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Abstract: Global Navigation Satellite Systems (GNSSs) can provide high-precision positioning ser-
vices, which can be applied to fields including navigation and positioning, autonomous driving,
unmanned aerial vehicles and so on. However, GNSS signals are easily disrupted in complex environ-
ments, which results in a positioning performance with a significantly inferior accuracy and lengthier
convergence time, particularly for the single GNSS system. In this paper, multi-GNSS precise point
positioning (PPP) with tightly integrating ultra-wide band (UWB) technology is presented to imple-
ment fast and precise navigation and positioning. The validity of the algorithm is evaluated by a set
of GNSS and UWB data. The statistics indicate that multi-GNSS/UWB integration can significantly
improve positioning performance in terms of the positioning accuracy and convergence time. The
improvement of the positioning performance for the GNSS/UWB tightly coupled integration mainly
concerns the north and east directions, and to a lesser extent, the vertical direction. Furthermore,
the convergence performance of GNSS/UWB solution is analyzed by simulating GNSS signal inter-
ruption. The reliability and robustness of GNSS/UWB solution during GNSS signal interruption is
verified. The results show that multi-GNSS/UWB solution can significantly improve the accuracy
and convergence speed of PPP.

Keywords: precise point positioning (PPP); ultra-wideband (UWB); time difference of arrival (TDOA);
tightly coupled integration

1. Introduction

Global Navigation Satellite Systems (GNSSs), including USA’s Global Positioning
System (GPS), Russia’s GLObal NAvigation Satellite System (GLONASS), China’s BeiDou
Navigation Satellite System (BDS) and Europe’s Galileo [1], have been widely used in
various fields, such as navigation and timing, geodesy, seismic monitoring and gravity
field [2-6]. However, GNSS positioning performance becomes seriously degraded in a
challenging GNSS environment with few observing satellites and multipath effects. To
further improve the reliability and availability of GNSS positioning, multi-sensors have
been integrated into the GNSS [7]. Ultra-wideband (UWB) has a high transmission rate,
strong anti-interference ability and multipath capability [8]. It applies a unique pulse
signal for the short-distance communication, with a frequency range of 3.1~10.6 GHz
and a pulse width of nanosecond or sub-nanosecond level [9]. Some research on the
integration of GPS and UWB has been carried out, which could lead to the achievement
of excellent positioning accuracy in GPS-challenging environments. The loosely coupled
integration was employed in early GPS/UWB integration research [10-12]. The approach
is computationally low when GPS is working, but it fails when GPS measurements are
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not available. Following this, some scholars proposed the GPS/UWB tightly coupled
integration, which can increase the redundancy of observations and improve the reliability
of the positioning system. For instance, Chui et al. [13] firstly applied GPS/UWRB tightly
coupled integration in a complex urban environment, which indicated that the positioning
error in the east direction was reduced from 5.43 cm to 2.61 cm. Chui et al. [14] also
investigated the tightly coupled integration modeling of differential GPS (DGPS) and UWB,
although it can only achieve meter-level accuracy in a kinematic environment. Moreover,
tightly coupled integration modeling of GPS and UWB for precision applications was
provided in MacGougan et al. [15]. The results showed that the ambiguity float solution
had increased from half a meter accuracy to sub-meter accuracy, and the convergence
time of the ambiguity fixed solution reduced. Thereafter, MacGougan et al. [16] applied
GPS/UWB tightly coupled integration in a difficult realistic environment, and maintained
sub-meter accuracy. Recently, Shen et al. [17] performed the DGPS/UWB tight integration
in RTK for the emerging intelligent transportation systems, but the root mean square (RMS)
error of the proposed method was still large.

In recent years, the GPS/UWB integration methods based on GPS Single Point Po-
sitioning (SPP) and Real-time Kinematic (RTK) have been applied successively due to
the simple implementation of SPP and the high accuracy of RTK [16,18-20]. However,
the SPP algorithm can only provide meter-level accuracy and cannot meet high accuracy
requirements. Although the RTK method can provide centimeter-level accuracy and rapid
convergence, it requires dedicated base stations or a dense network coverage [21]. The
positioning performance is highly influenced by the distance between users and base
station [22]. Precise Point Positioning (PPP) technology is introduced to overcome these
disadvantages [23], which is a flexible and high-precision single-point positioning mode
using the GNSS pseudo-range and carrier phase observations as well as satellite precise
orbit and clock products provided by International GNSS Service (IGS) [24]. It relies only
on one receiver for a user to realize the absolute positioning. The main factors affecting
the accuracy of PPP are the number of satellites, spatial geometry structure between user
and satellites, and the quality of observations [25]. For GPS positioning, at least four
satellites are necessary in open-sky conditions. Once the GPS signal is blocked or subject to
multipath interference, the number of available satellites is likely to be less than four and
the corresponding availability and accuracy degrades dramatically. Hence, the integration
of the multi-constellation GNSS is an effective and direct way by which to improve PPP’s
performance [26]. The existing literature has demonstrated that integrating both GPS and
GLONASS or other satellite navigation systems can increase the number of observation
satellites and significantly improve the positioning performance [27-29]. Nevertheless, PPP
takes a long time to converge before reaching centimeter-level accuracy [30].

The limitation of GNSS positioning applications is still challenging, such as the long
convergence time, the poor satellite availability and continuity in complex scenes including
city urban, indoor-outdoor scenes, tunnel and so on. To solve the problem of seamless
indoor and outdoor positioning, GNSS PPP has been tightly integrated with UWB in
complex environments to enhance the GNSS positioning performance. UWB technology
has a high sampling frequency and can achieve centimeter-level positioning accuracy over a
short time, which can provide initial constraints for GNSS and accelerate PPP convergence.
The integration of UWB and GNSS can enhance model strength, effectively compensate for
the shortcomings of GNSS system, and improve system performance in terms of accuracy,
continuity and availability.

In this paper, a tightly coupled integration method of multi-GNSS and UWB based
on PPP model is proposed, and the corresponding integration model is presented and
implemented. Simultaneously, the positioning performance of the GNSS/UWB solutions
is evaluated by comparing to the GNSS-only solutions. The mathematical models of the
single or combined navigation system are described in detail in Section 2. Then, a set
of the real-measured GPS, GLONASS, and UWB data is processed in GNSS-only and
GNSS/UWB modes, respectively. The positioning accuracy and convergence performance
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of the multi-GNSS/UWB tightly coupled integration under different scenarios are assessed
and analyzed in Section 3. Finally, conclusions are provided in Section 4.

2. Methods and Models

In this section, GNSS and UWB positioning systems are introduced in subsections at
first. Then, the multi-GNSS/UWSB tightly coupled integration based on PPP algorithm is
described in detail.

2.1. GNSS Positioning System

The basic principle of GNSS positioning is to determine the position of the receiver by
measuring the distance of the GNSS satellite s and the GNSS receiver r. Assuming that the
satellite clock #* and receiver clock ¢, are synchronized, there is still a clock difference At
between them, so the measured distance p; is called the pseudo-range. The pseudo-range
measurement equation is given as follows:

pr=p;+c-At 1)

where pf = \/(X — X524+ (Y = Y5)? + (Z - Z5)?, is the geometry distance between the
receiver and the satellite i; (X, Y;, Z;) is the three-dimensional coordinates of the satellite i
in the Earth center Earth fixed (ECEF) coordinate system; (X, Y, Z) is the ECEF coordinates
of the receiver; ¢ = 299,792,458 m/s, is the speed of light.

The general GNSS PPP observation equations should consider additional error sources.
The corresponding observation equations for the raw pseudo-range and carrier phase on
frequency j are written as follows [31]:

P =05+ clt — ) + c(dm- - d;) FTE L e e (o, a}%j)

@)

(P,S,,] = Pff + C(tr — ts) + /\]' (br,j — b]s) + T — Iﬁ,j + /\ij,j + E‘Pi,j’g‘Pi,j ~ (O, U?”i,j)
where T} is the tropospheric delay; d, ; and d; are the uncalibrated code delays (UCDs) with
respect to the receiver and satellite; b,,; and b} are the uncalibrated phase delays (UPDs)
with respect to the receiver and satellite; I7 jis the ionospheric delay; A; is wavelength of the
carrier phase on frequency j; N} jis the float ambiguities; € and €y, are the pseudo-range
and carrier phase observation noises including multipath.

The ionosphere-free (IF) combination can remove the is first-order ionospheric delay,
which is widely applied in dual-frequency PPP model, and the observation equations of
the IF combination can be expressed as [24]:

2
1

2
PrS,IF: e, Pl_ifz Py

12}{22 ff*jfzzz €)
Prr = g™ T g ®

where P} and @] | are the IF combination of pseudo-range and carrier phase; f1 and f,
are the corresponding frequencies; P; and P, are the raw pseudo-range on frequency f;
and f,; ®; and ®; are the carrier phase on frequency f; and f;.

With the precise clock products estimated with the corresponding IF combination
and other corrected error sources available, the UCD can be corrected and the UPD can
be absorbed by the offsets and ambiguities of the receiver clock [32]. Thereafter, we
should consider the inter-system biases (ISB) arising from the hardware delays of different
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GNSSs. The corresponding IF combination of pseudo-range and carrier phase can be
further simplified as:
Plip=p;+c t,g+ISBE + M T, +eps @
@)y =py oty +ISBE +M-Tr+ App - Ny + s

where G represents the GPS satellite, sys represents the BDS, GLONASS, or Galileo satellite.
IS Bsgs = trsys — tr,G, is the ISB of each system with respect to the GPS; Nrs, 1 is the ambiguity
parameter of the IF combination; M is the mapping function of the wet tropospheric delays;
Ay 1r is the wavelength of the carrier phase of the IF combination; e Py and £ps . denote
the observation noises of the IF combination. l /

For GPS and GLONASS data, the linearized observation equations of the IF combina-
tion can be written as follows:

pirc = —u-0p+c-ot,g+M- T, + €pg

Qirg = —u-é6p+c-ot,c+Arr-0Nipc+M-6T, + €pc

piER = —u-0p+ -6ty + ISBR + M- 6T, + ¢y,

@IER = —u-6p+c- Oty +ISBE 4+ A1p - 6Njpr + M- 6T, + €9

©)

where p;r and @;r denote the measurement residuals of the IF combination; u is the
unit vector from the receiver to the satellite; p = [ dx dy dz | is the positioning
increment vector.

2.2. UWB Positioning Method

The Federal Communication Commission (FCC) defines UWB signal. Due to its
high bandwidth, UWB can use short-pulse waveforms, which is beneficial when reducing
multipath interference [33]. The UWB positioning methods include Two Way Time of
Flight (TW-TOF), Time of Arrival (TOA), Received Signal Strength Indication (RSSI), Time
Difference of Arrival (TDOA) and Angle of Arrival (AOA) [34]. This paper utilizes the
TDOA-based method for the UWB positioning.

The TDOA approach estimates the position of the tag by measuring the arrival time
difference between the tag signal to each of the known base stations. The time difference
is multiplied by the speed of light to obtain the distance difference between the tag and
base stations, thereafter the hyperbola equations are constructed. The intersection of the
hyperbolas is the position of the tag. The TDOA algorithm does not need to synchronize the
time of the tag and each base station, but needs to maintain time synchronization between
the different base stations. The time of arrival equation can be written as:

\/(Xi—x)2+(Yi—]/)2+(Zi—Z)2=C'fi (6)

where (X;,Y;, Z;) is the three-dimensional coordinates of the base station i in the ECEF
coordinate system; (x, y, z) is the three-dimensional coordinates of the estimated positioning
tag; t; is the arrival time between the base station i and the positioning tag.

Using base station 1 with known coordinate as the reference base station, the TDOA
observation equations read:

c-(ti—t)= \/(Xz' —x)?+ (G —y)? + (Zi—2)” - \/(Xl — )P+ (M =)+ (Z1 -2 +eigein ~ (0/ UZwb) @)

where 2, is the a priori variance of the UWB measurements, which are mainly determined
by the sensor performance and can be obtained by calibration or the prior statistical data.
The corresponding linearized TDOA observation equation can be expressed as:

A" = —v.8p + 4 8)
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where d"®? is the TDOA measurements residuals; v is the difference between the unit
vector of the tag to other base stations and the direction from the label to the reference base
station.

2.3. GNSS/UWB Integration Method
2.3.1. GNSS/UWB Integration Model Based on EKF

The Kalman filter method is used for the GNSS/UWB integrated system in the paper.
Owing to the observation equations being nonlinear, an extended Kalman filter (EKF)
is adopted [35]. When both GNSS data and UWB data are available at epoch k, the
GNSS/UWRB tightly coupled integration model will be implemented.

The related observation model for Kalman filter can be expressed by following equation:

zr = Hyxy + &, € ~ N(O, Rk) 9)

where Hj is the design matrix, which can be obtained from Equations (5) and (8); Ry is the
prior covariance matrix of the observation noise &.

According to Equations (5) and (8), the measurement vector of the GNSS/UWB tightly
coupled integration is written as:

R

T
ze=1[pS @5 - pRoeR o vt ]

(10)
where m, n and i represent the mth GPS satellite, nth GLONASS satellite and ith UWB base
station, respectively.

The state parameter vector for the GNSS/UWB tightly coupled integration can be
expressed as:

T
x:[ép oty OT, 5NIF,G 5NIF,R ] (11)

where 0t, = [ oty IS Bé ] is the receiver clock offset vector including the receiver clock
and ISB for each individual system.

The optimal estimation of the state parameter vector can be obtained using one-step
prediction and measurement update of Kalman filter. The prediction means time update,
which is based on the following state transition model:

{ k-1 = Ti—1%k-1 + We—1 (12)
Pir1 =T 1Pl ) + Qe q

where I ;_; is the state transition matrix; % x_; and Py_; denote the predicted state
parameter vector and covariance matrix; Q_; is the covariance matrix of the process noise.

The measurement update is used to correct the state vector and performed only at
the epochs where GNSS measurements and UWB measurements are available. The state
parameters and the corresponding covariance matrix are updated:

-1
Ky = Py, H] (HyPy_1H] + Ry)

X = X1 + Kie(zi — kack,k%l) (13)
Py = (I - Ki)Prj_1(I - Ki)" + KeRiKi T

where Kj is the gain matrix at epoch time k, I is the identity matrix. In this paper, for mildly
dynamic scenes, the position states are modeled as random walk processes with process
noise in the integration model [16].

2.3.2. Implementation of GNSS/UWB Algorithm

As can be seen, Figure 1 shows the architecture of the multi-GNSS/UWB tightly
coupled integration positioning system. GNSS data include the raw carrier phase and
pseudo-range observations, and UWB data include the positions of the base stations and
TDOA observations. The prior approximate receiver coordinate is obtained by an observa-
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tion file. With the ephemeris of the GNSS satellites, the approximate position is applied in
the calculation for the computed pseudo-range and carrier phase IF measurements. The
pseudo-range and carrier phase IF measurements corrected by the error correction models
and precise orbit and clock products are input with the computed GNSS measurements in
the Kalman filter. Simultaneously, the TDOA measurements are computed by combining
the known positions of base stations and the approximate receiver position. The observed
UWB measurements are likewise input into the Kalman filter along with the computed
TDOA measurements. Finally, the positioning result is achieved.

' Errorcorrect
NS 3 model | Observed GNSS
ata 1 ; ; ' measurements
' Precise orbit and |
- clock product ! =
A ' Computed GNSS
measurements
Approximate Kalman Positioning
receiver coordinate filter results
Computed TDOA
Measurements
UWB data Base Station QIR i R
measurements

Figure 1. Framework of Global Navigation Satellite System (GNSS)/Ultra-wideband (UWB) tightly
coupled integration algorithm.

In GNSS data processing, the IF observations from GPS L1/L2, GLONASS G1/G2 sig-
nals are adopted and they have a sampling interval of 1 s. Phase center offset (PCO)
and phase center variation (PCV) of GPS and GLONASS satellites are corrected using
antenna files provided by IGS Center. Precise orbit and clock products provided by Geo-
ForschungsZentrum (GFZ) are applied, which have a sampling interval of 5 min and 30 s,
respectively. The modified Hopfield model is used to correct the tropospheric delay. Other
error corrections are corrected by the corresponding models. In the UWB data processing,
the sampling rate of UWB data is 10 Hz. The 3-sigma principle is applied to eliminate
outliers of UWB data, and the non-line of sight (NLOS) errors are weakened in UWB
data preprocessing [36]. For GNSS/UWB tightly coupled integration data processing, the
approximate coordinate from the observation file is used as a prior for the EKF. Forward
Kalman filter is applied to estimate the parameters. According to their prior statistical data,
the initial standard deviation of the pseudo-range and carrier phase are 0.3 m and 0.003 m.
The standard deviation of UWB measurements is set to 0.1 m, which is determined by the
actual accuracy of the UWB range.

3. Experiments and Results

In this section, a set of GNSS and UWB data collected by a trolley test are processed
to assess the positioning performance of the GNSS/UWRB tightly coupled integration, in
terms of the positioning accuracy and convergence time. In addition, convergence perfor-
mance and positioning performance during GNSS signal interruptions are demonstrated
by processing data in a dynamic mode.

3.1. Experimental Description

To verify the positioning performance of the GNSS/UWRB tightly coupled integration
model, a cart experiment was carried out at the University of Nottingham Ningbo, China.
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The experiment simulates the movement of a cart from indoors to outdoors. The cart
was equipped with a UWB tag, a prism and a multi-GNSS receiver (LEICA GS10). The
experimental environment and platform are shown in Figure 2. The approximate lever
arm between the GNSS antenna and the UWB antenna was measured in advance and
compensated for in the data-preprocessing process. Another multi-GNSS receiver (LEICA
GR25) used for the GNSS base station was located less than 1 km away, and the position of
the GNSS base station was known. The UWB base stations were set up on pre-surveyed
locations with the same height. The maximum working distance of UWB base stations is
about 20 m. The UWB equipment was provided by Sichuan Kunchen Technology Company.

(b)

Figure 2. GNSS/UWB experimental scenarios and equipment (a) experimental environment;

(b) Testing platform.

During the test, the trolley moved slowly along the southwest to the northeast direc-
tion with a maximum speed of 0.4 m/s. The experiment began at 6:00 (Universal Time
Coordinated, UTC), and the time span of this test was approximately 2.5 h. The corre-
sponding moving trajectory measured by a total station is shown in Figure 3. The whole
trajectory is divided into the following stages:

1.  To achieve convergence to the decimeter or centimeter level before the dynamic
scenario, the trolley is stationary at Point 1 for about 1.5 h, when only GNSS signals
are available;

2. The trolley moves from Point 1 to Point 2, simulating an indoor scene where the UWB
signals are available and GNSS signals are unavailable;

3. The trolley is still static at Point 2 for about one hour, when the signals are both
available, and the GNSS signals are interrupted once;

4. Finally, the trolley moves from Point 2 to Point 3, when the UWB signals are unavail-
able and the GNSS signals are available.

The GNSS/UWB tightly coupled integration model was realized by positioning-
software developed by the authors. The RTK positioning solution calculated by RTKLIB
software is used as the reference values in this study.
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Figure 3. Platform the trajectory of the trolley experiment on Google Earth.

3.2. Positioning Accuracy

The static data was processed in static mode by artificially setting the cutoff elevation
angle to simulate GNSS-only or GNSS/UWB operation in a complex urban environment.

3.2.1. Static Results with an Open-Sky Condition

The performance of GNSS-only and GNSS/UWB system was assessed in open-sky
environments based on one-hour static data. The cutoff elevation angle was set to 10°. The
data processing was performed in four modes, namely GPS PPP mode, GPS + GLONASS
PPP mode, GPS/UWB mode and GPS + GLONASS/UWB mode. The positioning differ-
ence between GNSS/UWB and GNSS-only solutions is analyzed. The number of avail-
able GNSS satellites and the corresponding positioning dilution of precision (PDOP) are
shown in Figure 4. According to the statistics, the average satellite number for GPS and
GPS + GLONASS are 6.7 and 12.9, and the corresponding PDOP values are 3.5 and 1.9, re-
spectively. It is clear that the average number of visible GPS + GLONASS satellites is twice
that of GPS satellites. Additionally, the PDOP of GPS + GLONASS remains at a lower level
throughout the entire experimental process. The sky plots of GPS and GPS + GLONASS
satellites during the experiment are depicted in Figure 5. Either GPS or the GLONASS
system can provide good satellite continuity.

[—GPS —GPS+GLONASS]+
— =

o N

— A

Satellite Number

| 4 mum—m
Ly TV, o T

PDOP
CaNwWbo OO TOG

o

0.2 0.4 0.6 0.8 1
Time (h)

Figure 4. The number of the observed Global Positioning System (GPS) and GLObal NAvigation
Satellite System (GLONASS) satellites (top) and PDOP values (bottom).
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(b)

Figure 5. Sky plots of the GNSS satellites (the yellow indicates that only L1 is available, the green
indicates that L1 and L2 are available, and the blue indicates that L1, L2 and L5 are available). (a) GPS;
(b) GPS + GLONASS.

The time series of the positioning errors for GNSS/UWB and GNSS-only solutions are
shown in Figures 6 and 7. It can be seen from Figure 6 that the positioning errors in the
three directions with the GPS/UWB integration are obviously reduced when compared to
the GPS-only solution. Similarly, when compared with the GPS + GLONASS solution, the
time series of the positioning errors of GPS + GLONASS/UWB integration are smoother
(Figure 7). As expected, compared with the GNSS-only solutions, the GNSS/UWB solutions
have obvious improvements in positioning results and reach centimeter-level accuracy
faster. The improvement in the north and east directions is more significant.

1.0
0.5
< 0.0
-0.5 W
-1.0
E 05 \

< 00 = —

mj'w

W -0.5

]

[—GPS —GPS/UWB| |

(m)

Nort

m

0.2 0.4 0.6 0.8 1
Time (h)

Figure 6. Positioning errors of GPS-only and GPS/UWB solutions.
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1.0 ‘ : ‘
05 _[—G+R—G+RUWB] |

0.0
-0.5}
-1.0

0.5 R

0.0 {4

North (m)

East (m)

-1.0

Up (m)

0.2 0.4 0.6 0.8 1
Time (h)

Figure 7. Positioning errors of GPS + GLONASS and GPS + GLONASS/UWB solutions.

In this paper, the convergence criterion is defined as follows: the absolute value
of the positioning errors is less than 0.1 m and remains within 0.1 m in the subsequent
300 epochs. The positioning errors of the three components after convergence are used
for statistical RMS values. Table 1 summarizes the RMS values of the positioning er-
rors with respect to GNSS/UWB and GNSS-only solutions. The results show that the
RMS values of the GPS/UWB integration are 2.48 cm, 1.67 cm and 6.02 cm with an
improvement of 4.46 cm, 598 cm and 5.20 cm in the north, east and up components,
compared to that of the GPS-only solution. Besides, compared to the RMS values of posi-
tioning errors for the GPS + GLONASS solution, the RMS values of positioning errors for
GPS + GLONASS/UWB integration show an improvement of about 2.72 cm, 1.68 cm and
2.23 cm in the north, east and up components. Regardless of whether GNSS-only solutions
or GNSS/UWB solutions are used, all of them can achieve a centimeter-level positioning
accuracy in horizontal directions after convergence. Additionally, the GNSS/UWB tightly
coupled integration holds higher positioning accuracy. The RMS improvement percentages
of the GNSS/UWB solutions with GNSS-only solutions in the north, east and up compo-
nents are also shown in Table 1. In terms of positioning accuracy, the RMS values of the
positioning errors for GPS/UWB integration in the north, east and up components are
improved by 64.26%, 78.16%, and 46.34%, respectively. For multi-GNSS/UWB integration,
the RMS values of the positioning errors are improved by 67.83%, 56.94%, 26.54% in the
north, east and up components. Likewise, the improvement percentages are the most
obvious in the horizontal direction.

Table 1. RMS values of the positioning errors of GNSS/UWB and GNSS-only solutions.

GPS GPS + GLONASS
Items
North East Up North East Up
GNSS-only (cm) 6.94 7.65 11.22 4.01 2.95 8.40
GNSS/UWB (cm) 2.48 1.67 6.02 1.29 1.27 6.17
Improvement (%) 64.26 78.16 46.34 67.83 56.94 26.54

Obviously, the combined utilization of GNSS and UWB data can improve the accuracy,
stability and availability of PPP. This is the case because of a significant enhancement in the
satellite availability and PDOP for multi-GNSS and sufficient measurement redundancy
of UWB. Multi-constellation GNSS can increase the number of available satellites, which
can lead to better continuity and geometric strength. The addition of the UWB system
provides additional information and increases the number of observations. Besides, the
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enhancement in the vertical directions is small because the height of the UWB base stations
was kept relatively stationary on a horizontal plane during the experiment.

3.2.2. Static Results with a Simulation of Complex Environments

The cutoff elevation angle was set to 40° to simulate an urban canyon. The static
data were reprocessed, at points where the UWB signals were only present for about half
an hour. The number of observations and the corresponding PDOP values are shown in
Figure 8. Since only three GPS satellites are available most of the time, a GPS-only solution
is not shown in the following. It can be seen that the number of observations increased
when UWB signals were available. The GNSS-only solution has very poor PDOP values
whereas the GNSS/UWB solution still has reasonable PDOP values.

15

[—G+R—G+R/IUWB

10 1

Number of Observations

10 /L
: r
o
(= TR S— e R
=t 4L____AFJ\-—'_“
o
2 H H
0 H i i
0 0.2 04 0.6 0.8 1
Time (h)

Figure 8. The number of observations (top) and the corresponding PDOP values (bottom) with a
cutoff elevation angle of 40°.

The time series of the positioning errors of GPS + GLONASS/UWB and GPS + GLONASS
solution are shown in Figure 9. In a simulation of urban environments, the GPS +
GLONASS/UWB solution has significant improvement in positioning results, with a
smoother time series of the positioning errors compared with the GPS + GLONASS solu-
tion. The improvement in the north and east directions is still more dramatic, achieving
centimeter accuracy within a few minutes. Table 2 provides a quantitative summary of
the positioning errors RMS values for two solutions with a cutoff elevation angle of 40°.
The GPS + GLONASS/UWB positioning results are 2.66 cm, 2.63 cm and 60.77 cm, which
can achieve centimeter accuracy in the horizontal directions after convergence. The RMS
values of the positioning errors of the GPS + GLONASS/UWB solution are improved
by 58.50%, 74.26%, 6.86% in the north, east and up components when compared to the
GPS + GLONASS solution. However, the error in the vertical direction is still large, which
may be caused by the poor quality and insufficient number of satellites.

Table 2. RMS values of the positioning errors for GNSS/UWB and GNSS-only solutions with a cutoff
elevation angle of 40°.

GPS + GLONASS
Items
North East Up
GNSS-only solution (cm) 6.41 10.22 65.25
GNSS/UWSB solution (cm) 2.66 2.63 60.77

Improvement (%) 58.50 74.26 6.86
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Figure 9. Positioning errors of GPS + GLONASS and GPS + GLONASS/UWB solutions with a cutoff
elevation angle of 40°.

There are two main reasons for the above phenomenon. Firstly, when the satellite
cutoff elevation angle is greater than 40°, the number of satellites and the geometric strength
of the satellites decrease significantly (Figure 5). Secondly, when the UWB measurements
are available, GNSS/UWB integration shows more redundancy and effectively improves
the geometric structure of the observations.

3.3. Convergence Performance

In order to evaluate the impact of the GNSS/UWB integration on PPP convergence
performance, the static data was divided into three 15 min observation periods, namely
group A, group B and group C. The GPS-only and multi-GNSS data of each group were
processed with GNSS-only and GNSS/UWB solutions in kinematic mode. In the data
processing, the EKF models the position error states as random walk processes with process
noise suitable for the pedestrian environment. The results are shown in Figures 10 and 11.
The GNSS/UWSB solutions can significantly improve the convergence time and perform
convergence within a few minutes in the horizontal directions, while requiring more than
15 min in the vertical direction. The GNSS-only solutions seldom converge to centimeter-
level accuracy within 15 min. Accordingly, the position accuracy could be improved by
integrating GNSS and UWB in indoor-outdoor scenario, where GNSS signals are easy to
block, especially in the horizontal direction.

;:2 \ T Gps - GPS/UWB] |
o L o . A_.N“
T WSV

North (m)

-0.5
-1.0
0.5
0.0
-0.5
-1.0
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0.0
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East (m)

Up (m)
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Time (min)

Figure 10. Convergence performance of GPS-only and GPS/UWB solutions for group A, B and C.
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Figure 11. Convergence performance of GPS + GLONASS and GPS + GLONASS/UWB solutions for
group A, Band C.

3.4. Positioning Performance during GNSS Outage

To simulate the indoor scenario, the GNSS signals were interrupted when the trolley
moved from Point 1 to Point 2, and the UWB signals were received at the same time. The
set of dynamic data were processed to demonstrate the improvement of the positioning
performance of the GNSS/UWB tightly coupled integration during GNSS signals out-
age. The interruption occurred at 7:15 and 7:22, lasting approximately one minute and
6 min, respectively.

Figure 12 illustrates the positioning errors of the GNSS-only and GNSS/UWB solu-
tions. After GNSS outage, the GNSS/UWRB integration continues to work well, as can be
seen in Figure 12b,d. The GNSS/UWB solutions achieve a decimeter-level accuracy in the
initial stage, while GNSS-only solutions need to re-converge, and the initial convergence
fluctuations in all components are large. In addition, the positioning errors of GPS-only solu-
tion are still large in the later epochs from Figure 12a. This may be caused by an insufficient
convergence time. Figure 12¢ shows that the positioning errors of GPS + GLONASS solu-
tion is relatively small. Meanwhile, from Figure 12, we can also see that the GNSS/UWB
tightly coupled integration can achieve high accuracy with a faster re-convergence by using
both the multi-GNSS data and the UWB data.

The main reason is that the use of UWB sensors can increase the number of observa-
tions and provide additional external information for GNSS navigation. Therefore, it can
also assist the system in maintaining better accuracy and significantly shortening the PPP
re-convergence time.
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Figure 12. The positioning errors of GNSS-only and GNSS/UWB solutions during GNSS outage.
(a) GPS PPP; (b) GPS/UWB; (c) GPS + GLONASS PPP; (d) GPS + GLONASS/UWB.

4. Conclusions

This paper presents the tightly coupled integration positioning model of GPS, GLONASS
and UWB systems. The positioning performance of the model has been validated by real-
measured data from a trolley and a simulation of an urban environment. The results
show that multi-GNSS/UWB integration can significantly improve the accuracy, continuity
and stability of PPP. The positioning errors of the GNSS/UWB solutions in the horizontal
directions can quickly reach a centimeter-level accuracy. In the open-sky environment,
the RMS values of the positioning errors of GPS/UWB after convergence are 2.48 cm,
1.67 cm and 6.02 cm in the north, east and up directions, with 64.26%, 78.16% and 46.34%
improvement when compared to GPS PPP. The RMS values of positioning errors of GPS
+ GLONASS/UWB are 1.29 cm, 1.27 cm and 6.17 cm in the three directions, with 67.83%,
56.94% and 26.54% enhancements when compared to GPS + GLONASS PPP. The conver-
gence simulations show that the convergence time of the GNSS/UWB solutions is about
a few minutes in the horizontal directions. The main reason is that the multi-GNSS can
provide more available satellites and better spatial geometry structure, and the UWB sys-
tem can also make up for the shortcomings of the GNSS-only solutions by increasing the
number of observations and providing additional external information.

In addition, when the GNSS signals are interrupted, PPP faces the problem of re-
convergence. This paper further analyzes the positioning performance of GNSS/UWB
tightly coupled integration during GNSS outage. The GNSS outage simulations results
indicate that the PPP convergence is faster with the addition of the UWB system. In
summary, the positioning performance is significantly improved by tightly integrating
GNSS and UWB, in terms of the stability, positioning accuracy and convergence time.
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