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Abstract: As a significant space–time infrastructure, the Global Navigation Satellite System (GNSS)
provides high-precision positioning, navigation, and timing (PNT) information to users all over the
world. However, GNSS real-time kinematic (RTK) mobile receiver signal attenuation is obvious
in complex environments such as under trees, urban canyons, and indoors, among others, and it
is incapable of meeting the demand of multi-level mass users for indoor and outdoor seamless
positioning applications. The goal of this study was to address the limitations and vulnerabilities
of the GNSS RTK positioning above-mentioned. First, we propose a GNSS RTK/UWB/DBA fusion
positioning model and provide detailed algorithm steps for various types of observations. The
performance of the GNSS RTK/UWB/DBA fusion positioning under various occlusion environments
is then thoroughly evaluated using static and dynamic cart experiments. The experiment results
show that as the elevation mask angle increases, the number of available GNSS satellites decreases
and the ambiguity resolution success rate decreases; in comparison to GNSS RTK, the proposed
GNSS RTK/UWB/DBA fusion positioning model can significantly improve the spatial geometry
distribution of observations, reduce the position dilution of precision (PDOP) value, and improve the
ambiguity resolution success rate. At an elevation mask angle of 50 degrees, GNSS RTK/UWB/DBA
combination positioning can improve the ambiguity resolution success rate by 20% to 60%, and a
positioning error less than 5 cm by 20% to 50%. It also indicates that the GNSS RTK/UWB/DBA
fusion positioning model has higher positioning accuracy and can effectively improve the availability
and reliability of GNSS RTK in a local harsh environment.

Keywords: GNSS RTK; UWB; DBA; fusion positioning; performance evaluation

1. Introduction

With the development of GPS, GLONASS, BDS, and GALILEO, GNSS can now pro-
vide global, all-weather, all-round, high-precision PNT services that essentially meet the
location service needs of outdoor users in most scenarios and are widely used. GNSS RTK
positioning technology is a common example. However, in complex environments such as
under trees, urban canyons, tunnels, deep mine pits, and indoors, among others, the mobile
station’s GNSS receiver suffers from severe multipath effects, signal fading, and fewer
visible satellites, limiting the usability and application of GNSS RTK [1,2]. Given the afore-
mentioned shortcomings, the integration of GNSS with technology such as UWB, WIFI,
pseudo-satellite, IMU, 4/5G, and so on [3–6] to achieve cooperative precision positioning
has become a major research hotspot in the field of navigation and positioning.
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UWB is a short-range wireless communication technology that was developed in the
1960s and uses nanosecond non-sinusoidal narrow-wave pulses to transmit data over a
spectrum spanning from 3.1 to 10.6 GHz, with a maximum range of 7.5 GHz. UWB was first
used in military application in the United States. The Federal Communications Commission
(FCC) lifted civilian use restrictions on UWB in 2002, and it has grown rapidly over the last
20 years [7]. In the field of indoor positioning, UWB technology has significant advantages
over Wi-Fi, Bluetooth, ZigBee, RFID, and Ultrasonic due to its strong multipath resistance
and penetration capability, and its positioning accuracy can reach 10~20 cm, meeting
the majority of the indoor precise positioning needs [8]. UWB positioning technology is
widely employed in a variety of industries including the petrochemical sector, coal mine,
tunnel corridors, smart courts, storage and logistics, wearable technology, and supermarket
retail [9]. UWB has the drawback that a large number of base stations (BS) must be set up in
advance and that its signal is easily impacted by non-line of sight (NLOS) circumstances [10]
such as building obstruction and human mobility.

In the past ten years or so, UWB-assisted GNSS navigation and positioning have
drawn increased interest and attention. Opshaug [11] was the first to perform GPS/UWB
combined positioning simulation experiments. The positioning outcomes of UWB and
GPS were merged in loose form by Tan [12] and Gonzalez [13]. The investigations above-
mentioned do not qualify as tight combinations because at least one system can inde-
pendently output the positioning results. Chiu [14,15] and MacGougan [16–18] coupled
UWB and GPS RTK technology tightly, and static and dynamic studies revealed that the
combined positioning accuracy and reliability were much higher than those of the single
GPS as well as the ambiguity resolution success rate. In order to improve the relative
positioning accuracy, Jiang [19] explored the fusion of UWB and GPS and put it to use in
the field of vehicle-to-infrastructure (V2I) navigation. O’Keefe et al. [20] suggested a close
coupling of UWB and low-cost GPS for relative location of the vehicles and infrastructure.
To satisfy the demand for seamless indoor–outdoor location in emergencies, Liu et al. [21]
and Wang et al. [22] developed a GNSS/UWB-based self-assembling network benchmark
creation method. By combining GPS, UWB, and vision, Abolfathi et al. [23] were able to
gather more data using target detection and machine learning. Li [24] investigated the
PPP/IMU/UWB combination for high-precision positioning and attitude determination.
Zhang et al. [25] combined GPS/UWB/MARG to achieve cooperative positioning in both
indoor and outdoor environments. Wang [26] used inertial/GNSS/UWB information
fusion to achieve the relative navigation and positioning of small UAV formations.

Height constraint is another effective method for improving the GNSS positioning
accuracy. Due to a lack of available satellites, the BDS-1 system can only achieve 2D position-
ing and uses the height from electronic maps to provide the user with 3D coordinates [27].
However, this method is more difficult to implement and promote. Other technologies
used to measure altitude include laser altimetry [28], ultrasonic altimetry [29], and baro-
metric altimetry [30]. Although laser or ultrasonic altimetry have very high measurement
accuracy in a visible environment, the error increases in a non-visible environment, making
it unsuitable for assisting GNSS location in a complicated setting. Barometric altimetry
is inexpensive, unaffected by environmental conditions, and is applicable both indoors
and outdoors. DBA mode successfully helps GNSS and other technology to improve the
positioning and navigational accuracy thanks to its high altitude precision and reliability.
Our previous research revealed [31] that DBA-assisted DGNSS can significantly improve
the DGNSS positioning accuracy and reliability of low-cost single-frequency u-blox NEO-
M8T receivers in complex environments. Ai et al. [32–34] applied the ground user altitude
obtained by the DBA system to the China Area Positioning System (CAPS). This effectively
added a virtual satellite observation value and improved the 3D positioning accuracy
and availability. The DBA technique was used in a mobile cellular network positioning
system that converts 3D positioning into planar positioning and can achieve more accurate
positioning [30]. By fusing inertial and barometric altitude, Sabatini and Genovese [35]
were able to quantify the vertical mobile velocity with a root mean square error (RMSE) of
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0.04 to 0.24 m/s and estimated the user height with an RMSE of 5 to 68 cm. Additionally, a
barometer can also be incorporated into a wearable device to improve telehealth services
by detecting the position and orientation of the human body and measuring variables such
as blood pressure [36,37].

To the best of our knowledge, there is presently little research or debate on the GNSS
RTK/UWB/DBA combinations for positioning in challenging situations. In this paper,
GNSS RTK/UWB/DBA fusion positioning models or algorithms were proposed to make
up for the low accuracy or unavailability of GNSS positioning in complex settings, and
the performance of the method was thoroughly assessed using static and dynamic cart
experiments. The rest of the manuscript is organized as follows. The relevant technological
principles and mathematical models are introduced in Section 2. The mathematical model
of GNSS RTK/UWB/DBA fusion positioning is presented in Section 3. Section 4 designs
the GNSS RTK/UWB/DBA fusion static and dynamic cart positioning experiments to
evaluate and analyze the positioning performance of the proposed algorithm in detail.
Section 5 presents the concluding remarks.

2. Relevant Principles and Mathematical Models
2.1. GNSS RTK Mathematical Models

GNSS receivers can simultaneously receive code pseudo-range, carrier phase, Doppler
shift, and signal-to-noise ratio (SNR) observational data. The raw observation value
contains the receiver geometric position parameters, and clock error and hardware delay
parameters, and various error corrections such as tropospheric delay errors and ionospheric
delay errors [38]. Therefore, for GPS/BDS/GALILEO, the raw code pseudo-range and
carrier phase observation equation between satellite s and receiver i can be expressed as:{

Ps
i = ρs

i + c(dti − dts) + Is
i + Ts

i + Ms
i + εs

i
ϕs

i = ρs
i + c(dti − dts)− Is

i + Ts
i + λNs

i + Ms
i + εs

i
(1)

where Ps
i and ϕs

i denotes the code pseudo-range and carrier phase observation value be-

tween satellite s and receiver i (unit: m); ρs
i =

√
(Xs − x)2 + (Ys − y)2 + (Zs − z)2 denotes

the geometric distance between satellite s and receiver i at the moment of signal trans-
mission; (Xs, Ys, Zs) and (x, y, z) are the satellite s and unknown receiver i antenna center
position, respectively; c is the speed of light in vacuum; dti denotes the receiver clock error;
dts denotes the satellite clock error; Is

i is the ionospheric delay error; Ts
i is the tropospheric

delay error; λ is the wavelength of carrier; Ns
i is the integer ambiguity parameter (unit:

cycle); Ms
i is the multipath delay error; es

i contains the code pseudo-range measurement
noise and other uncorrected errors; εs

i contains the carrier phase measurement noise and
other uncorrected errors.

For short and medium baselines with a length of 0~30 km, the GNSS receiver and
satellite clock errors were eliminated in the double-difference observation equation, and
the ionospheric and tropospheric delay errors could be neglected. Taking GPS RTK as an
example, its double-difference observation equation can be expressed as [39]:{

∆∇Pks
ij = ∆∇ρks

ij + ∆∇eks
ij

∆∇ϕks
ij = ∆∇ρks

ij + λ∆∇Nks
ij + ∆∇εks

ij
(2)

where ∇∆ denotes the double-difference operator; i and j denotes the reference station
and rover station receiver, respectively; k and s denotes the reference and non-reference
satellite, respectively. ∆∇Pks

ij and ∆∇ϕks
ij denotes the code pseudo-range and carrier phase

double-difference observation values, respectively; ∆∇ρks
ij is the double-difference geo-

metric distance between the satellite and receiver; ∆∇Nks
ij denotes the double-difference

integer ambiguity; ∆∇eks
ij and ∆∇εks

ij denote the double-difference code pseudo-range and
carrier phase measurement noise, respectively. Double-difference ambiguity in the GNSS
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RTK positioning model has integer properties, and by successfully resolving the ambiguity,
the positioning accuracy can be greatly increased.

2.2. UWB Location Principles and Mathematical Models

The UWB location system consists of BS, mobile Tag nodes (Tags), and a positioning
server. By measuring the time of arrival (TOA), time difference of arrival (TDOA), and
angle of arrival (AOA) from the Tag node to the BS, the UWB system calculates the Tag
coordinate parameters.

The UWB location system used in this work is based on the TDOA principle, which only
requires high precision time synchronization between all BS, reducing the requirement of time
synchronization between Tag and BS. The location of Tag can be determined by the intersection
of the hyperbolas established by the TDOA observations from Tag to three or more BS. To
simplify the description, Figure 1 present the TDOA positioning principle in 2D space.

Figure 1. UWB TDOA location principle in 2D space.

For 3D positioning, let the coordinates of the master BS be BS1(X1, Y1, Z1), the coordi-
nates of slave BS be BSi(Xi, Yi, Zi) (i = 2 · · ·N), and the position of Tag is (x, y, z). Suppose
the distance between Tag to the ith BS be Ri, and Ri,1 be the TDOA between Tag to the
master BS and slave BS, establish the observation equation as follows:{

Ri,1 = Ri − R1 + εi,1 = c(ti − t1)

Ri =
√
(Xi − z)2 + (Yi − z)2 + (Zi − z)2 (3)

where ti − t1 is the time difference between the Tag signal arriving at different BS; c is the
speed of light in vacuum. For the UWB location system, if the TOA measurements are
used for positioning, each TOA measurement R = [R1, R2, · · · , RN ]

T is independent of
each other and is a random variable with zero mean and variance σ2

R. According to the
field calibration test, σR is generally better than 0.1 m, and the covariance matrix of the
observation equation is σ2

RI. Therefore, for the UWB system using the TDOA measurement
R = [R2,1, R3,1, · · · , RN,1]

T for positioning, each Ri,1 is correlated with each other since
all R1 exist, and the priori covariance matrix of the TDOA measurement value can be
expressed as:

Quwb = cov(R) = σ2
R


2 1 · · · 1
1 2 · · · 1
...

...
...

...
1 · · · 1 2

 (4)
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2.3. DBA Basic Principles and Mathematical Models

In the Earth’s gravitational field, the space atmospheric pressure varies in a certain
pattern with the altitude, so the altitude can be deduced by measuring the barometric pres-
sure value [31]. Single barometer altimetry has poor stability and reliability [40] and can
drift up to several tens of meters in a day as a result of atmospheric temperature, latitude,
seasonal variations, and other factors. As a result, it is not very useful for positioning and
navigation. Except for the local strong convection zone, the trend of atmospheric pressure
variation in the local range of several tens of kilometers exhibits identical physical features,
and the atmosphere is essentially in hydrostatic equilibrium in the vertical direction. Typi-
cally, atmospheric pressure is more evenly distributed in the horizontal direction, with a
pressure difference of about 1 hPa at a distance of 100 km. Thus, the idea of “difference”
can be applied to the field of barometric altimetry. Specifically, by establishing one (or
more) barometric reference points, the DBA altitude of the mobile station can be corrected
by the reference station to compensate for the influence of changes in the atmospheric
physical environment, thereby improving the accuracy of the mobile user’s altitude. The
simplified DBA formula can be expressed as Equation (5) without considering the effects of
air humidity and latitude [41].

h = h0 + 18, 410(1 +
tm

273.15
)lg

P0

P
(5)

where h is the altitude of the mobile barometer station to be determined; h0 and P0 is the
known altitude and pressure value of the reference barometer station, respectively; P is the
pressure value of the mobile barometer station; and tm is the average temperature between
the reference and mobile barometer station. As illustrated in Figure 2, the user geodetic
height can be used to create an approximate ellipsoid with height h from the reference
ellipsoid (WGS-84). The user’s coordinate (x, y, z) and its geodetic altitude h now roughly
satisfy Equation (6), when the ground user’s geodetic height is not extremely high (<10 km).

x2 + y2

(a + h)2 +
z2

(b + h)2 = 1 (6)

where a and b are the long and short semi-axes of the WGS-84 Earth reference ellipsoid,
respectively. Since h is substantially smaller than a and b, it is possible to substitute a
roughly reference ellipsoid with long semi-axes a + h and short semi-axes b + h without
significantly increasing the bias [42].

Figure 2. Approximate reference ellipsoidal meridian profile where the ground user is located.



Remote Sens. 2022, 14, 5928 6 of 22

3. GNSS RTK/UWB/DBA Fusion Positioning Model

This section presents a mathematical model for GNSS RTK/UWB/DBA multi-source
fusion positioning that combines functional and stochastic models. The flowchart and spe-
cific data processing processes are also provided. According to the GNSS RTK positioning
modal, incorporating UWB and DBA observations is equivalent to integrating various satel-
lite code pseudo-range observations, which can significantly enhance the spatial geometric
structure of the observations, reduce the PDOP value, and consequently increase the GNSS
double-difference ambiguity resolution success rate and positioning accuracy.

3.1. Functional and Stochastic Model
The proposed GNSS RTK/UWB/DBA fusion positioning functional model is formed

by combining Equations (2), (3) and (6) as follows:

∆∇Pks
ij = ∆∇ρks

ij + ∆∇eks
ij

∆∇ϕks
ij = ∆∇ρks

ij + λ∆∇Nks
ij + ∆∇εks

ij

R2,1 =
√
(X2 − x)2 + (Y2 − y)2 + (Z2 − z)2 −

√
(X1 − x)2 + (Y1 − y)2 + (Z1 − z)2

...

RN,1 =
√
(XN − x)2 + (YN − y)2 + (ZN − z)2 −

√
(X1 − x)2 + (Y1 − y)2 + (Z1 − z)2

x2+y2

(a+h)2 +
z2

(b+h)2 = 1

(7)

where the meaning of the corresponding letters symbol in Equation (7) are exactly consis-
tent with Section 2. A plausible stochastic model is required to produce accurate adjustment
results. The stochastic model uses the a priori variance–covariance matrix to explain the
statistical features of the observation data. This work used the sine trigonometric function
elevation angle fixed-weight model [43] for the GNSS raw observation covariance, and
the GNSS RTK positioning variance-covariance matrix can be written as QDD [39]. The
covariance matrix for the UWB TDOA observations is shown in Equation (4). According
to our previous research of the actual evaluation results [31], the outdoor DBA altitude
accuracy decreased gradually with an increase in the difference distance. The DBA accuracy
was at the submeter level within 2 km and did not exceed 2 m within the 10 km baseline
length. In this work, the difference distance in two barometers was about 65 m, so we
took the accuracy of DBA as 1.0 m in the static and dynamic cart experiments. Therefore,
the stochastic model of GNSS RTK/UWB/DAB fusion positioning can be expressed as
Equation (8) in light of the aforementioned findings.

QG/U/D =

QDD 0 0
0 Quwb 0
0 0 QDBA

 (8)

In Equation (8), QUWB and QDBA are the variance–covariance matrices of the UWB
TDOA observations and DBA altitude, respectively.

3.2. Parameter Estimation Processes and Flowchart

The GNSS RTK/UWB/DBA tight combination positioning data processing flowchart
is depicted in Figure 3. To solve Equation (7) using the single epoch method, the detailed
parameter estimation processes are as follows:

Step 1: The GNSS double-difference observation equation was linearized via Taylor
series expansion at the approximate position (x0, y0, z0) and simplified to provide the
following result:  VPks

ij
= am,1dx + am,2dy + am,3dz− LPks

ij

Vϕks
ij
= am,1dx + am,2dy + am,3dz + λ∆∇Nks

ij − Lϕks
ij

(9)
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where am,1 = (Xs − x0)/ρ
(0)s
j − (Xk − x0)/ρ

(0)k
j , am,2 = (Ys − y0)/ρ

(0)s
j − (Yk − y0)/ρ

(0)k
j ,

am,3 = (Zs − z0)/ρ
(0)s
j − (Zk − z0)/ρ

(0)k
j are the directional cosine. m = s− 1 is the number

of double-difference equations. LPks
ij
= ∆∇ρ

(0)ks
ij − ∆∇Pks

ij , Lϕks
ij
= ∆∇ρ

(0)ks
ij − ∆∇ϕks

ij are

the code pseudo-range and the carrier phase observation vectors.
Step 2: After expanding the UWB TDOA observation equation at the approximate

position (x0, y0, z0) using Taylor series and simplifying it, we obtain:
V2,1 = (k1 − k2)dx + (h1 − h2)dy + (g1 − g2)dz− l2,1
...
VN,1 = (k1 − kN)dx + (h1 − hN)dy + (g1 − gN)dz− lN,1

(10)

where li,1 = (Ri,1 − R0
i + R0

1)(i = 2 · · ·N) is the UWB TDOA observation vector;

R0
i =

√
(Xi − x0)

2 + (Yi − y0)
2 + (Zi − z0)

2 is the approximate distance from each BS to
Tag; and ki = (Xi − X0)/R0

i , hi = (Yi −Y0)/R0
i and gi = (Zi − Z0)/R0

i are the directional
cosines of each BS (i = 1, 2, · · ·N) to Tag.

Step 3: Solve the Earth ellipsoid constraint equation in the last row of Equation (7)
by the differential processing method, using the Taylor series expansion in the user’s
approximate position (x0, y0, z0) and only the first-order term is retained, where the partial
derivative of x is as follows:

2x0

(a + h)2 dX−
2x2

0

(a + h)3 dh−
2y2

0

(a + h)3 dh−
2z2

0

(b + h)3 dh = 0 (11)

After simplification, we obtain:

∂h
∂x0

=
x0(a + h)(b + h)3(

x2
0 + y2

0
)
(b + h)3 + z2

0(a + h)3 (12)

Similarly, taking partial derivatives of y and z yields:

∂h
∂y0

=
y0(a + h)(b + h)3(

x2
0 + y2

0
)
(b + h)3 + z2

0(a + h)3 (13)

∂h
∂z0

=
z0(a + h)3(b + h)(

x2
0 + y2

0
)
(b + h)3 + z2

0(a + h)3 (14)

Let α = ∂h/∂x0, β = ∂h/∂y0, γ = ∂h/∂z0, we obtain:

Vh = αdx + βdy + γdz− dh (15)

where dh = h− ĥ is the altitude observation value; h is the altitude obtained by DBA; and
ĥ is the geodetic height obtained by the users’ at the approximate position (x0, y0, z0). The
detailed conversion process of ĥ can be found in the original literature [44].

Step 4: The GNSS RTK/UWB/DBA tight combination positioning adjustment model
created by combining Equations (9), (10) and (15) is as follows:

V = Hx̂− l, P (16)
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where V =



VP1k
ij

...
VPks

ij

Vϕ1k
ij

...
Vϕks

ij

V2,1
...

VN,1
Vh



, H =



a1,1 a1,2 a1,3 0 · · · 0
...

...
...

...
. . .

...
am,1 am,2 am,3 0 · · · 0
a1,1 a1,2 a1,3 λ · · · 0

...
...

...
...

. . .
...

am,1 am,2 am,3 0 · · · λ
k1 − k2 h1 − h2 g1 − g2 0 · · · 0

...
...

...
...

. . .
...

k1 − k2 h1 − h2 g1 − g2 0 · · · 0
α β γ 0 · · · 0



, x̂ =



dx
dy
dz

∆∇N1k
ij

...
∆∇Nks

ij


, l =



LP1k
ij

...
LPks

ij

Lϕ1k
ij

...
Lϕks

ij

l2,1
...

lN,1
dh


denote the observation vector, the design matrix, the parameters to be estimated, and the
residual vector, respectively. P is the a priori weight array of the GNSS RTK/UWB/DBA
combination observation values, and is equal to the inverse matrix of QG/U/D in Equation (8).

Step 5: Parameter estimation using the single epoch weighted least squares method:{
x̂ = (HTPH)

−1HTPl
Qx̂x̂ = (HTPH)

−1 (17)

where Qx̂x̂ is the variance–covariance matrix of the parameter x̂.
Step 6: The least square ambiguity decorrelation adjustment (LAMBDA) algorithm [45,46]

was used for double-difference ambiguity resolution. If the Ratio value can pass the
threshold value verification, the float solution of the positioning parameter is converted to
a fixed solution. Otherwise, the float solution result is output.

Figure 3. Flowchart of GNSS RTK/UWB/DBA tight combination data processing.
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4. Experimental and Results Analysis
4.1. Experimental Data

The location of the experimental data collection site was on the top of Building No. 1
of the APM, CAS in Wuhan, on a slide trolley platform. As seen in Figure 4a, the reference
station, which includes the Trimble Net R9 receiver, choke antenna, and BMP280 barometer,
was situated on the fixed reference pier. The static and dynamic cart experiment sites
are depicted in Figures 4b and 5, respectively. The mobile station hardware equipment
consists of a high-precision GNSS antenna that uses a power splitter to connect a single-
frequency low-cost u-blox NEO-M8T receiver and a multi-frequency Septentrio MOSAIC-
X5 mini receiver at the same time. In order to make sure that the antenna phase centers
are positioned in the same vertical direction and to identify and correct for any vertical
discrepancies during data pre-processing, the GNSS antenna, UWB Tag, and BMP280
barometer were mounted in a unified connection frame. To acquire a high-precision 3D
coordinate sequence as a reference value, the multi-frequency Septentrio MOSAIC-X5 small
receiver data processes used the post-process kinematic (PPK) mode of the commercial
software Inertial Explorer 8.70.

Figure 4. The GNSS RTK/UWB/DBA fusion static positioning experiment site: (a) reference station;
(b) static experiment mobile station.

Figure 5. GNSS RTK/UWB/DBA fusion dynamic cart positioning experiment site (UWB BSs are in
the red round box, and the GNSS antenna, UWB Tag, and BMP280 barometer combined device are in
the red rectangular box).
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At the experimental site, there are five UWB BS deployed concurrently, of which BS1
was the master BS and BS2, BS4, BS5, and BS7 were the slave BS. The 3D coordinates of each
BS were predetermined by a total station and GNSS RTK device. The dynamic trolley’s
sluggish motion speed allows all sensors to be time-synchronized with the aid of a laptop
computer, and real-time observation data recording is possible. The experimental data
were split into two periods. The static data acquisition duration for the first period time
was from 4:50 to 6:28 (UTC), or a total of 1 h 38 min. The slide dynamic cart experiment
was the second period, and it took around 37 min to complete. The acquisition time was
between 8:40 and 9:17 (UTC).

The GNSS RTK/UWB/DBA fusion positioning model chooses a single-frequency
u-blox NEO-M8T receiver GPS + BDS dual system for combination, and the mobile station
receiver coordinate and ambiguity parameters are estimated using single epoch mode. The
data processing strategy and parameter set are shown in Table 1. The ratio threshold value
was set to 3 for the LAMBDA method of ambiguity resolution. By changing the number of
UWB BS and the elevation mask angle (10 to 50 degrees), static and dynamic cart tests can
simulate various complex settings.

Table 1. GNSS RTK/UWB/DBA fusion positioning data processing strategy and parameter set.

Parameter Type Processing Strategy

GNSS receiver u-blox NEO-M8T
UWB system and range TracTech, from 50 to 100 m

BMP280 barometer resolution 0.01 mbar (0.1 m)
Position parameters Single epoch mode
Atmospheric delays Ignored in short baseline length

Ambiguity parameters Single epoch mode and LAMBDA method resolution
Ratio threshold value 3.0

DBA altitude Simplified DBA formula
UWB BS number From 2 to 5

4.2. Static Experimental Results and Analysis

The average PDOP value statistical results and PDOP value sequences for the GNSS
RTK/UWB/DBA fusion positioning model at various elevation mask angles in the static
environment are shown in Table 2 and Figure 6. As can be seen, the number of GNSS
visible satellites dropped as the elevation mask angle rose, the satellite spatial geometry
distribution deteriorated, and the PDOP values gradually grew. The average PDOP value
of GNSS RTK was 3.87 when the elevation mask angle was at 40 degrees, and 9.57 when
it was at 50 degrees. The PDOP value drastically decreased when DBA and UWB were
added. More UWB BS was chosen to take part in positioning across all processing modes,
and the more obviously the PDOP value decreased.

Table 2. Average PDOP values of the GNSS RTK/UWB/DBA fusion positioning model at various
elevation mask angles in a static scenario.

Combination Mode UWB BS
Elevation Mask Angles (Degrees)

10 20 30 40 50

GNSS RTK - 1.28 1.42 2.56 3.87 9.57

GNSS RTK/DBA - 0.98 1.04 1.32 1.47 1.94

GNSS RTK/UWB

2 1.23 1.38 2.33 3.65 9.12
3 1.21 1.34 2.30 3.65 8.43
4 1.20 1.33 2.26 2.94 4.78
5 1.18 1.31 2.17 3.12 4.72

GNSS
RTK/UWB/DBA

2 0.94 0.99 1.19 1.31 1.47
3 0.90 0.95 1.11 1.19 1.27
4 0.90 0.94 1.10 1.17 1.23
5 0.89 0.94 1.09 1.16 1.22
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Figure 6. The PDOP values for the GNSS RTK/UWB/DBA fusion positioning model for vari-
ous elevation mask angles in a static environment. The elevation mask angles were as follows:
(a) 10 degrees; (b) 20 degrees; (c) 30 degrees; (d) 40 degrees; (e) 50 degrees.

The ambiguity resolution success rate of the GNSS RTK/UWB/DBA fusion positioning
model at various elevation mask angles in a static situation is shown in Table 3. The
GNSS ambiguity resolution success rate was 89.90% when the elevation mask angle was
10 degrees; after adding UWB and DBA, the ambiguity resolution success rate did not
increase further because there are currently enough observable satellites, so the fusion
of other observation data did not significantly improve the ambiguity resolution success
rate. The GNSS ambiguity resolution success rate rose to 96.27% when the elevation mask
angle was 20 degrees, and it marginally rose when the UWB or DBA observations were
included. This is because low elevation mask angle satellites with poor observation quality
were removed.

As the elevation mask angle increased further (30 to 50 degrees), the number of
GNSS visible satellites decreased significantly, and the ambiguity resolution success rate
gradually decreased. In particular, when the elevation mask angle was 50 degrees, the
GNSS ambiguity resolution success rate was only 19.15%; however, after fusing UWB
and DBA, the effective observation value increased and the ambiguity resolution success
rate significantly rose by 20% to 60%. Because it has the most observations, the GNSS
RTK/UWB/DBA fusion model improved the ambiguity resolution success rate more
than the GNSS RTK/UWB and GNSS RTK/DBA combination model. The improvement
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in the success rate of the ambiguity resolution was greater when more UWB BS were
simultaneously engaged in positioning.

Table 3. The ambiguity resolution success rate of the GNSS RTK/UWB/DBA fusion positioning
model at various elevation mask angles in a static environment.

Combination
Mode UWB BS

Elevation Mask Angles (Degrees)

10 20 30 40 50

GNSS RTK - 89.90% 96.27% 90.02% 82.76% 19.15%

GNSS RTK/DBA - 90.73% 97.19% 93.68% 91.62% 43.06%

GNSS RTK/UWB

2 88.58% 97.21% 93.45% 85.43% 39.91%
3 88.87% 98.36% 97.89% 94.00% 57.50%
4 88.61% 98.47% 98.91% 97.07% 65.86%
5 87.40% 98.28% 98.53% 96.63% 76.04%

GNSS
RTK/UWB/DBA

2 89.22% 97.68% 96.25% 94.17% 64.79%
3 89.33% 98.48% 98.96% 97.07% 80.55%
4 89.08% 98.56% 99.06% 97.29% 81.40%
5 87.39% 98.36% 98.80% 96.83% 79.08%

To analyze the positioning errors corresponding to the GNSS RTK/UWB/DBA fusion
positioning models, the error interval distributions in the north (N)/east (E)/up (U) direc-
tion at the 30 and 50 degrees elevation mask angles are counted in Tables 4 and 5, and the
position errors in the N/E/U direction corresponding to the 30 and 50 degrees elevation
mask angles are shown in Figures 7 and 8.

Table 4. Statistics of thee GNSS RTK/UWB/DBA fusion positioning model error distribution intervals
in N/E/U directions at a 30 degree elevation mask angle.

Combination Mode UWB BS
<1 cm <5 cm

N E U N E U

GNSS RTK - 83.41% 90.14% 49.97% 90.46% 90.68% 90.19%

GNSS RTK/DBA - 84.17% 93.78% 49.84% 93.97% 94.29% 94.09%

GNSS RTK/UWB
3 86.35% 97.89% 53.81% 98.01% 97.96% 97.90%
5 86.96% 98.58% 54.10% 98.55% 98.82% 98.52%

GNSS
RTK/UWB/DBA

3 86.99% 98.96% 53.85% 98.96% 99.03% 98.93%
5 86.99% 98.84% 54.19% 98.82% 98.98% 98.88%

Table 5. Statistics of the GNSS RTK/UWB/DBA fusion positioning model error distribution intervals
in the N/E/U directions at a 50 degree elevation mask angle.

Combination Mode UWB BS
<1 cm <5 cm

N E U N E U

GNSS RTK - 18.27% 18.78% 7.50% 18.71% 21.59% 18.54%

GNSS RTK/DBA - 41.72% 43.10% 16.39% 43.25% 45.81% 43.17%

GNSS RTK/UWB
3 51.19% 53.89% 20.71% 56.49% 56.78% 49.01%
5 68.22% 75.22% 25.50% 76.17% 80.37% 64.65%

GNSS
RTK/UWB/DBA

3 73.77% 79.55% 29.14% 80.57% 83.94% 70.08%
5 70.52% 77.81% 26.77% 79.17% 83.00% 67.08%
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Figure 7. GNSS RTK/UWB/DBA fusion positioning model error in the N/E/U directions at a
30 degree elevation mask angle: (a) GNSS RTK; (b) GNSS RTK/DBA; (c) GNSS RTK/UWB−3BS;
(d) GNSS RTK/UWB−5BS; (e) GNSS RTK/UWB−3BS/DBA; (f) GNSS RTK/UWB−5BS/DBA.

Figure 8. GNSS RTK/UWB/DBA fusion positioning model error in the N/E/U directions at a
50 degree elevation mask angle: (a) GNSS RTK; (b) GNSS RTK/DBA; (c) GNSS RTK/UWB−3BS;
(d) GNSS RTK/UWB−5BS; (e) GNSS RTK/UWB−3BS/DBA; (f) GNSS RTK/UWB−5BS/DBA.
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Figure 7 shows that when the elevation mask angle is 30 degrees, there are enough
GNSS visible satellites and a higher fraction of fixed solutions (blue point). In Table 4, the
percentage of GNSS RTK positioning errors less than 1 cm in the N and E direction was
greater than 83%, and larger than 90% for positioning errors less than 5 cm. The positioning
accuracy of the float solution (red point) greatly increased after the addition of UWB and
DBA, with the percentage of positioning errors smaller than 1 cm and 5 cm in the N/E/U
directions improving by roughly 3% to 8%.

The percentage of the GNSS RTK fixed solutions rapidly declined as the elevation
mask angle rose from 30 to 50 degrees, as shown in Table 3. The positioning error of the
float solution could reach tens of meters, and the ambiguity resolution success rate was only
19.15% when the elevation mask angle was 50 degrees. Similarly, the fraction of positioning
errors less than 5 cm in the N/E/U direction was about 20%. Following the addition of
DBA, the accuracy of the float solution greatly increased, and the percentage of positioning
errors less than 5 cm in the N and E directions increased by over 20% and it’s for 15% in the
U direction. With more UWB added, the improvement ratio became more apparent; when
there are five UWB BS, for example, the proportion of less than 5 cm in the N/E direction
improved by 60%, and the U direction improved by about 50%.

4.3. Dynamic Cart Experimental Results and Analysis

In the dynamic cart experiment, the sequence of PDOP values and average PDOP
values of the GNSS RTK/UWB/DBA fusion positioning model at various elevation mask
angles are shown in Figure 9 and Table 6, respectively. As can be seen, as the elevation mask
angle increased, fewer GNSS satellites became visible, the spatial geometry arrangement
of the GNSS satellites deteriorated, and the PDOP values rose. The average PDOP values
for GNSS RTK were 3.32 and 5.34 when the elevation mask angle was 40 degrees and
50 degrees, respectively, while they were 1.42 and 1.79 for the GNSS RTK/DBA model. In
comparison to GNSS RTK, the average PDOP values in the GNSS RTK/UWB model were
slightly lower. The GNSS RTK/UWB/DBA model had lower average PDOP values of 1.31
and 1.23 since it had more available observations than the other three models.

Table 6. Average PDOP values of the GNSS RTK/UWB/DBA fusion positioning model at various
elevation mask angles in the dynamic cart environment.

Combination
Mode UWB BS

Elevation Mask Angles (Degrees)

10 20 30 40 50

GNSS RTK - 1.30 1.71 2.24 3.32 5.34

GNSS RTK/DBA - 1.01 1.12 1.25 1.42 1.79

GNSS RTK/UWB

2 1.30 1.70 2.22 3.30 3.28
3 1.26 1.66 2.19 3.29 3.02
4 1.17 1.55 2.03 3.17 2.56
5 1.17 1.53 2.00 2.98 2.33

GNSS
RTK/UWB/DBA

2 1.01 1.11 1.24 1.41 1.60
3 0.98 1.09 1.22 1.40 1.53
4 0.94 1.04 1.17 1.35 1.36
5 0.93 1.03 1.15 1.31 1.23

The statistics of the ambiguity resolution success rate for the GNSS RTK/UWB/DBA
fusion positioning model for dynamic sliding carts are shown in Table 7 for various elevation
mask angles. When the elevation mask angle was 10 degrees or 20 degrees, the ambiguity
resolution success rate for GNSS RTK was 83.50% and 89.81%, respectively. The success rate
for ambiguity resolution was somewhat increased by adding UWB and DBA. After removing
satellites with low observation quality, the GNSS RTK ambiguity resolution success rate was
92.94% when the elevation mask angle was 30 degrees, and the GNSS RTK/UWB/DBA rose
by around 5% in comparison to the GNSS RTK. The number of GNSS observation satellites
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was drastically reduced when the elevation mask angle was 50 degrees, and the success rate
for ambiguity resolution dropped to 32.80%. The ambiguity resolution success rate increased
by 17.1% when DBA was fused. When the number of UWB BS participating in positioning
was raised from 2 to 5, the ambiguity resolution success rate of the GNSS RTK/UWB/DBA
model was greatly boosted by around 35% to 56% compared with GNSS RTK.

Figure 9. Sequence of the PDOP values of the GNSS RTK/UWB/DBA fusion positioning model at
various elevation mask angles in the dynamic cart environment. The elevation mask angles were as
follows: (a) 10 degrees; (b) 20 degrees; (c) 30 degrees; (d) 40 degrees; (e) 50 degrees.

Table 7. The ambiguity resolution success rate of the GNSS RTK/UWB/DBA fusion positioning
model at various elevation mask angles in the dynamic cart situation.

Combination
Mode UWB BS

Elevation Mask Angles (Degrees)

10 20 30 40 50

GNSS RTK - 83.50% 89.81% 92.94% 88.17% 32.80%

GNSS RTK/DBA - 83.85% 90.26% 94.48% 91.15% 49.90%

GNSS RTK/UWB

2 84.29% 91.75% 95.58% 89.66% 57.06%
3 84.89% 92.25% 94.78% 90.71% 71.27%
4 85.14% 92.64% 97.61% 97.17% 84.94%
5 85.04% 92.79% 98.16% 98.16% 88.77%

GNSS
RTK/UWB/DBA

2 84.84% 91.70% 96.27% 95.43% 67.15%
3 85.14% 92.35% 97.12% 96.22% 79.82%
4 85.09% 92.69% 97.96% 97.61% 86.93%
5 85.04% 92.79% 98.21% 98.16% 89.51%



Remote Sens. 2022, 14, 5928 16 of 22

Similarly to that in Section 4.2, to further analyze the positioning errors corresponding
to the GNSS RTK/UWB/DBA fusion positioning models in the dynamic cart setting, the
positioning error interval distributions in the N/E/U directions at the 30 and 50 degree
elevation mask angles are counted in Tables 8 and 9, and the dynamic cart trajectory in the
plane direction and the position errors in the U direction are present in Figures 10 and 11.

Figure 10. Cont.
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Figure 10. GNSS RTK/UWB/DBA fusion positioning model dynamic cart trajectory in the plane di-
rection and positioning error in the U direction at a 30 degree elevation mask angle: (a) GNSS
RTK; (b) GNSS RTK/DBA; (c) GNSS RTK/UWB−3BS; (d) GNSS RTK/UWB−5BS; (e) GNSS
RTK/UWB−3BS/DBA; (f) GNSS RTK/UWB−5BS/DBA.

Table 8. Statistics of the GNSS RTK/UWB/DBA fusion positioning model error distribution intervals
at a 30 degree elevation mask angle in the dynamic cart scenario.

Combination Mode UWB BS
<1 cm <5 cm

N E U N E U

GNSS RTK - 92.84% 89.91% 70.87% 93.04% 93.89% 93.04%

GNSS RTK/DBA - 94.33% 91.25% 71.57% 94.58% 95.28% 94.88%

GNSS RTK/UWB
3 94.09% 90.06% 70.68% 95.33% 95.58% 94.83%
5 97.37% 91.55% 66.60% 98.71% 98.81% 98.21%

GNSS
RTK/UWB/DBA

3 96.42% 91.85% 72.42% 97.71% 97.86% 97.27%
5 97.42% 91.40% 66.00% 98.71% 98.86% 98.41%

Table 9. Statistics of the GNSS RTK/UWB/DBA fusion positioning model error distribution intervals
at a 50 degrees elevation mask angle in the dynamic cart scenario.

Combination Mode UWB BS
<1 cm <5 cm

N E U N E U

GNSS RTK - 32.95% 33.35% 9.69% 34.94% 37.18% 33.85%

GNSS RTK/DBA - 50.05% 50.30% 14.21% 51.74% 53.18% 53.23%

GNSS RTK/UWB
3 70.68% 70.97% 14.36% 73.01% 74.35% 70.18%
5 88.72% 88.42% 19.53% 93.84% 90.90% 88.02%

GNSS
RTK/UWB/DBA

3 80.77% 79.87% 17.99% 85.69% 82.41% 80.02%
5 89.02% 89.02% 19.63% 93.99% 91.40% 88.97%

Figure 11. Cont.
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Figure 11. GNSS RTK/UWB/DBA fusion positioning model dynamic cart trajectory in the
plane direction and positioning error in the U direction error at a 50 degree elevation mask an-
gle: (a) GNSS RTK; (b) GNSS RTK/DBA; (c) GNSS RTK/UWB−3BS; (d) GNSS RTK/UWB−5BS;
(e) GNSS RTK/UWB−3BS/DBA; (f) GNSS RTK/UWB−5BS/DBA.
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According to Table 8 and Figure 10, there were enough observable GNSS satellites,
and the proportion of fixed solutions (blue point) was relatively greater with an elevation
mask angle of 30 degrees. The positioning error of the GNSS RTK/UWB/DBA fusion
positioning model, which was smaller than 5 cm in the N/E/U direction, can be improved
by roughly 5% in comparison to the GNSS RTK model. Additionally, the positioning error
improvement was more apparent as UWB BS were implemented, and the dynamic slider
cart trajectory became smoother and the error of the float solution (red point) in the N/E/U
direction also decreased.

It is evident from Table 9 and Figure 11a that in a dynamic cart environment with
an elevation mask angle of 50 degrees, the ambiguity resolution success rate for GNSS
RTK was only 32.80%. The GNSS RTK float solution positioning error reached the meter
level, and the positioning error below 5 cm was less than 38% in the N/E/U direction. The
ambiguity resolution success rate of the GNSS RTK/DBA model increased to 49.90%. The
accuracy of the float solution greatly improved for thee GNSS RTK/DBA model, notably in
the U direction, and a positioning error less than 5 cm in the N/E/U direction increased by
more than 15%. The positioning error smaller than 5 cm in the N/E direction improved 35%
to 60% after adding UWB with 3 and 5 BS, and it improved 23% to 55% in the U direction.
The GNSS RTK/UWB/DBA fusion positioning model had the most robust positioning
performance compare with the above three models. The 3D positioning error decrease was
more pronounced the more UWB BS were utilized in positioning. This confirmed that the
GNSS RTK/UWB/DBA fusion positioning has enough advantages compared with GNSS
RTK in a complex situation.

4.4. Discussion

Due to issues such as signal occlusion and strong multipath effects, GNSS RTK struggles
to produce accurate positioning results in local challenging and adverse situations such as
building walls, under trees, and deep in open pits. The proposed GNSS RTK/UWB/DBA
fusion positioning model can effectively improve the GNSS RTK ambiguity resolution
success rate and positioning accuracy in the above harsh applications. The Earth ellipsoid
constraint equation constructed by the DBA altitude is equivalent to adding a virtual satellite
located at the center of the Earth. The combination of both UWB TDOA observations and
DBA altitude can effectively improve the spatial geometry structure of the observation and
reduce the PDOP value. The results of the static and dynamic cart experiments show that,
in comparison to GNSS RTK positioning, the combined GNSS RTK/UWB/DBA positioning
model greatly enhanced the ambiguity resolution success rate and 3D positioning accuracy.
A comparison with the results of Chiu et al. [14] and Jiang [19] that used the GPS RTK/UWB
combined positioning model in hostile environment and V2I navigation and UWB assisted
GNSS RTK in this paper was also in good agreement with their results. Furthermore,
the DBA technology added in this paper seems to be a very effective means to further
improve the positioning accuracy of the GNSS RTK/UWB combination without increasing
too much in cost. There also exist large research INS assisted GNSS RTK in a complex
environment [47,48] that provides rich attitude information and a greater coverage range.
However, compared with the GNSS RTK/UWB/DBA fusion positioning, the corresponding
data processing of the GNSS RTK/INS combination is relatively difficult. The subsequent
research will focus on the relevant algorithm model and performance evaluation after
adding an INS sensor based on the GNSS RTK/UWB/DBA fusion positioning model.

According to Tables 3 and 7, it is also important to note that the ambiguity resolution
success rate increased more quickly when the UWB BS were chosen from 2 to 4 in the
combined positioning. However, the improved effect was no longer noticeable when there
were five BSs. This serves as a reminder that in local complicated situations, deploying
fewer UWB BS can reduce costs while essentially satisfying the positioning requirements.
In addition, despite the fact that the data processing in this study was based on the
single epoch mode, the use of the filtering model for data processing is still worthy of
further discussion.
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5. Conclusions

In this study, the research of a GNSS RTK/UWB/DBA fusion positioning model and
its performance evaluation was presented. To address the poor performance of GNSS RTK
positioning in local complicated circumstances, we first suggested a GNSS RTK/UWB/DBA
fusion positioning mathematical model. Next, its positioning performance was thoroughly
assessed by static and dynamic cart experiments. The experimental results demonstrated
that in the complicated environment produced by a 50 degree elevation mask angle, the
number of GNSS satellites available was significantly reduced and the ambiguity resolu-
tion success rate was quite poor. When compared to GNSS RTK, the spatial geometric
configuration was greatly improved and the PDOP value was decreased by the GNSS
RTK/UWB/DBA fusion positioning model. Additionally, the positioning errors of less
than 1 cm and 5 cm in the N/E/U direction were improved by 20% to 50%, and the
success rate for the GNSS RTK ambiguity resolution increased from 20% to 60%. Com-
bining the experimental results from the static and dynamic carts showed that the GNSS
RTK/UWB/DBA fusion positioning model significantly improved the availability and relia-
bility of GNSS RTK positioning in challenging local situations. The GNSS RTK/UWB/DBA
fusion positioning model will be used in a follow-up study to locate pedestrians seamlessly
indoors and outdoors and to control tiny unmanned aerial vehicles in formation. Other
extra sensors such as the MEMS IMU will also be tested for integration.
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