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ABSTRACT Smartphone-based pedestrian localization is still a challenge in deep urban canyons, where
GNSS signals suffer from the degrading of signal transmission, multipath effects, and NLOS reception. This
paper presents a comprehensive pedestrian localization scheme based on PDR and GNSS observations at
different times, using the internal sensors equipped in the smartphone, including GNSS raw measurements
(pseudo-range, carrier phase), internal MEMS sensor (including the gyroscope, accelerometer, magnetome-
ter, and barometer). The core algorithm utilizes historical effective satellite observation and PDR to solve
pedestrian position, exploiting both PDR andGNSS’s complementary properties. The proposed approach can
improve accuracy and continuity and solve the problem of missing data, such as without satellite coverage.
Besides, we design aKalmanfiltermodel to reduce systematic errors and correct PDR in real-time to decrease
the cumulative error of PDR. To evaluate the proposed pedestrian localization scheme’s performance,
we perform experiments in a typical urban canyon with dense foliage and tall buildings and compare it with
the different state-of-the-art approaches. The comparison and analysis of the overall positioning performance
show that the method proposed in this paper can provide a better localization scheme, and the RMS value of
positioning error is improved from 51.7m (GNSS only) to 9.6m.

INDEX TERMS PDR, GNSS of different times, calculating position, integrated PDR/GNSS.

I. INTRODUCTION
As Micro-Electro-Mechanical System (MEMS) has been
rapidly developed, various kinds of smart-devices for con-
sumers, such as smartphones, smart-watches, tablet com-
puters, are equipped with Global Navigation Satellite
System (GNSS) receivers, and inertial measurement unit
(IMU), which provide new and cheap approaches to urban
localization.

Commonly the first choice for localization is the GNSS in
urban because of its widest coverage. However, pedestrians
walk in various kinds of city environments, including open
filed, sub-urban streets and deep urban streets. Due to the
degrading of signal transmission, notorious multipath effects,
and non-line-of-sight (NLOS) reception [1], GNSS cannot
achieve highly accurate positioning performance in all areas,
especially in urban canyon. Many researchers have proposed
combining other positioning methods, such as Pedestrian
Dead Reckoning (PDR) [2], visual localization, 3D Maps [3]
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and external signal-aided [4], with GNSS to improve pedes-
trian navigation capability and stability. According to the
unique characteristics of human walking gait, PDR can
achieve the user’s position by using accelerometers to detect
the pedestrian’s traveling steps, estimate step length, and use
gyro-meters and magnetic estimate heading between every
two consecutive steps. And the PDR has the advantage of
high precision within short periods, minor calculation and
without external equipment. As a result of inaccurate heading
direction estimation, inaccurate step length estimation and
so on, PDR is easily affected by accumulative errors. So,
combining PDR and GNSS will be a highly complementary
system.

While the integration of PDR and GNSS is feasible,
so many related studies have been published recently. There
are a lot of fusion methods for PDR/GNSS. Such as refer-
ence [5] develop a prototype system, named GloCal, which
combined PDR and GPS to improve the average error con-
cerning GPS. In the study in Reference [6]-[8], traditional
filter, like Extended Kalman Filter (EKF) and Unscented
Kalman Filter (UKF), was used to estimating the system’s
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attitude error and the bias of the gyroscope, and it could avoid
the accumulation of PDR heading errors over time effectively.
Because of the deterioration of received signal quality, some
researchers also propose improved filter system, like wavelet
transform-based Unscented Kalman Filter (WT-UKF) [9],
UKF algorithm used for constraining residual [10]. Besides
that, Reference [11] proposed an event-triggered multi-rate
size-varying Kalman filter model, which can remove sys-
tematic errors due to the wrong calibration of the sensors or
environmental noises and solve the integrated problem when
sampling rates of each source is different. Those studies have
a premise that GNSS can output positioning results because
an integrated positioning system mathematical model is
established with GNSS and PDR positioning results. But in
many areas, like narrow building canyon and dense foliage
of street trees, the GNSS receiver cannot provide positioning
results. Some researchers use the GNSS carrier phase to solve
single-point positioning and integrate GNSS and PDR [12].
But they do the static and kinematic experiment on the play-
ground with an open area without a narrow building canyon
and dense foliage of street trees.

Many scholars have proposed fusion methods to deal with
the problem of degrading of signal transmission and notori-
ous multipath effects in deep urban canyons, many scholars
have proposed fusion methods. Reference [3] proposed a
framework of the integration based on 3D map aided GNSS
and PDR in the urban canyon with dense foliage. It outputs
the stride length and heading of PDR and the position and
accuracy of 3D-GNSS into the Kalman filter to obtain the
fusion result. Reference [13] presents a comprehensive urban
canyon pedestrian navigation scheme. They combine PDR,
GNSS and Beacon to calibrate heading and design-related
algorithms to adjust or limit the use of these different type
observations to constrain large jumps in the Kalman filter
model, thereby making the solution stable. Some researchers
use GNSS pseudo-range double difference (PDD) and PDR
to obtain comprehensive navigation [14], which needs an
external base station to provide reference pseudo-range.
Those researchers integrate PDR, GNSS and external equip-
ment or assistant, which increase fusion system complexity
and cost.

In this paper, we propose a comprehensive approach for
fusing GNSS observations and PDR, which only uses the
smartphone’s internal sensors without external assistance.
The proposed fusion method’s core algorithm utilizes
smartphone internal GNSS raw measurements (pseudo-
range, carrier phase) at different times, internal MEMS sen-
sor (including gyroscope, accelerometer, magnetometer, and
barometer) to construct a comprehensive positioning solu-
tion. The presented solution can solve the localization in a
harsh street environment, where the GNSS receiver’s position
error is substantial and even out of the output. In addition,
it can improve pedestrian positioning capability and stability
in an urban canyon area. The contributions of this study are
as follows.

• We propose a pedestrian localization algorithm based on
PDR and GNSS observations at different times, using
the smartphone’s internal sensors. The core algorithm
utilizes historical effective satellite observation and PDR
to solve pedestrian position, which exploits the com-
plementary properties of both PDR and GNSS. It can
improve accuracy and continuity and solve missing data,
such as without satellite coverage.

• We design an equation update method for different situ-
ations. As the algorithm presented in this paper utilizes
historical observation to solve position, which is differ-
ent from the traditional ones, we cannot use the general
method to update equations. Different updating methods
are designed for different measurement data scenarios.

• We design a Kalman filter model to reduce systematic
errors and correct PDR in real-time to decrease the
cumulative error of PDR. As the PDR is easily affected
by accumulative errors and the GNSS has large jumps,
a Kalman filter model is designed to smooth these errors.

• We perform experiments in a typical urban canyon with
luxuriant trees, high-density tall buildings, and narrow
streets to evaluate the proposed pedestrian localization
scheme’s performance. And we compare it with the dif-
ferent state-of-the-art approaches. Comparing and ana-
lyzing the overall positioning performance shows that
the method proposed in this paper can provide a better
localization scheme.

The rest of this paper is organized as follows:
Section 2 introduces the presented algorithm, including
calculating position (CalPos) with GNSS observations and
PDR at different times, updating equations, integrated
PDR/GNSS. Section 3 shows the experimental setup, results
and discussion. And finally, Section 5 concludes the paper.

II. METHODOLOGY
When the pedestrian is in a harsh environment, such as dense
forests, densely built urban areas, outdoor building corridors,
etc., the position error is vast. Sometimes the GNSS receiver
cannot output positioning results due to signal blockage and
multipath. However, some observations of the GNSS receiver
are valid. If we combined the information received at different
times, it could meet the requirements of satellite positioning.
And the position change of different times can be obtained by
PDR, which has high precision in a short period. Therefore,
we propose a fusion algorithm to calculate the position based
on satellite observation measurement and PDR at different
times. As shown in Fig.1, the GNSS receiver receives the
north-south satellites’ measure at point P1. And when it
moves to point P2, the receiver gets the measurement from
the east-west satellite. Using data received at P1 and P2 could
obtain good Position Dilution of Precision (PDOP), making
the positioning accuracy higher.

The fusion algorithm consists of four parts: PDR, CalPos,
updating equations, PDR/GNSS, as shown in Fig 2. The inter-
nal MEMS sensor measurement (including the gyroscope,
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FIGURE 1. Illustration of the foliage attenuation to Line-of-sight
Satellite (LOS) and Non-line-of-sight Satellite (NLOS) signals.

FIGURE 2. Schematic diagram of fusion algorithm.

accelerometer, magnetometer, and barometer) is inputted to
the PDR system and output the change of position. The
smartphone internal GNSS raw measurements and the output
of PDR are inputted into the CalPos part to obtain the local-
ization. The results of PDR and GNSS raw measurements are
used to update equations. All the raw data and output are used
to calculate PDR/GNSS. They will be introduced as follows.

A. PEDESTRIAN DEAD RECKONING
PDR is an algorithm to estimate pedestrians’ movement,
which uses the MEMS sensors (accelerometer, gyroscope,
andmagnetometer) in the smartphone. Pedestrian plane local-
ization can be computed by the previous, moved distance, and
pedestrian heading.{

xpdrk = xpdrk−1 + SLk ∗ sin(headingk )

ypdrk = ypdrk−1 + SLk ∗ cos(headingk )
(1)

where xpdrk is the north coordinate of the current location, ypdrk
is the east coordinate of the current location, headingk is the
pedestrian walking orientation and SLk is the moved distance
from the previous step to the current location. To estimate the
user’s location, there are four steps: step event detection, step
length estimation, heading direction estimation and position
estimation.We use existing algorithms to solve them [5], [15].

PDR can compute pedestrian plane location. The change in
altitude can be calculated with the barometer equipped with
the smart device. The relationship between air pressure and
elevation is [16]–[18]:

dP = −
mPg
R∗T

dH (2)

where P is atmospheric pressure, H is altitude, T is the abso-
lute temperature, m is the molecular weight, g is gravity, and
R∗ is gas constant. The change of ground temperature is small
in a certain period. The influence of the temperature is smaller
than that of the pressure. So, the equation can be simplified
as

1hk = 18400 ∗
(
1+

tpk
273.15

)
∗ lg

P0
Pk

(3)

where tpk is centigrade, P0 is the previous pressure. Then the
vertical location is

hpdrk = hpdrk−1 +1hk (4)

B. CALCULATING POSITION
1) SATELLITE SELECTING
Even though the GNSS’s error is substantial or the position
cannot be solved, some observation is still useful. So it is
necessary to select effective satellites. At present, there are
some general satellite selection algorithms, such as the best
geometric error factor, the largest tetrahedral volume and
the largest determinant [19]. The basic idea is to select the
satellite combination with the smallest geometric precision
factor. However, the prerequisite for these methods is that the
number of satellites is enough and the signal’s quality is good.
In this paper, we should select the satellite with effectively
and relatively good signals when the number of satellites
is limited and the signal interference is serious. This article
intends to select satellites through the following aspects.

a: BASIC SELECTION
The multipath effect is one of the most important factors that
affect the pseudo-range error. Especially when the satellite
altitude angle is small, the receiver is easy to receive the
multi-path signal reflected by buildings, which makes the
pseudo-range error increase. In addition, when the carrier
to noise density ratio is small, it means the pseudo-range is
influenced by multipath greatly [20]. We can select satellites
from the following two aspects: altitude angle θi,sj and carrier-
to-noise ratio SNRi,sj:{

flagb = 1, if
(
θi,sj > Threθ&SNRi,sj > ThreSNR

)
flagb = 0, otherwise

(5)

where Threθ and ThreSNR are the threshold of altitude angle
and carrier-to-noise ratio. In this paper, the threshold are
Threθ = 7o and ThreSNR = 35 for smartphone. When it is
satisfied flagb = 1, the satellite can be inputted into next
selection part.

The result of satellite selection is shown in Fig.3. Without
selecting, the number of satellites is bigger than eight at most
times. After basic selection, the number has been reduced by
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FIGURE 3. The result of satellites basic selection.

at least four. The total number of satellites is less than four at
some time.

b: OBSERVATION SELECTION
The pseudo-range between the satellite to user is [21]

ρi,sj = ri,sj + tui + ti,sj + I + E + T + εi,sj (6)

where ri,sj is the real distance between satellite j and user
at time i-th, tui is the clock error of GNSS receiver, ti,sj is
the clock error of satellite j, I is the error caused by the
ionosphere, E is the ephemeris error, T is the error caused
by troposphere, εi,sj is the measurement noise including rel-
ativistic effect, tidal correction, multipath error, white noise,
etc. Some of them can be revised with error models like tsj,
I,T and E. After correction, the pseudo-range becomes:

ρ̃i,sj = ri,sj + tui + εi,sj (7)

And the difference between two consecutive epochs:

ρ̃i+1,sj−ρ̃i,sj=
(
ri+,sj−ri,sj

)
+(tui+1−tui)+

(
εi+1,sj−εi,sj

)
(8)

Since the user is a pedestrian, the moving distance within a
continuous epoch is very limited, so ri+,sj− ri,sj ≈ 0.And the
receiver clock error within consecutive epochs is unchanged,
so tui+1 − tui ≈ 0. The formula becomes:

dρi+1,sj = ρ̃i+1,sj − ρ̃i,sj ≈
(
εi+1,sj − εi,sj

)
(9)

As εi,sj is the measurement noise including relativistic effect,
tidal correction, multipath error, white noise and so on, it will
not change much within consecutive epochs. In this paper,
the difference between two consecutive epochs is used to
select the valid observation data as:{

flagsat = 1, if
∣∣dρi+1,sj∣∣ < Thresat

flagsat = 0, otherwise
(10)

where Thresat is the threshold. When flagsat = 1, the
pseudo-range at this time is available.
The result of satellite selection is shown in Fig.4, and the

available satellites are shown as red points. The number of
satellites is smaller than four at most times. The position

FIGURE 4. The result of satellites observation selection.

cannot be achieved within a single time. However, if we com-
bined the information at different times, it can meet satellite
localization requirements.

2) ESTABLISHING EQUATION
To establish equations for solving position, we suppose that
there are n1 satellites available at time 1-th. The pseud-
orange ρ1,j and the position of satellite

(
x1,sj, y1,sj, z1,sj

)
,

j = 1, . . . , n1 are known quantities. The position of the
pedestrian (x1, y1, z1) is unknown. The equations between
user and satellites can be established as:

√(
x1,s1 − x1

)2
+
(
y1,s1 − y1

)2
+
(
z1,s1 − z1

)2
+tu1 = ρ1,s1

...√(
x1,sn1 − x1

)2
+
(
y1,sn1 − yi

)2
+
(
z1,sn1 − z1

)2
+tu1 = ρ1,sn1

(11)

where tu1 is the clock error of the GNSS receiver at time
1-th. There are 4 unknowns in those equations. If n1 ≥ 4,
so those unknowns can be solved. But when n1 < 4, we need
more information to solve those equations. The equations are
established at time 2-th as:

√(
x2,s1 − x2

)2
+
(
y2,s1 − yj

)2
+
(
z2,s1 − z2

)2
+tu2 = ρ2,s1

...√(
x2,sn2 − x2

)2
+
(
y2,sn2 − y2

)2
+
(
z2,sn2 − z2

)2
+tu2 = ρ2,sn2

(12)

And the position relationship between time 1-th and time 2-th
is as: 

x1 = x2 − dx1,2
y1 = y2 − dy1,2
z1 = z2 − dz1,2

(13)

Four unknowns (x2, y2, z2, tu2) and n2+3 equations are added
in the equations. There are eight unknowns and n1 + n2 + 3
equations in total. If n1 + n2 + 3 ≥ 8, those equations can
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be solved. It means that if n1 + n2 < 5, we need more
information. So if we use k epochs to establish equations,
we will have n1 + n2 + · · · + nk + 3 (k − 1) equations and
4 + 4 (k − 1) unknowns. These equations can be solved as
long as it satisfies:

n1 + n2 + · · · + nk + 3 (k − 1) ≥ 4+ 4 (k − 1) ,(
ni < 4, i = 1 · · · k, ni ∈ N ∗

)
(14)

Simplify the inequality:

n1 + n2 + · · · + nk ≥ k + 3,
(
ni < 4, i = 1 · · · k, ni ∈ N ∗

)
(15)

Here all parameters satisfy ni < 4, because if any of them is
greater than 4 the equations can be solved. The all equations
are:

√(
x1,s1 − x1

)2
+
(
y1,s1 − y1

)2
+
(
z1,s1 − z1

)2
+tu1 = ρ1,s1

...√(
x1,sn1 − x1

)2
+
(
y1,sn1 − y1

)2
+
(
z1,sn1 − z1

)2
+tu1 = ρ1,sn1

· · ·√(
xk,s1 − xk

)2
+
(
yk,s1 − yk

)2
+
(
zk,s1 − zk

)2
+tuk = ρk,s1

...√(
xk,snk − xk

)2
+
(
yk,snk − yk

)2
+
(
zk,snk − zk

)2
+tuk = ρk,snk

(16)



x1 = xk − dxk,1, y1 = yk − dyk,1, z1 = zk − dzk,1
x2 = xk − dxk,2, y2 = yk − dyk,2, z2 = zk − dzk,2
...

xk-1 = xk − dxk,k−1, yk−1 = yk − dyk,k−1, zk−1
= zk − dzk,k−1

xk = xk , yk = yk , zk = zk

(17)

where dxk,k−1 is the position change of the x-axis from the
(k-1)-th to the k-th. And the present (xk , yk , zk) can be solved
from those equations.

From the above mathematical analysis, whether the avail-
able satellites at different times are the same does not affect

the subsequent calculations. However, in practice, if the satel-
lites used for calculation are the same, the equivalent PDOP
will be large caused by the poor geometrical distribution of
the satellite positions, so that the error of positioning result
will be enormous. Therefore, in the actual solution process,
in order to ensure the final solution accuracy, it is necessary to
determine that four different satellites appear. And this kind
of situation exists in reality, as shown in Fig.1.

In addition, the first moment in the above equations can be
understood as the first moment in the fixed window length
and is not limited to the first moment when the device is
started. So the redundant measurement information needs to
be eliminated in the case of more observation measurements.
In section B will introduce the update equations method.

3) SOLVING EQUATIONS
According to the previous analysis, when the number of
available satellites is greater than k + 3, the equations (16)
and (17) can be solved. For formula (16), set ρk,snk as

ρk,snk = f (x, y, z, tuk) (18)

Through Taylor expansion of formula (18) at (x0, y0, z0, tuk0)
and ignoring the error terms of twice or more, we transform
the formula into:
ρk,snk

= f (x0, y0, z0, tuk0)+
∂f
∂x

∣∣
(x0,y0,z0,tuk0) (x − x0)

+
∂f
∂y

∣∣
(x0,y0,z0,tuk0) (y− y0)+

∂f
∂z

∣∣
(x0,y0,z0,tuk0) (z− z0)

+
∂f
∂tu

∣∣
(x0,y0,z0,tuk0) (tuk − tuk0) (19)

Which means (20), as shown at the bottom of the page.
So formula (16) and formula (17) is changed to:


x
y
z
tu1
· · ·

tuk

 =

x0
y0
z0
tu10
· · ·

tuk0

+(J
T J )−1JT



ρ1,s1−
(
r1,s1−tu10

)
...

ρ1,sn1−
(
r1,sn1−tu10

)
· · ·

ρk,s1−
(
rk,s1−tuk0

)
...

ρk,snk−
(
rk,snk−tuk0

)


(21)

And J = [ J1 J2 ], where J1 is Jacobian matrix (22), as shown
at the bottom of the next page.

ρk,snk =
(
rk,snk + tuk0

)
+
−
(
xk,snk−x0−dxk−1

)
rk,snk

(x−x0)

+
−
(
yk,snk−y0−dyk−1

)
rk,snk

(y−y0)

+
−
(
zk,snk−z0−dzk−1

)
rk,snk

(z−z0)+ (tuk−tuk0)

rk,snk =
√(

xk,snk−x0−dxk−1
)2
+
(
yk,snk−y0−dyk−1

)2
+
(
zk,snk−z0−dzk−1

)2 (20)
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And J2 is

J2 =

 J21...
J2k


n×k

, J2i =

 0 · · · 0 1 0 · · · 0
... · · ·

...
...
... · · · 0

0 · · · 0 1 0 · · · 0


ni×k

ith

(23)

The position of the pedestrian at time k-th can be solved with
the formula (21) and Least Square Estimate (LSE) method.

C. UPDATING EQUATIONS
1) DATA PRE-PROCESSING
Since the data frequency of GNSS is lower than the PDR, it’s
necessary to time-align before calculation. Assume that the
previous output time of PDR is k-th, and the GPS output time
is j-th that is satisfied with tk < tj < tk+1. Then estimate the
position of PDR at time j as follows:

xpdrj = xpdrk +SLk ∗ sin(h
f
k ) ∗

tj−tk
tk−tk−1

ypdrj = ypdrk +SLk ∗ cos(h
f
k ) ∗

tj−tk
tk−tk−1

hpdrj = hpdrk +1hk ∗
tj−tk
tk−tk−1

(24)

The outputted from PDR is in navigation coordinate sys-
tem (NCS) and

(
dxi,j, dyi,j, dzi,j

)
is in the global coordinate

system (GCS). So it needs to be converted to GCS:[
dxi,j, dyi,j, dzi,j

]T
= Cg

n

[
dxpdri,j , dy

pdr
i,j , dh

pdr
i,j

]T
(25)

where
(
dxpdri,j , dy

pdr
i,j , dh

pdr
i,j

)
is calculated as:

dxpdri,j = xpdri − x
pdr
j

dypdri,j = ypdri − y
pdr
j

dhpdri,j = hpdri − h
pdr
j

(26)

And Cg
n is rotation matrix transforming a vector from NCS to

GCS, which is calculated as follows [22]:

Cgn =

 − sinL cosL 0
− sinB cosL − sinB sinL cosB
cosB cosL cosB sinL sinB

 (27)

where B is latitude and L is longitude.

2) UPDATING EQUATIONS
In section A, we know that four different satellites are nec-
essary to ensure the final solution accuracy. Thus, there are
two conditions: firstly, when the GNSS receiver receives new
information and the number of different satellites is smaller
than four, the first position has not been performed. At this
time, the following equations are added in the formula (16)
(28), as shown at the bottom of the page.

And formula (17) is updating to:

x1 = xk+1 − dxk+1,1, y1 = yk+1 − dyk+1,1, z1
= zk+1 − dzk+1,1

x2 = xk+1 − dxk+1,2, y2 = yk+1 − dyk+1,2, z2
= zk − dzk+1,2

· · ·

xk = xk+1 − dxk+1,k , yk = yk+1 − dyk+1,k , zk
= zk+1 − dzk+1,k

xk+1 = xk+1, yk+1 = yk+1, zk+1 = zk+1

(29)

The second condition is the number of different satellites
is bigger than 3. In this case, in addition to adding the
equations (28), it is also important to determine whether the
GNSS measurement is redundant. And we need to elimi-
nate the redundant measurement and update formulas (16)
and (17). The number series of the satellites at time k-th is

J1 =



−
(
x1,s1 − x0

)
r1,s1

−
(
y1,s1 − y0

)
r1,s1

−
(
z1,s1 − z0

)
r1,s1

...
...

...

−
(
x1,sn1 − x0

)
r1,sn1

−
(
y1,sn1 − y0

)
r1,sn1

−
(
z1,sn1 − z0

)
r1,sn1

· · · · · · · · ·

−
(
xk,s1 − x0 − dxk−1

)
rk,s1

−
(
yk,s1 − y0 − dyk−1

)
rk,s1

−
(
zk,s1 − z0 − dzk−1

)
rk,s1

...
...

...

−
(
xk,snk − x0 − dxk−1

)
rk,snk

−
(
yk,snk − y0 − dyk−1

)
rk,snk

−
(
zk,snk − z0 − dzk−1

)
rk,snk


n×3

(22)


√(

xk+1,s1 − xk+1
)2
+
(
yk+1,s1 − yk+1

)2
+
(
zk+1,s1 − zk+1

)2
+ tuk+1 = ρk+1, s1

...√(
xk+1,snk+1 − xk+1

)2
+
(
yk+1,snk+1 − yk+1

)2
+
(
zk+1,snk+1 − zk+1

)2
+ tuk+1 = ρk+1,snk+1

(28)
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Algorithm 1 Calculating Position
Input: GNSS pseudo-range, satellite position, PDR data
Output: position
1: if first calculation is not done then
2: if the number of different satellites is bigger than 3 then
3: time align for PDR use the equation (24).
4: updating equations.
5: Compute position according to equations (21).
6: end if
7: else
8: time align for PDR use the equation (24).
9: updating equations.
10: Compute position according to equations (21).
11: if GNSS measurement is redundant
12: eliminate the redundant measurement.
13: updating equations.
14: end if
15: end if
16: output the position.

Uk (SVk,1, . . . , SVk,nk ).We use Uk and nk to remove redun-
dant data. The determining method is as follows:

flagsat =

{
1, if (Uk+1 = Ui&nk+1 = ni, k + 1 > i)
0, otherwise

(30)

If flagsat = 1, these equations at time i-th are redundant and
they will be removed from formula (16). And the time (i +
1)-th becomes new i-th, then formula (17) updates to:

x1 = x ′k − dx
′

k,1, y1 = y′k − dy
′

k,1, z1 = z′k − dz
′

k,1
...

xi−1 = x ′k − dx
′

k,i−1, yi−1 = y′k − dy
′

k,i−1, zi−1
= z′k − dz

′

k,i−1

x ′i = x ′k − dx
′

k,i−1, y
′
i = y′k − dy

′

k,i−1, z
′
i

= z′k − dz
′

k,i−1
...

x ′k−1 = x ′k − dx
′

k,k−1, y
′

k−1 = y′k − dy
′

k,k−1, z
′

k−1

= z′k − dz
′

k,k−1

x ′k = x ′k, y
′

k = y′k , z
′
k = z′k

(31)

where x ′k = xk+1 and dx ′k,1 = dxk+1,1.So the number of
equations is reduced by ni + 3.
The calculation position flow is shown as:

D. INTEGRATING PDR/GNSS
Although PDR has high precision within short periods, it is
easily affected by accumulative errors. To achieve highly
accurate positioning performance, it is essential to correct
PDR in real-time. And even if the error of CalPos is bounded,
it has large jumps. This paper designs a Kalman filter model
to reduce systematic errors and correct PDR in real-time and
smooth CalPos’ error.

In this section, we integrate the output of PDR, CalPos and
GNSS observations to obtain a fusion position using EKF.
Here we use the position (x, y, z), velocity

(
vx , vy, vz

)
and

clock error of the GNSS receiver tu:
X =

[
x, y, z, vx , vy, vz, tu

]
(32)

The relationship of State variables is

x (k + 1) = x (k)+ vx (k + 1)T + wx (k + 1)
y (k + 1) = y (k)+ vy (k + 1)T + wy (k + 1)
z (k + 1) = z (k)+ vz (k + 1)T + wz (k + 1)
vx (k + 1) = vx (k)+ wvx (k + 1)
vy (k + 1) = vy (k)+ wvy (k + 1)
vz (k + 1) = vz (k)+ wvz (k + 1)
tu (k + 1) = tu (k)+ wtu (k + 1)

(33)

where T is sample time. So state equation is established as:

X (k + 1) = FX (k)+W (k + 1) (34)

where W is System error matrix, F is the transition matrix,
which are shown in the Appendix A. We use the position
(x, y, z), the velocity inNCS (ve, vn, vu) and the pseudo-range
(ρ1, · · · , ρni) measured at time i-th to establish the observa-
tion vector:

Z = [x, y, z, ve, vn, vu, ρ1, · · · , ρni] (35)

From section A, we know that the velocity in NCS is obtained
as: 

ve = SLk ∗ sin(headingk )
vn = SLk ∗ cos(headingk )
vu = 1hk

(36)

The velocity transform from GCS to NCS as: vevn
vu

 = (Cg
n
)T  vxvy

vz

 (37)

The measurement equation is:

x(k+1) = x (k)+vx (k) ∗ T+fx (k+1)
y(k+1) = y (k)+vy (k) ∗ T+fy (k+1)
z(k+1) = z (k)+vz (k) ∗ T+fz (k+1)
ve (k+1)=− sinL ·vx (k+1)+cosL ·vy (k+1)+fe (k+1)
ve (k+1) = − sinB cosL · vx (k+1)− sinB sinL
·vy (k+1)

+cosB · vz (k+1)+fn (k+1)
vu (k+1) = cosB cosL · vx (k+1)
+cosB sinL · vy (k+1)

+sinB · vz (k+1)+fu (k+1)

ρ1 =

√(
x1s − x

)2
+
(
y1s − y

)2
+
(
z1s − z

)2
+tu

...

ρni =

√(
xnis − x

)2
+
(
ynis − y

)2
+
(
znis − z

)2
+tu

(38)
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TABLE 1. Main technical specifications of GNSS Inertial Systems.

It is simplified as:

Z (k + 1) = HX (k + 1)+ Y (k + 1)+ V (k + 1) (39)

where V is the observation error matrix, Y is the input, and
the H matrix is the coefficient matrix, which is shown in
Appendix A.

III. PERFORMANCE EVALUATION
A. EXPERIMENTAL ENVIRONMENT
To evaluate the proposed scheme’s performance in real envi-
ronments, we use Huawei Mate 20 to do experiments. During
the experiment, the smartphone is held in hand, and its x-axis
is in the forward direction. We use the GNSS Inertial Systems
product produced by Novatel to calculate the post-processing
reference trajectory, consisting of theGNSS receiver (Novatel
ProPak7 receiver), Novatel GPS-704 antenna, and IMU-ISA-
100. In the experiment, ProPak7 is a high-precision receiver
that can receive five satellite systems (GPS, GLONASS,
BeiDou, Galileo, and QZSS). The Mate 20 is used to collect
raw data of acceleration, rate of turn, magnetic field, and
barometer at 20Hz and pseudo-range of GNSS at 1Hz. The
main technical specifications of GNSS Inertial Systems are
listed in Table 1.

We complete the experiment at the New Technology Facil-
ity Campus of the Chinese Academy of Sciences, a typical
urban canyon with dense foliage and tall buildings. The
testing route is shown in Fig. 5. It starts from the outdoor,
as shown in the figure. The pedestrian passes through a
section of buildings and trees dense environment, as shown
in mark one and mark two. Then it enters the underground
garage where there is no signal of satellite as shown in mark
three. At last, it comes out to return to the origin point. It total
takes about 10 minutes.

The output of the Novatel ProPak7 receiver and smart-
phone is shown in Fig. 6. The green points represent GNSS,
which results from the original satellite data collected by
mobile phone without satellite selection. The blue points
represent the Single Point (SP) of ProPak7. The red points are
the post-processing of GNSS Inertial Systems, which will be
the baseline. The statistics of root mean square (RMS) errors
and mean error are shown in Table 2. Availability means
the percentage of solutions in a fixed period. For instance,
if a method outputs 100 epochs in a 100 second period,
the method’s availability is 100%.

FIGURE 5. Demonstration of the target deep urban canyon with dense
foliage.

FIGURE 6. Positioning result of GNSS of smartphone and ProPak7.

TABLE 2. Positioning Performance of Smartphone and Propak7.

As shown in Table 2, the positioning error’s standard devi-
ation of ProPak7 is about 18.5m, which means GNSS cannot
achieve satisfactory performance using the data attenuated by
dense foliage because of the degrading of signal transmission,
notorious multipath effects, and NLOS reception. As it takes
more than 2 min in the underground garage, the availability
of ProPak7 is 79.13%. The performance of the smartphone is
far worse than ProPak7. The standard deviation of positioning
error is 51.7m, and the availability is 54.83%.

B. EXPERIMENAL RESULTS
1) RESULTS OF CALCULATING POSITION
This paper proposes an algorithm to calculate the position
based on satellite observation measurement and PDR at dif-
ferent times. And it is significant to select effective satellites
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FIGURE 7. Result of CalPos with and without satellite selecting. The pink
points are the result of CalPos with satellite selecting, and the blue points
are the result without ones.

FIGURE 8. The PDOP series of CalPos with and without satellite selecting.

TABLE 3. Positioning Performance of CalPos.

before CalPos. The results with and without satellite selection
are shown in Fig. 7. Obviously, the positioning performance
of CalPos proposed in this paper is better than GNSS, and
the result with satellite selecting is better than without one.
In addition, as shown in Fig. 8, even though the equations
are established without satellite selection, and the PDOP of
CalPos is significantly better than that with ones, which is
about 0.5, the performance of that is worse. The main reason
is that inferior satellites are added into the equations, which
means signal blockage and notorious multipath errors are
added into the result of CalPos. As shown in Table 3, the
standard deviation of satellite selecting is 15.8m, which is
better than the SP of ProPak7. In addition, comparing Table 2,
the availability increases from 54.83% to 100%.

To further analyze the influence of the satellites’ number
on the positioning performance, we count the errors under

TABLE 4. Positioning performance under different number of satellites.

FIGURE 9. The Position error series of CalPos with satellite selecting.

the different number of satellites, as shown in Table 4. From
the table, we know that the more effective satellites are
inputted into the equations of CalPos, the better the position
performance is. Especially when the number of satellites is
more than 3, the positioning accuracy is greatly improved,
which is about 1.5m. On the contrary, as shown in Table 3,
if the inferior satellite is used to calculating position, the more
satellites are used, the bigger the error is. It shows that the
current user’s position calculating with historical observation
data is related to the new observation information, including
the number of satellites and the quality of the signal.

According to Fig. 9, the error variation trend of Calpos is
related to the PDR error, especially the indoor, where there is
no satellite signal. As shown in Fig. 8 and Fig. 9, when there
is not much historical data available, the position error varies
according to the PDR error, and the influence of PDOP is
small. On the contrary, when the more historical observation
is used to solve position, themore the error is related to PDOP,
but not to PDR. When the user is indoors, there is no satel-
lite signal, and the position solution only uses the historical
satellite information without new GNSS observation. Since
only the PDR error is introduced into the solution, the error
trend of CalPos is almost the same as PDR’s. In addition,
owing to losing satellite signal for a long time, the error will
be divergent for a period of time when the user leaves the
indoor environment, as shown in Fig.9. With the increase of
satellite observation data, the error will converge slowly.

As we use satellite observation at different times to cal-
culate position, the number of epochs used in CalPos is a
significant interfering factor of error, as shown in Fig. 10.
When the epoch number is less than 8, the position error is
more than 100m, not shown in the figure. When the number
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FIGURE 10. The Position error series of CalPos with satellite selecting.

is smaller than 11, the more epochs are used, the better the
performance is. The performance becomes worse when the
number is bigger than 20. If the number of epochs is bigger
than 40, the position error is not affected by it. As shown
in Fig. 10, the position error is affected by the number of
epochs a little between 11 and 20. Considering the accuracy,
efficiency and complexity of the calculation, the maximum
number of epochs involved in the equations is 11.

2) RESULTS OF INTEGRATING PDR/GNSS
This paper proposes a comprehensive strategy for fusing
CalPos, GNSS observations and PDR, which use satellite
observations at different times. As shown in Fig.11 (a),
the error variation trend is related to the CalPos. Through
integrating PDR/GNSS, the most jumps that exist in the
CalPos positions are removed. And when PDR and CalPos
are divergent, the proposedmethod has slower divergence and
faster convergence. When there is no GNSS signal, the posi-
tioning error can also be corrected to reduce with filter.
After re-adding satellite information, the fusion result will
be gradually corrected according to the increase of satellite
observation information.

The Cumulative distribution function (CDF) graph is
shown in Fig. 11(b). Our proposed fusion scheme obtains
80% positioning error below 10m, whereas the PDR’s posi-
tioning error is no more than 20%, and the CalPos’s is
about 60%. According to Table 5, the standard deviation
of Integrated PDR/GNSS is 9.6m, and the average error is
7.6m. Comprising with PDR and CalPos, the position error
is increased by 48% and 39%, respectively. By comparing
and analyzing the overall positioning performance, we can
see that the method proposed in this paper can provide a
continuous and stable localization scheme.

C. DISCUSSION
To better present the proposed system’s effectiveness and
performance, we compare with fivemethods in reference. For
a fair comparison, they use the same set of data for calculation
and statistical error, as shown in Fig. 12 and Table 6. As can
be seen, owing to using GNSS observation at different times,

FIGURE 11. (a) positioning error,(b) CDF of the positioning error.

the proposed algorithm has the best performance comprising
the reference methods. On the contrary, the method pro-
posed in reference [6] has the worst positioning accuracy
because it only uses GNSS to correct the motion direction.
As PDR/GPS [15], MIMU/GPS [7] and GloPos[5] algorithm
use the fusing method to reduce the noise error, which can
achieve better positioning accuracy than PDR/GNSS [6].
Triggered INS/GNSS[11] proposed an event-triggered multi-
rate size-varying Kalman filter model, which can remove
systematic errors due to the wrong calibration of the sensors
or environmental noises and solve the integrated problem
when sampling rates of each source is different. So, it can
achieve much better performance than the other four methods
as 23.4m. When the pedestrian walks in an open area with
adequate GNSS signals, these methods can achieve high
accuracy, which has been tested in the reference. However,
when it is in a harsh environment, such as dense forests, and
densely built urban areas, where the GNSS position error is
vast due to signal blockage and multipath, their error will also
be vast. As the algorithm in this paper is specially designed
for this situation, it has better positioning performance.

Some other fusion methods have been proposed and tested
to deal with the problem of signal transmission degradation
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TABLE 5. Error analysis of different positioning methods.

FIGURE 12. The Position error series of CalPos with satellite selecting.

and multipath effects in deep urban canyons. In order to
analyze the effectiveness and performance of the proposed
system, we compare them in Table 7. As these methods
basically introduce external assistance, we do not reproduce
them. As shown in the table, PDR+ 3DMap+GNSS [3] has
the best accuracy, using the 3D Map to assist GNSS. It can
achieve high accuracy because the error of the 3D Map will
not be affected by the environment. According to the table,
although the proposed algorithm only uses GNSS and PDR,

TABLE 6. Comparison of location errors for PDR/GNSS.

TABLE 7. Comparison of location errors for different methods.

it can achieve the same performance with GNSS + PDR +
beacon [13] and PDR/PDD [14], which use extern beacon and
base station to assist PDR/GNSS to achieve high accuracy.

IV. CONCLUSION
Due to dense foliage and tall buildings’ attenuation in deep
urban canyons, only a few satellites are reliable. In this paper,
we propose a comprehensive strategy for fusing GNSS obser-
vations and PDR, which use satellite observations at different
times to solve the localization problem. Firstly, we propose a
pedestrian localization algorithm based on PDR and GNSS
observations at different times, using the smartphone’s inter-
nal sensors. It can improve accuracy and continuity and solve
missing data, such as without satellite coverage. Secondly, an

W =
[
wx ,wy,wz,wvx ,wvy,wvz,wtu

]

F =



1 0 0 T 0 0 0
0 1 0 0 T 0 0
0 0 1 0 0 T 0
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1


(40)

H =



1 0 0 T 0 0 0
0 1 0 0 T 0 0
0 0 1 0 0 T 0
0 0 0 − sinL cosL 0 0
0 0 0 − sinB cosL − sinB sinL cosB 0
0 0 0 cosB cosL cosB sinL sinB 0

∂f1
∂x

∣∣p0 ∂f1
∂y

∣∣p0 ∂f1
∂z

∣∣p0 0 0 0 1
...

...
...

...
...

... 1
∂fni
∂x

∣∣p0 ∂fni
∂y

∣∣p0 ∂fni
∂z

∣∣p0 0 0 0 1


(41)

Y (k + 1) =
[

03×1
f0 − J1 [x0, y0, z0]T − tu0

]
, f0 =

[
r0
k+1,1

, . . . , r0k+1,ni
]T

(42)

V =
[
fe, fn, fu, fρ1, . . . , fρn

]T (43)
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equation update method for different situations is presented
because the algorithm presented in this paper is different
from traditional ones. In addition, a Kalman filter model is
designed to reduce systematic errors and correct cumulative
error of PDR in real-time. Then we perform tests in a typical
urban canyon to verify its positioning capability. By com-
paring and analyzing the overall positioning performance,
the method proposed in this paper can provide the optimal
navigation scheme.

This paper proves a comprehensive strategy for fusing
historical GNSS observations and PDR is useful even if the
number of reliable satellites is few. However, when the GNSS
signals become very difficult to be received, the error of
fusion will be growing with time. When the pedestrian comes
out from the indoor and satellite information is re-received,
the fusion result will be gradually corrected according to the
increase of satellite observation information. Our future work
is to find move efficient method to solve those problems.

APPENDIX
See Equations (40)–(43).
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