseudorange is caused by the
delays mentioned above. Among them, ε is especially consid-
ered as a major cause of error because the other delays can
be corrected by using appropriate models [1]. Therefore, the
remaining error is mainly distributed by the multipath error and

Fig. 1. The multipath and NLOS effects in an urban canyon. (a) Multipath
effect. (b) NLOS propagation.

the receiver noise. Here, considering the noise is negligibly
small, the dominant error is regarded as the multipath and
NLOS error.

B. Introduction to Multipath and NLOS

Multipath effect denotes that there are two or more traveling
paths of signal from one satellite to receivers. The direct signal
is called the line of sight (LOS) signal, while the others are
reflected signals. The reflection of signal often occurs in an
environment with a lot of high buildings such as downtown.
The urban environments contain many flat surfaces that may
easily reflect the GPS signals. Fig. 1 illustrates an example of
the reflecting effects in the environment of an urban canyon. As
shown in Fig. 1, a multipath consists of a direct path (LOS)
and reflected path, which makes the observed pseudorange
longer than the real path. The worst case is NLOS reception,
that is, only the reflected signal is received, while the direct
path is blocked by some objects. These effects may lead to
a positioning error of around 100 m in urban canyons [3].
The positioning errors caused by multipath and NLOS are
very different in a conventional GPS receiver. The conventional
GPS receiver utilizes a multipath mitigation based on the code-
discriminator design.

As indicated in [15], the multipath effect can be corrected by
the narrow correlator, which is a typical multipath mitigation
correlator. The theoretical multipath envelop of the narrow
correlator is shown in Fig. 2.

As shown in Fig. 2, the multipath delay in pseudorange
domain is around 5 meter. However, the delay caused by NLOS
cannot be mitigated by such discriminator-based method.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on July 26,2023 at 11:37:24 UTC from IEEE Xplore.  Restrictions apply. 



3106 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 16, NO. 6, DECEMBER 2015

Fig. 2. The theoretical multipath envelope of narrow correlator [15].

According to [24], the pseudorange caused by NLOS is nor-
mally within a few hundred meters and potentially unbounded.
Thus, this paper focuses on the mitigation of NLOS reception.

C. An Example of GPS Receiver in Urban Canyon

As mentioned in the introduction, various methods have been
developed to identify NLOS satellites. It is easy for those tech-
niques to identify signal’s visibility but not easy to estimate the
pseudorange delay. Thus, the detected suspicious pseudoranges
are generally excluded from the position calculation to avoid
the adverse effects. However, such method requires a large
number of satellites because the rejection of NLOS signals
decreases the available satellites in the calculation. Urban areas
contain many tall buildings. Signals from satellites are often
reflected or completely blocked. As a result, the number of
directly visible satellites often becomes less than four. A GPS
receiver requires at least four satellites to calculate the position
in three dimensions. Fig. 3 shows an example of the number
of LOS GPS satellites observed at Hitotsubashi, Chiyoda-ku,
Tokyo. The Ray-tracing method [16] is utilized to count the
number of LOS satellite. This graph reveals that the lack of
satellites in urban areas. Clearly, there is two-third of the time
that less than four satellites in view. This shortage of satellites
reduces the positioning accuracy and availability.

One global trend is to use multiple GNSSs to increase the
performance. In the near future, satellite navigation systems are
expected to become more commonly available with the launch
of multiple GNSSs, such as Chinese BeiDou system, Euro-
pean GALILEO system, Indian Regional Navigational Satellite
System, and Japanese Quasi-Zenith Satellite System. However,
currently the number of portable device with GPS modules is
more than that of portable device with multiple GNSS modules.
The authors recognize the importance of optimizing the existing
low-cost, stand-alone, single-frequency GPS devices. There-
fore, this paper focuses on the study of taking advantage of
NLOS signal, which regards the NLOS signal as an additional
measurement of the GPS receiver, instead of excluding it. The
detail will be introduced in Section IV.

III. MULTIPATH AND NLOS DETECTION BY 3-D MAP

A. 3-D Building Map

In order to apply the ray-tracing simulation, the construc-
tion of a 3-D building map is needed. To establish the 3-D

Fig. 3. Example of number of LOS GPS satellites observed in Tokyo, Japan.

building map, a 2-D map that contained building location and
the height information of buildings are required. The Funda-
mental Geospatial Data (FGD) of Japan, which was provided
by Japanese geospatial information authority and is open to
Japanese public. This FGD data is employed as 2-D geographic
information system (GIS) data. Thus, the layouts and positions
of every building on the map could be obtained from the 2-D
GIS data. In this paper, the 3-D digital surface model (DSM)
data is provided by Aero Asahi Corporation. Fig. 4 shows
the process of constructing the 3-D building map used in this
paper. This paper first extracts the coordinates of every corner
of buildings from FGD as shown in Fig. 4(a). Afterwards, the
2-D map is integrated with the height data from DSM with it.
Fig. 4(b) illustrates an example of a 3-D building map that
established in this paper. This simple 3-D building map is
utilized in the simulation of ray-tracing.

This paper selects the Hitotsubashi area in Tokyo to con-
structs the 3-D building map because of the density of the tall
buildings. Multipath and NLOS effect are frequently observed.
Thus, the GPS positioning accuracy is very poor in this area. In
this paper, tests were performed at the pedestrian walks and a
road intersection. The landscape of the road and the ray-tracing
simulation are shown in Fig. 5. Due to the buildings at the both
sides of the road, the received signals indicated by the green
lines are reflected. This reflection could be regarded as NLOS
signal. In addition, the developed 3-D building map contains
very small amount of data for each building in comparison to
that of the 3-D graphic application. This paper only contains
the frame data of each building instead of the detail polygons
data of building. An accurate 3-D building map is measured
by the Mobile Mapping System (MMS) as a reference. The
average 2-D position difference between the reference and our
developed 3-D models is about 0.5 meter. This result indicates
the accuracy of the developed 3-D building model is capable of
estimating the reflection path of GPS signal.

B. Ray Tracing

Ray tracing is a technique originally used in the field of
computer graphics to generate an image of an object by tracing
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Fig. 4. The construction of the 3D building map from a 2D map and DSM.
(a) 2D map. (b) 3D building map.

the path of light. Currently, ray tracing is also used to simulate
radio propagation [25], [26]. This paper does not consider
diffractions or multiple reflections because these signals occur
under unfavorable conditions. Thus, this paper only utilizes the
direct path and a single reflected path. If there are more than
one reflection, this paper considers only the shortest reflection
because its effects are usually higher than others.

An example of the combination of the GPS signal propa-
gation simulation using ray tracing and a 3-D building map
is shown in Fig. 5. Red, green and white lines denote the
LOS path, reflected paths and the NLOS paths, respectively.
White lines are signals in which ray tracing could not find any
paths between the ground reference position and the satellite
position. The developed ray-tracing simulation can be used to
distinguish reflected rays and to estimate the reflection delay

Fig. 5. Ray-tracing simulation for multipath estimation.

Fig. 6. The ray tracing technique used in this paper.

distance. This paper assumes that the surfaces of buildings are
reflective smooth planes, namely mirrors. Therefore, the rays in
the simulation obey the laws of reflection. In real world, the
roughness and the absorption of the reflective surface might
cause the mismatch between the ray-tracing simulation and
the real propagation. This paper neglects this effect due to the
roughness of the building surface is much smaller compared
to the propagation distance. The algorithm employed to find
a reflection path is described in Algorithm 1 and illustrated
in Fig. 6.

C. Uncertainty in the Building Edge

Because there is an uncertainty in both the 3-D DSM data and
2-D GIS data, there is also an uncertainty in the constructed
3-D building map. This uncertainty might lead to incorrect
LOS/NLOS estimation. Thus, the possibility of false detection
of multipath must be considered, especially when a signal ray
passes through nearby buildings or when a ray is blocked by the
edges of a buildings as shown in Fig. 7.
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Algorithm 1 Finding a reflection path

STEP1: Compute the receiver’s mirror image position to a
building surface.

STEP2: Prepare a line segment connecting the mirror image
and a satellite.

STEP3: Calculate an intersection of the line segment and a
plane consisting of the building surface.

STEP4: If the intersection is outside of the surface, reflected
path does not exist from the building.

STEP5: If not, prepare two line segments connecting the point
of reflection and the satellite, and the point of reflec-
tion and the receiver.

STEP6: If both of line segments are not blocked by some other
structures, they are considered as a reflected path.

In order to mitigate the incorrect NLOS determination, this
paper defines the minimum distance between the wall of a
building and a direct signal path as a parameter. The distance
is called the minimum distance in this paper. The minimum
distance is calculated by the ray-tracing simulation. If the mini-
mum distance dmin is larger than a threshold distance (dthresmin ),
the direct signal path is identified as a LOS signal. Conversely,
if dmin is smaller than dthresmin , the LOS/NLOS determination is
examined by the received signal strength. In this examination
of received signal strength, the signal is considered as a LOS if
it is sufficiently strong compared to the average signal strength.
On the contrary, the sufficiently weak signals are considered
NLOS. The threshold distance is determined on the basis of the
accuracy of the 3-D building maps. The resolution of the 2-D
GIS data obtained from Japan geospatial information authority
and 3-D DSM data from Aero Asahi Corporation are 2 m and
1 m, respectively. Thus, dthresmin is defined as 3 m in this study.

IV. PROPOSED ALGORITHM

This paper proposes an algorithm to estimate the receiver
position by the use of the measured raw pseudoranges, the 3-D
building map and ray tracing technique. The proposed method
first distributes a number of positioning candidates, evaluates
the candidates’ feasibility and then calculates proper likelihood
function of the feasible candidates. Finally, the expected value
of all the candidates is regarded as the rectified receiver posi-
tion. The following details each step of the proposed method.

A. Position Candidates

The output rate of the proposed method is based on the output
rate of the commercial GPS receiver. The receiver outputs the
measured raw pseudorange set ρ = [ρ1, ρ2, . . . , ρn]

T and the
reference position yGPS calculated by the commercial GPS
receiver. It is important to note that the proposed method
can give a position estimate only if there are more than four
raw pseudoranges from GPS satellites. The proposed method
distributes many position candidates P (i), where i denotes
the index of candidates. The candidates are distributed as a
grid around the initial position, which is the positioning result

Fig. 7. An example of the minimum distance defined in this paper.

from GPS receiver. This paper assumes that the ground-truth
is located within 30 m of the GPS result yGPS(t) most of the
time. Based on this assumption, the grid size is set to 50 m, and
the grid width is 1 m. An example of the grid and candidates
is shown in Fig. 8. Note that if the ground-truth is not within
30 m of the initial position, the proposed method cannot give
accurate positioning result in this case.

B. Simulated Pseudorange From a Candidate

Assuming P (i) as the ground reference position, the pos-
sible reflection delay distance (namely the NLOS delay) εrefl

n

from P (i) to each satellite can be estimated by ray tracing.
Thus, a simulated pseudorange between candidate P (i) to the
nth satellite xsv

n , ρ̂(i) = [ρ̂
(i)
1 ρ̂

(i)
2 . . . ρ̂

(i)
N ]T , can be calculated

by summing the geometric distance R
(i)
n = ‖xsv

n − P (i)‖, the
satellite clock offset equivalent distance cδtsv

n , the receiver
clock offset equivalent distance cδtr(i), the ionospheric delay
In, the tropospheric delay Tn, and the reflection delay distance
ε

refl(i)
n . The bold symbol denotes the vector form of variable in

this paper.

ρ̂(i) =
[
ρ̂
(i)
1 ρ̂

(i)
2 . . . ρ̂

(i)
N

]T
=R(i) + c (δtr(i)− δtsv) + I + T + εεεrefl(i). (2)

In the proposed method, the satellite clock offset δtsv is
corrected using the broadcast ephemeris. The ionospheric delay
I is obtained from the Klobuchar model. The tropospheric delay
T is calculated based on the Saastamoinen model. The receiver
clock offset δtr(i) is modified to minimize the difference be-
tween the simulated set and the observed set.

If the simulated pseudorange set is affected by signal re-
flections in the same way as the observed pseudorange set
is, the simulated pseudorange set should be similar to the
observed set. By using these two sets of pseudoranges, the
similarities between the observed pseudorange set ρ and
the simulated pseudorange set ρ̂(i) can be evaluated. If the two
pseudorange sets are very similar, the position of the candidate
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Fig. 8. Example of position candidates (blue circles) around the GPS result.

is highly likely to be close to the ground-truth. The pseudorange
difference (D(i)

pr ) is defined as follows:

D(i)
pr =

1
N sim

×min
δtr(i)

N sim∑
n

∣∣∣ρn − ρ̂(i)n

(
δtr(i)

)∣∣∣ (3)

where N sim denotes the number of simulated pseudoranges.
One should note that this pseudorange difference indicates the
similarity between the observed and simulated pseudoranges.
However, there is a situation that small values of the calcu-
lated pseudorange difference cannot represent high weightings
of candidates. This paper only focuses on the mitigation of
NLOS reception and does not mitigate multipath effects. If
the observed pseudorange is highly affected by the multipath
instead of NLOS, then the difference between the observed and
simulated pseudorange will not be small.

C. Positioning Results Using the Simulated Pseudorange

In order to solve the multipath problem that mentioned earlier
in the previous subsection, this paper also considers using the
difference between the observed and simulated positions as a
factor to calculate the likelihood function of candidates. In the
case of that the multipath effect is larger than that of the NLOS,
the observed position (namely the position result obtained from
the commercial GPS receiver) is relatively reliable in compar-
ison to the opposite situation. The reason for this behavior is
that the commercial GPS receiver employs special correlators
to mitigate the multipath. Thus, if the simulated position of a
candidate is close to the observed position, then the candidate
is given to a high confidence.

When the receiver outputs the measured raw pseudorange
set, a position yGPS can be calculated by WLS. A simulated
position ŷ(i) can be calculated by the WLS calculation using
the simulated pseudorange set of a candidate. The illustrations
of observed position, yGPS, and simulated position, ŷ(i) are
shown in Fig. 9. Fig. 9(a) illustrates an example of the ob-

Fig. 9. Examples of sampling and the evaluation process. The yGPS refers to
reference (observed) position from the receiver. (a) Examples of the reference
position yGPS and the sampling points P (i). (b) Examples of the calculated

positions ŷ
(1)

and ŷ
(2)

, the candidate points P (1) and P (2), and the reference

position y0. (c) Examples of every calculated position ŷ
(i)

for P (i) overlaid
on (a).

served position, yGPS, and the candidates, P (i). Fig. 9(b) shows
two example of candidates illustrated in Fig. 9(a) and the
corresponding simulated positions, ŷ(i). As shown in Fig. 9(b),
the ŷ(1) appears near theP (1), while ŷ(2) appears far away from
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P (2). The simulated positions ŷ(i) for every candidates, P (i),
in Fig. 9(a) are illustrated in Fig. 9(c). Based on the reasons
above, this paper uses that the distance between yGPS and ŷ(i)

to indicate the confidence of the candidates. The difference in
the positioning results (D(i)

pos) is defined as follows:

D(i)
pos =

∥∥∥yGPS − ŷ(i)
∥∥∥ . (4)

D. Evaluation of the Position Candidates

To use the calculated similarities, the conditions of the posi-
tion candidates P (i) should be evaluated. First, the reasonabil-
ity of NLOS detection according to signal strength is evaluated.
P (i) can be one of the reasonable positions if it satisfies the
following requirements.
P (i) should:

• be outside of any building if any carrier-to-noise ratio
(C/N0) is sufficiently strong,

• be directly visible (LOS) from satellites whose C/N0 is
sufficiently strong compared to the average C/N0,

• and be NLOS, whose C/N0 is sufficiently weak compared
to the average C/N0.

In this paper, the received signal strength and the average
strength from the GPS receiver are utilized. Ten epochs are used
to calculate the average C/N0. It is important to note the C/N0 is
affected by the elevation angle. However, the proposed method
of this paper is to develop a rectified positioning method in
urban canyon environments. In this case, general speaking, the
satellite with low-elevation angle is very difficult to be received.
Even if the signals from low-elevation satellite are received,
they usually received as reflected signal instead of LOS. Based
on the reasons above, the authors believe that it is reasonable to
use C/N0 to distinguish the NLOS and LOS.

The candidates that satisfied the above requirements are
selected to calculate the final position of the proposed method.
It is important to note the weighting of each candidate should
be different. The likelihood of the candidates is calculated on
the basis of the two similarities discussed earlier in this section.
The likelihood α(i)(t)(i = 1, · · · , Np) for each candidate is
determined by considering both the pseudorange and position
similarities. The likelihood function is shown in the following:

α(i)(t) =L(i)
pr L(i)

pos (5)

L(i)
pr =

⎧⎨
⎩exp

[
−D

(i)2

Pr

σ2
0

] (
if D(i)

pr < C1

)
0 (otherwise)

(6)

L(i)
pos =

⎧⎨
⎩exp

[
−D

(i)2

pos

σ2
Δt

] (
if D(i)

pos < C2

)
0 (otherwise)

. (7)

This paper assumes both the distributions of the similarities
are Gaussian distributions. The first and second parts of the
likelihood function, Lpr, and Lpos, are based on the similarity of
the pseudorange sets and the positioning results, respectively.
In order to exclude the ridiculous candidate, this study defines

two constant threshold, C1 and C2, with values 8 m and 40 m,
respectively.σ0 and σΔt are constant that stabilized the estimate
and are determined empirically. Finally, the recertified position-
ing result of the proposed method is calculated by

x(t) =

∑
i α

(i)(t)P (i)(t)∑
i α

(i)(t)
. (8)

In summary, the likelihood function evaluates the confidence
of the candidates referring to both the reasonability of the
simulated pseudorange the positioning result by the simulated
pseudorange. The estimated position is calculated as a weighted
average of the position candidates.

Algorithm 2 Position Estimation Algorithm

STEP1: Every time the receiver outputs the raw pseudorange
set ρ, calculated the reference position yGPS.

STEP2: Divide a 50 m × 50 m area around yGPS into 50 ×
50 grids represented by P (i). do

STEP3: for all the candidates P (i) do
STEP4: Estimate the LOS/NLOS condition and compute the

reflection delay εrefl(i).
STEP5: Calculate the simulated pseudorange set ρ̂(i) accord-

ing to (2).
STEP6: if the ray-tracing result does not contradict the re-

ceived signal strength then
STEP7: Compute the pseudorange difference diffpr(i)

according to (3).
STEP8: Compute the difference in positioning results

D
(i)
pos according to (4).

STEP9: Compute the likelihoodα(i) according to (5)–(7).
STEP10: end if
STEP11: end for
STEP12: Set outputx(t)←(

∑
i α

(i)(t)P (i)(t))/(
∑

i α
(i)(t))

E. Smoothing by Particle Filter

In order to smoothen the trajectories of the estimated po-
sitions, a particle filter is employed for this purpose [13]. To
use the particle filter, the design of the state dynamics model,
state vector, and likelihood function are required to weight
each particle. The observation is x(t) = [ϕ(t), λ(t)]T , a 2-D
coordinate position estimated above. The state vector is defined
as x̂ = [ϕ, λ, vϕ, vλ]

T , where ϕ and λ respectively denote the
latitude and longitude with corresponding velocities vϕ and vλ.
This paper assumes that the state propagation noise is Gaussian
white noise, N t ∼ N (0,Σ). The state propagation model is
expressed as follows:

x̂(t) =F x̂(t−Δt) +N t (9)

F =

∣∣∣∣∣∣∣∣
1 0 Δt 0
0 1 0 Δt
0 0 1 0
0 0 0 1

∣∣∣∣∣∣∣∣ . (10)
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This filter is used by a set of particle samples S(t) =
[s(1)(t), s(2)(t), · · · , s(Np)(t), ]T . In filter updating process,
the confidence π(i)(t) of sample is determined based on 2-D
difference, a simple likelihood function:

π(i)(t) =

∥∥s(i)(t)− x(t
)
‖∑Np

i

∥∥s(i)(t)− x(t)
∥∥ . (11)

F. Improvement in Search Efficiency

The aim of this study is to provide a real-time accurate
positioning algorithm. Hence, the computational load of the
proposed method is also discussed. For the real-time appli-
cation, the calculation time for each position estimate should
be estimated. As discussed in Section IV, 2500 candidates
need to be evaluated. The evaluation time of each candidate
has to be shorter than 0.4 millisecond in order to achieve a
position estimate within 1 second. However, it is less possible
to evaluate each candidate with such a short time because the
algorithm needs to calculate all possible traveling paths of the
ray, which is highly complicated. Therefore, this paper further
develops a random sampling method to reduce the required
numbers of candidates. The random sampling method is based
on the continuity of movement and the possibility of a dense
location.

To reduce the number of candidate, the particles p(i) are
distributed around the reference positions instead of using
grid points. Namely, the particles p(i) are sampled around
yGPS(t). Each particle is considered as a position candidate.
The distribution of the particles is determined on the basis
of a 2-D Gaussian distribution to randomly place around the
reference position. The behavior of the distribution is similar
to typical GPS positioning errors. On the other hand, particles
should also be placed around the previous estimated position
x(t−Δt) because of the continuity of movement. Therefore,
the resampling of particles are arranged to be suited to the
situation. In this paper, the number of particles is 300. It is
understandable that the proposed method can estimate more
accurately with more particles. However, the more particles also
consumes more computation loads. It is important to reach a
balance between the accuracy and computation load. Based on
the objective of real-time calculation, this paper selects 300
particles (with 8 satellites in view) in the proposed method
to calculate the positioning result within 1 second. During the
resampling phase, half of particles are generated according to a
normal distribution N (yGPS(t),

∑
0), while the others are gen-

erated according to normal distribution N (x(t−Δt),
∑

Δt)
based on the continuity of movement. The distribution of the
resampling sample is shown in Fig. 10. The spread width for the
first half of particles is arranged to 50 m due to the variance of
the receiver positioning result. The spread width of the second
half is set up based on both the uncertainty of previous position
estimate and regular motion of pedestrian. In general, the
1-sigma positioning error of the proposed method is less than
10 m. The general pedestrian walking speed is regarded as
1 m/s. Thus, the spread width for the continuity of movement is
10 m in this paper.

Fig. 10. Example of position candidates around the GPS result and around the
previous estimate.

V. EXPERIMENTAL RESULTS

A. Equipment Setup

For the experiment, the necessary data from the GPS receiver
are the raw ephemeris, the raw pseudorange set, the signal
strength of each satellite and the calculated position outputs.

This work employs a u-blox NEO-6P GPS Evaluation Kit,
which is a simple, small, low-cost, standalone and single fre-
quency GPS L1 receiver. The antenna used in the experiment
is the u-blox ANN-MS active antenna, namely a patch antenna,
with 5-m cable. The u-blox receiver output rate is 1 Hz. This
paper also collects the positioning result from an iPhone 4S
mobile to understand the performance of current mass-market
merchandise.

In the first test, the quasi-ground-truth trajectory was ob-
tained on the basis of where the pedestrian actually walked.
In the second test, this paper employs video cameras to cap-
ture the trajectories of the pedestrian with the receiver. Video
cameras were installed on the upper floor of a building near
the experimental site. The quasi-ground-truth positions were
estimated by comparing the captured video and high-resolution
orthophotography. The orthophotography resolution was
25 cm/pixel. Therefore, the error distance for each estimate can
be calculated.

B. Efficiency Evaluation of the Particle Sampling

This paper evaluates the calculation time of the proposed
algorithm using a grid sampling method and a particle sampling
method. For a quantitative evaluation, the average calculation
time and the error distance of the position estimation algorithms
are measured. During the tests, a laptop computer with Intel
Core i7 2.70 GHz is employed. The source code is written
in C++. The error distance is defined as the distance from
the quasi-ground-truth line to each estimated position. Because
these error distances are calculated from a line, not from
each quasi-ground-truth point, the values do not exactly rep-
resent the error of each estimated point. However, we believes
that this error value can still evaluate the minimum required
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TABLE I
MEAN CALCULATION TIME AND ERROR DISTANCE

OF THE POSITION ESTIMATION

performance. The results are summarized in Table I. To further
evaluate the computational load that reduced by the particle
sampling method, this paper compares the computational load
of the two methods. The heaviest computational load of the
proposed method is the ray-tracing.

First, all the buildings are assumed to be shaped as simple
rectangle. M buildings would have M × 4 planes. If there is N
satellites are received by the receiver, then the number of ray-
tracing calculation for a single candidate would be M × 4 ×N .
In the paper, the number of candidate reduced by particle sam-
pling method is 2200 candidates. Thus, the total reduced ray-
tracing calculation is M × 4 ×N × 2200, which significantly
reduces the processing load.

Comparing the positioning error of the two sampling method
the positioning performance is almost the same, while the
calculation time of the particle search is much shorter than the
grid search. Therefore, for following experiments, this paper
uses the proposed algorithm with the particle sampling method.
Step 2 of Algorithm 2 is modified to the following step:

STEP2: Generate half of the position assumptions (parti-
cles) around yGPS according to the normal dis-
tribution N (yGPS(t),

∑
0) with a 50-m spread

width. If the previous estimate exists, generate the-
other half of the assumptions around x(t−Δt)-
according to the normal distribution N (x(t−
Δt),

∑
Δt) with a 10-m spread width.

C. Walking Straight Along a Sidewalk: Test 1

First field test was conducted in January 2013 at the Hi-
totsubashi intersection mentioned in Section III-A. This test
was operated for a rough evaluation of the proposed method.
Fig. 11 shows an example of the trajectories of the first test. The
green line, red circles, and yellow squares on the map represent
the results from an iPhone4S, a u-blox NEO-6P, and the pro-
posed method, respectively. In this case, a p pedestrian carrying
the receivers moved along the sidewalk from the lower right to
the top middle of the picture. This route is approximately 250 m
and takes about 180 s to travel. In contrast to the iPhone and
u-blox receiver, the result of the proposed method is closer to
the quasi-ground-truth trajectory. In addition, the result of the
proposed method does not appear on the wrong side of the road,
while other two devices often appear on the opposite side of
the road. Each quasi-ground-truth position is not recorded with
time clock information, thus the evaluation of the error distance
for this test is qualitative.

Fig. 11. Examples of the positioning results, the trajectories of the commercial
GPS receiver (red circles, green line), and the proposed method (yellow
squares). The cyan line indicates the true route.

D. Walking Around an Intersection: Test 2

The second field tests were conducted in August 2013 at the
same place mentioned in Section III-A.

The experimental results of the proposed method with/
without filter and commercial GPS receivers are shown in
Fig. 12. As mentioned earlier, this paper employs a particle
filter to smooth the output and to exclude points that located
far away from the previous estimate.

E. Evaluation

As observed in Fig. 12, the estimated trajectory by the pro-
posed method is much more similar to the quasi-ground-truth
than that of the commercial GPS receivers. Both iPhone 4S
and u-blox NEO-6P receivers give distorted trajectories.

It is interesting to note the trajectories given by the two com-
mercial receivers are similar. The reason for this phenomenon
is the reception of NLOS signals. As mentioned earlier, the
commercial receiver is not capable of mitigating the effect of
NLOS signal. Fig. 5 demonstrates a snapshot of the ray-tracing
simulation of the experiment result. The quasi-ground-truth, the
GPS result and the proposed method are denoted by the cyan,
red and yellow dots, respectively. As shown in the Fig. 5, the
GPS result is far away from the quasi-ground-truth because of
the two signal reflections, which indicated by the green lines.
In contrast, the proposed method successfully estimates the two
reflection paths and two direct paths, so that the estimate is very
close to the quasi-ground-truth. To compare the left and right of
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Fig. 12. Comparison of the positioning trajectories between the commercial
GPS receiver (red circles, green line) and the proposed method (yellow
squares). A particle filter is utilized for smoothing. The cyan line indicates the
true ground route. (a) Test 2-Case1. (b) Test 2-Case2.

Fig. 12(a), the performance of the proposed method is highly
improved by the particle filter. Again, the improvement can be
observed from Fig. 12(b). However, it is not clear and fair to

Fig. 13. Comparison of the positioning trajectories between the conventional
methods (red circles, green line) and the proposed method (yellow squares).

compare the filtered positioning results from the commercial
GPS receiver and the proposed method due to different types
of filter are used. This difference can be seen by comparing
the availability. The proposed method only calculates the po-
sitioning if the numbers of available satellite are more than
four. However, the GPS positioning result from the u-blox
receiver somehow used filters to smooth the positioning results.
Even if there are no signals from satellites for a second, the
u-blox receiver can still output a positioning result. Based on
the reasons above, the yellow dots are less than red dots in
Figs. 10–12. During the tests, the percentage of the time that
more than four GPS satellites are in LOS area is approximately
25%. In contrast to this, the availability of the proposed method
is approximately 71%; and GPS itself is approximately 91%.
Although the proposed method also used a particle filter to
smooth the result, this particle filter only helps the proposed in
the distribution of the particles (candidates) instead of smooth-
ing the position results when the signal outage. If the number
of valid satellite is less than four, the proposed will not give a
position. In order to fairly compare the u-blox receiver and the
proposed method, this paper calculates the results using the raw
pseudorange and ephemeris by means of weighted least square
method (namely a conventional method). The results are shown
in Fig. 13 and 14.

In Fig. 13, it is difficult to identify the trajectory from the
positioning results of the conventional method. In contrast,
the proposed method could roughly obtain the trajectory. For
a quantitative error evaluation, this paper considers the error
distance as the distance from the quasi-ground-truth position
to each estimated position. Fig. 14 draws the errors through
the unfiltered and filtered tests. In Table II, the maximum, the
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Fig. 14. Comparison of error distance between the conventional method (red dots) and the proposed method (yellow squares).

TABLE II
MAXIMUM, MEAN, AND STANDARD DEVIATION OF THE ERROR

DISTANCE OF THE AVERAGE AMONG THE TESTS

mean and the sample variance of error distances of the average
among tests are shown. This result shows that by using the
proposed method, the maximum of the error can be reduced
from 54.5 to 33.1 m; the mean error from 19.8 to 5.2 m. It is
interesting to note there are more epochs available for the
conventional method. The proposed method estimates the po-
sitioning results based on the expectation calculation of all the
position candidates (particles) as shown in equations (6)–(9).

As shown in the equation (7) and (8), if we fail to find any
particle, which can fit both D

(i)
pr < C1 and D

(i)
pos < C2, then

the proposed method cannot output a positioning result at that
epoch. Thus, in general, the conventional method is capable of
giving more results than the proposed method.

VI. CONCLUSION

This paper proposes an algorithm that uses 3-D building
map and ray-tracing simulation to improve the accuracy of
mobile GPS devices. Ray tracing only requires extra compu-
tational power with no additional device, so that the proposed
method are even possibly applicable in portable devices. NLOS
satellites can be identified by ray-tracing simulation and 3-D
building map. The potential reflection delay distance from any

point in the area, where 3-D map is provided, can be also
estimated. Thus, the simulated pseudorange of a candidate can
be generated to evaluate the similarity between the simulated
pseudorange set and the observed pseudorange set.

The difference between the two sets of pseudorange is re-
garded as a confidence of the position candidate. This differ-
ence is used in the calculation of the likelihood function. A
particle filter with a proper state propagation model is also uti-
lized to smooth the positioning result of the proposed method.
In order to reduce the computational load of the proposed
method, a random sampling method is utilized to distribute the
effective samples. The position candidates are generated around
the GPS result and the previous estimate. The calculation time
is also evaluated and is found to be fast enough for the real-
time estimations. The proposed method was evaluated through
field experiments. According to the experiment results, the
positioning accuracy improves dramatically in comparison to
the conventional method.

In the experiment, the error distances are within 8 m at most
of the points. However, some points still deviate from the actual
ground position. These points in certain area are able to be esti-
mated by the proposed method. The causes of these remaining
errors and the causes of the failure of estimate will be inves-
tigated. Basically, the remaining error is mainly based on nu-
merous errors which are not fully corrected by our model, such
as ionospheric delay, tropospheric delay, and the error of 3-D
building map. On the other hand, the cause of failure is mainly
based on the failure of path-finding by ray-tracing simulation.
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