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Abstract: In the indoor and outdoor transition area, due to its poor availability in a complex posi-
tioning environment, the BDS/GPS SPP (single-point positioning by combining BeiDou Navigation
Satellite System (BDS) and Global Positioning System (GPS)) is unable to provide an effective position-
ing service. In view of the poor positioning accuracy and low sampling rate of the BDS/GPS SPP and
the gross error, such as the non-line-of-sight error of UWB (Ultra-Wide-Band), making the accuracy of
positioning results poor, a BDS/GPS/UWB tightly coupled navigation model considering pedestrian
motion characteristics is proposed to make positioning results more reliable and accurate in the
transition area. The core content of this paper is divided into the following three parts: (1) Firstly, the
dynamic model and positioning theories of BDS/GPS SPP and UWB are introduced, respectively.
(2) Secondly, the BDS/GPS/UWB tightly coupled navigation model is proposed. An environment
discrimination factor is introduced to adaptively adjust the variance factor of the system state. At
the same time, the gross error detection factor is constructed by using the a posteriori residuals to
make the variance factor of the measurement information of the combined positioning system able to
be adjusted intelligently for the purpose of eliminating the interference of gross error observations
on positioning results. On the other hand, pedestrian motion characteristics are introduced to es-
tablish the constraint equation to improve the consistency of positioning accuracy. (3) Thirdly, the
actual measured data are used to demonstrate and analyze the reliability of the positioning model
proposed by this paper. The experimental results show that the BDS/GPS/UWB tightly coupled
navigation model can effectively improve the accuracy and availability of positioning. Compared
with BDS/GPS SPP, the accuracy of this model is improved by 57.8%, 76.0% and 56.5% in the E, N
and U directions, respectively.

Keywords: UWB; BDS/GPS SPP; adaptively robust EKF; tightly coupled navigation; pedestrian
motion characteristics

1. Introduction

In recent years, with the acceleration of modern urban infrastructure construction
and indoor space development, seamless indoor and outdoor positioning technology has
attracted extensive attention, and pedestrian positioning in the transition area is the premise
and foundation of realizing indoor and outdoor seamless positioning. The multi-sensor
fusion positioning technology based on filtering has developed rapidly over recent years to
improve the availability and continuity of positioning under complex scenes. However,
due to the heterogeneity of data, there are still some problems in the accurate acquisition of
the filter measurement model and state model.

GNSS (Global Navigation Satellite Positioning) positioning technology, which can
provide positioning, navigation and timing, has been widely used in intelligent driving,
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disaster monitoring and other fields [1,2]. However, when the GNSS receiver is located
in a complex positioning scene, the GNSS signal is easily interrupted, resulting in GNSS
being unable to provide accurate location information [3]. To improve the reliability
and availability of satellite positioning results in complex scenes, with the continuous
development of GNSS modernization and intellectualization, multi-system GNSS data
processing has become a trend. Multi-system heterogeneous data-combined positioning
can effectively improve the observable number of satellites so as to solve the problem of the
poor availability of single-system satellite positioning [4]. GNSS positioning technology
can be divided into single-point positioning (SPP), precision-point positioning (PPP), RTK
(Real-Time Kinematic) and PPP-RTK according to the positioning mode and positioning
accuracy [5–9]. Because RTK positioning technology obtains the high-precision baseline
information of rover stations through differential processing of data between the base
station and rover station [10], it cannot meet the needs of single-station operation. PPP
positioning technology must rely on high-precision satellite position information and
clock error information; it uses high-precision distance observations, such as carrier phase
observations, to obtain centimeter-level positioning results [11], but there are still some
problems in its convergence speed and real-time performance. In recent years, some
scholars proposed to use information, such as atmospheric parameters, generated by local
GNSS reference stations to help fix the ambiguity of PPP, so as to realize the fast fixing of
PPP ambiguity. This technology is called PPP-RTK [12–14]. Considering the actual needs
of pedestrian positioning accuracy, BDS/GPS SPP (single-point positioning by combining
BeiDou Navigation Satellite System (BDS) and Global Positioning System (GPS)) is used in
the pedestrian GNSS/UWB-integrated positioning system in the transition area to ensure
the timeliness and low cost of positioning.

With the development of UWB (Ultra-Wide-Band) technology, compared with GNSS
positioning technology, UWB positioning technology has the advantage of high positioning
accuracy and good availability in the sheltered area of urban high-rise buildings [15].
However, the non-line-of-sight (NLOS) phenomenon that is easy to observe in the process
of UWB measurement will make the ranging UWB value have a systematic deviation from
the reference value. The NLOS distance means that the propagation path is blocked by
dynamic and static obstacles, resulting in longer propagation time and a larger measured
distance than the actual distance. NLOS effects will lead to frequent changes in UWB
observation signal quality and affect the positioning accuracy [16]. To correctly detect and
eliminate UWB NLOS multipath error, machine learning, deep learning, numerical analysis
and other methods are used in UWB positioning to give UWB positioning results more
robustness [17–21]. Guo et al. [22] adaptively adjusted the variance factor by constructing
the evaluation factor of NLOS to improve the robustness of the model. Rayavarapu and
Mahapatro [23] proposed the bagging-based ensembled classifier to identify and eliminate
the impact of NLOS error on positioning results. Kim and Pyun [24] proposed a UWB
NLOS error recognition algorithm based on a UWB signal propagation mechanism. Cao
et al. [25] proposed a GMM-IMM-EKF model by combining a Gaussian mixed model
(GMM), interacting multiple model (IMM) and EKF (Extended Kalman Filter) algorithm to
eliminate the influence of NLOS error on positioning results.

Because there are many obstacles under the typical positioning field of urban po-
sitioning, the observation environment is complex and changeable, so it is difficult to
provide accurate and reliable positioning services when a single sensor is used. A multi-
sensor combined positioning model can improve the availability of GNSS in complex
location scenarios by combining the advantages of different sensors. It provides opportu-
nities for high-precision location services in complex location scenarios. MacGougan and
O’Keefe [26] use accurate UWB ranging information to build the GPS RTK/UWB tightly
coupled positioning model to make the floating-point solution more reliable and more
consistent with the real value. The research results show that, compared with GPS RTK,
the GPS RTK/UWB tight combination positioning algorithm can improve the fixed rate
of ambiguity and the reliability of the positioning results in complex scenes [27]. Wang
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et al. [28] found that when the observation information is fused with UWB data and GPS
data, the robustness of the model is enhanced. At the same time, aiming at the richness
of multi-sensor information, the accurate construction of a fusion model is one of the key
problems to realize multi-sensor high-precision positioning. Liu et al. [29] proposed to
adaptively adjust the GPS and UWB variance matrix by using the Hermit variance com-
ponent estimation algorithm according to different data sources. The adaptively robust
EKF algorithm adjusts the random model to resist the interference of various gross errors
on the positioning results, so it is used to calculate the parameters when multi-sensor
positioning is carried out [30–32]. Li et al. [33] used an improved EKF algorithm to re-
alize the INS/GPS/UWB tight combination, to eliminate the interference of gross error
of observation values on positioning results and to identify the gross error contained in
GPS/UWB, and a robust factor was constructed based on observation value residuals and
the chi-square hypothesis test.

In order to make pedestrian positioning results more reliable and accurate in the
transition area, a BDS/GPS/UWB adaptively robust EKF tightly coupled navigation model
considering pedestrian motion characteristics is proposed in this paper to improve the po-
sitioning accuracy of the BDS/GPS SPP and correctly identify and eliminate NLOS error of
UWB positioning. The core contributions of the article are as follows: (1) An environmental
discrimination factor is constructed to evaluate the quality of observations, so as to realize
the intelligent adjustment of the stochastic model of the Kalman filter dynamic model; (2) a
gross error recognition factor based on the posterior residual is constructed to adaptively
adjust variance factor of measurement information to eliminate the influence of the gross
error on the positioning results; and (3) the pedestrian motion characteristics constraint
factor is constructed by modeling the pedestrian motion characteristics to further improve
the stability of the combined model.

This paper is divided into four sections: Section 2 introduces the BDS/GNSS/UWB
tightly coupled navigation model; Section 3 demonstrates and analyzes the algorithm using
the measured data; and Section 4 gives the main conclusions.

2. Methods

In order to clarify the core research content of the paper, this chapter introduces the
BDS/GPS/UWB adaptively robust EKF tightly coupled navigation model considering
pedestrian motion characteristics. The chapter is divided into the following three sec-
tions: (1) a dynamic model, (2) an observation model and (3) a Tightly coupled algorithm
considering pedestrian motion characteristics

2.1. Dynamic Model

In view of the stable speed of pedestrian movement in the conventional state, this paper
uses the constant speed Kalman filter model for BDS/GPS/UWB-integrated positioning.

Xk =
[

xk, yk, zk, vx,k, vy,k, vz,k, dtr, isbs
r

]T
indicates the parameter to be estimated; xk, yk,

zkvx,k, vy,k and vz,k represent the pedestrian position and speed in the x, y and z directions
at time k, respectively; and dtr, isbs

r represents the difference between the receiver clock and
the reference time and the time reference difference between different satellite systems;
then, the dynamic model of the BDS/GPS/UWB tightly coupled navigation is [32]:

Xk = ϕXk−1 + wk (1)

where Xk and Xk−1 represent the values of the parameters to be estimated at time k and
time k − 1; ϕ is the state transformation matrix (see Equation (2) for its specific form; t is
the sampling interval); wk is the system disturbance factor, which conforms to the white
noise distribution; and Qk is the variance–covariance matrix of wk. The specific form can
be found in Equation (2) [31]:
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ϕ =



1 0 0 t 0 0 0 0
0 1 0 0 t 0 0 0
0 0 1 0 0 t 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1



T

Qk =


0.05 · t3

3 I3×3 0.05 · t2

2 I3×3 03×1 03×1

0.05 · t2

2 I3×3 0.05 · tI3×3 03×1 03×1
01×3 01×3 3600 0
01×3 01×3 0 3600



(2)

Considering the instability of the difference between the receiver clock and the refer-
ence time and the time reference difference between different satellite systems, the white
noise model is used to estimate them.

2.2. Observation Model
2.2.1. BDS/GPS SPP Considering TGD Correction

Without loss of generality, by refining various errors, the BDS/GPS pseudo-range-
positioning equation is expressed as follows [33]:

ps,k
r = ρs,k

r + Ts,k
r + Is,k

r + dtr + αisbs
r − dts,k + BP (3)

where r, s, k represent the receiver, satellite system and satellite PRN, respectively; ps,k
r is

the BDS/GPS ranging value; ρs,k
r is the geometric distance between the satellite and the

station; Ts,k
r is the tropospheric delay; Is,k

r is the ionospheric delay; dtr is the receiver clock
error; isbs

r is the inter-system bias; α is the coefficient of the inter-system bias (when GPS
is used as the reference system, the value is 0 for GPS; for BDS, the value is 1); and dts,k is
the satellite clock error. The research shows that for a single epoch, the hardware delay of
the receiver is consistent for all satellites, and this is highly related to the receiver clock
difference. Therefore, in the process of BDS/GPS SPP, the hardware delay deviation of
the receiver is often combined with the receiver clock difference [34]. Therefore, the above
equation only represents the hardware delay deviation of the satellite.

As one of the refinement error terms of BDS/GPS SPP, the influence of BP on ranging
accuracy can reach meter level, so it must be corrected in BDS/GPS SPP. When GPS
pseudo-ranges are adopted, they can be expressed as follows:

BP = TGD (4)

where TGD is the timing group delay provided by GPS broadcast ephemeris.
When using the pseudo-range positioning of BDS B1I frequency, since the reference

frequency of BDS broadcast ephemeris is B3I, there is a pseudo-range hardware delay in
the pseudo-range, which can be expressed as follows:

BP = TGDB1I−B3I (5)

where TGDB1I−B3I is the timing group delay provided by BDS broadcast ephemeris.
Figure 1 shows the BDS/GPS SPP positioning result sequence of a one-day dataset of

the CUT0 station. Taking the positioning error in the E, N and U directions as the accuracy
evaluation index, the influence of the TGD error correction term on the positioning results
of BDS/GPS SPP is compared and analyzed. The conclusion that after the TGD correction
of BDS/GPS SPP, the positioning accuracy of E, N and U is improved and that the level of
improvement is at the meter level can be obtained.
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Figure 1. CUT0 one-day BDS/GPS SPP positioning results.(where (a) represents the BDS/GPS
SPP positioning error when the observation value is not corrected by TGD, and (b) represents the
BDS/GPS SPP positioning error after the observation value is corrected by TGD).

After taking TGD correction into account, the observation model based on BDS/GPS
observation values can be obtained according to Equation (3). We linearize Equation (3) to
obtain the coefficient matrix of the measurement equation based on satellite observations:

H =



xr−x1

ρ1
r

yr−y1

ρ1
r

zr−z1

ρ1
r

0 0 0 1 α

xr−x2

ρ2
r

yr−x2

ρ2
r

zr−z2

ρ2
r

0 0 0 1 α

...
...

...
...

...
...

...
...

xr−xn

ρn
r

yr−xn

ρn
r

zr−zn

ρn
r

0 0 0 1 α

 (6)

where ρi
r(i = 1, 2, · · · , n) is the approximate distance from the receiver to the satellite,

(xi, yi, zi) represents the satellite coordinates, (xr, yr, zr) represents the value of the parame-
ter to be calculated after updating the status and α is the intersystem bias coefficient (for
GPS, the value is 0; for BDS, the value is 1).

2.2.2. Observation Model Based on the UWB Ranging Value

The UWB ranging mode adopts the TOA (Time of Arrival) ranging model [32]. The
function model established using UWB ranging observations can be expressed as:

Pi
r,k=

√
(xuwb − xi)

2
+ (yuwb − yi)

2
+ (zuwb − zi)

2 (7)

where Pi
r,k is sensor ranging value; xuwb, yuwb, zuwb are the equipment locations; and xi, yi,

zi are the locations of the base stations.
Taylor expansion is applied to Equation (7) to find the linear coefficient matrix Hk of

the observation model:

Hk =



xr−x1

ρ1
r

yr−y1

ρ1
r

zr−z1

ρ1
r

0 0 0
xr−x2

ρ2
r

yr−y2

ρ2
r

zr−z2

ρ2
r

0 0 0
...

...
...

...
...

...
xr−xn

ρn
r

xr−xn

ρn
r

zr−zn

ρn
r

0 0 0

 (8)

where ρi
r(i = 1, 2, · · · , n) is the calculated distance.

It can be seen from the equation that since the UWB ranging adopts the TOA ranging
model, the UWB signal is easily disturbed in the propagation process, which will lead to
NLOS error in the original distance observation. Figure 2 shows a pure UWB positioning
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simulation experiment based on the measured data in an open scene (where the red track
represents the positioning results after adding obvious NLOS error; black represents the
positioning results which is obtained by using the original observation values). Through
the analysis of Figure 2, it is obvious that when there is an NLOS error, there exist obvious
errors between the positioning results obtained by pedestrians and the reference value.
Therefore, when the observation model includes the UWB ranging value, it is necessary
to add gross error detection and an elimination algorithm to identify the observations
containing NLOS error from the total observations.
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2.3. Tightly Coupled Algorithm Considering Pedestrian Motion Characteristics
2.3.1. BDS/GPS/UWB-integrated Combination Algorithm Based on EKF

The optimal estimation of state parameters of the BDS/GPS/UWB tightly coupled
navigation model based on EKF contains two modules: (1) the time update and (2) the
measurement update [30]. The time update is:

Xk = AkXk−1 (9)

Pk = AkPk−1 AT
k + Qk−1 (10)

When the observation value of BDS/GPS Zk is obtained, the state parameters are
updated using the measurement information as follows, according to Equations (3) and (7):

V = Zk − f (Xk) (11)

PV = HkPk HT
k + Rk (12)

K = Pk HT
k P−1

V
(13)

Xk = Xk + KVk|k−1 (14)

Pk = (I − KHk)Pk(I − KHk)
T + KRkKT (15)

where Pk−1 and Pk indicate the variance factor of parameters to be estimated at time k− 1
and k, respectively;Xk−1 and Xk represent the optimal estimated value of parameters at
time k− 1 and time k, respectively; Xk means the prediction value of parameters; Qk−1 is
the system variance factor; Pk is the variance of the predicted value of the parameter to
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be estimated; Rk is the variance corresponding to the observation value obtained by the
sensors; V is the innovation factor; PV is its covariance; and K is the gain factor [32].

2.3.2. Adaptive Filtering Model

Due to the complexity of the positioning environment and the uncertainty of pedes-
trian trajectory, there are obvious differences in the accuracy of the dynamic model under
different observation conditions. In order to realize the adaptive adjustment of the dynamic
model with different positioning environments, according to the characteristics of the
high ranging accuracy of the UWB ranging signal without NLOS, this paper constructs
an environmental discrimination factor with the innovation vector of the UWB observa-
tion to realize the intelligent recognition of the complexity of the positioning scene in the
transition area:

β =

{
1 n ≥ 3 & λ < χ2

0.01,n

0 others
(16)

where β is the environmental discrimination factor, the number of effective UWB obser-
vations is n and χ2

0.01,n
represents the critical value of the chi-square test with significance

level of 0.01 and degree of freedom of n; λ is the chi-square test value constructed by the
innovation vector measured by UWB, and its specific expression is:

λ = VT
uwbQ−1

uwbVuwb (17)

where Vuwb represents the innovation vector of UWB observation, and Quwb is its variance
covariance matrix.

When the value of β is 1, the positioning scene is judged to be excellent, indicating
that the accuracy of the observation value in the current positioning scene is high and the
number of observations is sufficient. Therefore, the dynamic model should be reduced in
this positioning scene, and its specific expression is:

Pk|k−1 =
χ2

0.01,n

λ
Pk|k−1 (18)

2.3.3. Robust Filtering Algorithm

For the high-precision ranging information value, the stability of a posteriori resid-
ual is obviously better than that of an innovation vector. Therefore, the robust filtering
theory based on a posteriori residual has attracted extensive attention in recent years [35].
Considering that in the actual data acquisition, due to the complexity and variability of
the positioning scene, there is an inevitable gross error factor in the original data, this
paper introduces an iterative robust filtering algorithm based on the posteriori residual
distribution law to realize the adaptive adjustment of observation value covariance, so as
to eliminate the positioning bias caused by the interference of the gross error factor.

According to the functional relationship between the posteriori residual and the
parameters to be solved, the expression of a posteriori residual Vk is as follows:

Vk = Zk − HkXk (19)

Bring Equations (12)–(14) into Equation (19) to obtain:

Vk = RkP−1
Vk

Vk (20)

It can be seen that the covariance matrix of a posteriori residual is:

PVk = RkP−1
Vk

RT
k (21)
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The excess observed component is:

rj =

(
RkP−1

Vk|k−1

)
jj

(22)

Combining Equations (20)–(22), constructs the gross error detection factor:

ṽj =

∣∣Vj
∣∣√

rj × PVk

(23)

where Vj is the j component of Vk.
After obtaining the gross error detection factor, the observed value equivalent variance

matrix can be constructed according to the IGGIII scheme (Equation (25)):

Rk,j = Rk,j × γ (24)

γ =


1

∣∣vj
∣∣ ≤ k0

|vj|
k0

( k1−k0
k1−|vj| )

2
k0 <

∣∣vj
∣∣ ≤ k1

10−20
∣∣vj
∣∣ > k1

(25)

where Rk,j is the j diagonal element of the observed value equivalent variance matrix,
and k0 and k1 are the gross error detection test thresholds, which can be set to 1.5 and 3,
respectively. In order to avoid the normal observation value being incorrectly calibrated as
a gross error factor due to the error transfer, this paper constructs equivalent covariance
only for the maximum a posteriori residual in the process of robust error. At the same time,
in view of the limitations of single gross error detection (there may be missed detection
when multiple gross error factors exist), this paper adopts the iterative robust scheme. (In
order to avoid the divergence of filtering, the maximum number of iterations is set to 10.)

2.3.4. Pedestrian Motion Characteristics Constraint Algorithm

Because the road in the transition area is relatively flat, the running speed of pedes-
trians is relatively slow under normal conditions, and the elevation change range of the
environment where pedestrians live in a short time is small, this paper constructs a con-
straint equation based on the motion characteristics of pedestrians:

hk = hk−1 (26)

where hk, hk−1 are the elevation values of k and k− 1 in the ENU coordinate system (which
can be obtained by coordinate conversion). Due to the inevitable introduction of various
bias factors in the positioning data process, the elevation value of the previous epoch may
diverge in the solution process. At this time, applying elevation constraints may make
positioning results divergence. For this problem, this paper uses the elevation variance of
the previous epoch as the covariance matrix of the constraint variance. The core flow chart
of the positioning model is shown in the Figure 3.



Remote Sens. 2022, 14, 1940 9 of 17
Remote Sens. 2022, 14, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 3. BDS/GPS/UWB tightly coupled positioning model. 

3. Results 
The experimental scene is located at the gate of the teaching building of Beijing Uni-

versity of Civil Engineering and Architecture. Firstly, four UWB positioning base stations 
are evenly arranged at the door of the teaching building, and then the experimenters hold 
the BDS/GPS/UWB hybrid positioning terminal to conduct a positioning test along the 
experimental design track. The specific experimental scenario is shown in Figure 4. 

  
(a) (b) 

Figure 4. Experimental scene of the BDS/GPS/UWB tight combination positioning. (a) Overall 
overview of the experimental scene. (b) Walking path. 

As shown in Figure 4, when pedestrians walk according to the design track, the 
BDS/GPS/UWB equipment will be unable to be located due to the blocking of the BDS/GPS 
signal in the areas of obstacle 1 and obstacle 2 (Arabic numerals in Figure 4a). At the same 
time, due to the blocking of the UWB base station in the obstacle 2 area, there will be an 
NLOS problem in the pedestrian UWB positioning terminal. 

Figure 3. BDS/GPS/UWB tightly coupled positioning model.

3. Results

The experimental scene is located at the gate of the teaching building of Beijing
University of Civil Engineering and Architecture. Firstly, four UWB positioning base
stations are evenly arranged at the door of the teaching building, and then the experimenters
hold the BDS/GPS/UWB hybrid positioning terminal to conduct a positioning test along
the experimental design track. The specific experimental scenario is shown in Figure 4.
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As shown in Figure 4, when pedestrians walk according to the design track, the
BDS/GPS/UWB equipment will be unable to be located due to the blocking of the BDS/GPS
signal in the areas of obstacle 1 and obstacle 2 (Arabic numerals in Figure 4a). At the same
time, due to the blocking of the UWB base station in the obstacle 2 area, there will be an
NLOS problem in the pedestrian UWB positioning terminal.
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The pedestrian walking track is shown in Figure 4b, which is 8 m long and 6 m wide;
Meanwhile, the distance between UWB base stations is 30 m. In order to evaluate the
accuracy of pedestrian end positioning results, this paper uses the high-precision geodesic
RTK combined positioning results as the track reference value (the positioning accuracy
can be controlled within 5 cm)

3.1. BDS/GPS SPP

In order to demonstrate and analyze the positioning performance of BDS/GPS SPP
in the transition area, this paper first uses pure BDS/GPS SPP to locate pedestrians in the
transition area. The experimental results can be found in Figure 5.
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SPP and the reference value, which is obtained epoch by epoch). (a) Positioning trajectory. (b) Posi-
tioning error.

Figure 5 shows the trajectory of pedestrians and biases of the BDS/GPS SPP posi-
tioning model on the three axis systems of the local coordinate system in the transition
area. Due to the shielding of buildings in the transition area, the BDS/GPS satellite signal
quality is poor, the data availability is low and there is an obvious bias based on BDS/GPS
SPP. At the same time, when a single BDS/GPS SPP is used for pedestrian positioning
in the transition area, the plane positioning accuracy is better than 5 m and the elevation
positioning accuracy is better than 10 m, which can be seen from Figure 5b. Due to the
problems of signal interruption and gross error observation interference of BDS/GPS in the
transition area, some epoch positioning results have obvious outliers.

3.2. UWB Positioning

In order to evaluate the robustness and availability of UWB navigation in the transi-
tion area, this paper uses pure UWB equipment to conduct the pedestrian end positioning
experiment in the transition area. To evaluate the interference degree of NLOS error on
the positioning results, this paper simulates the interference of UWB ranging signal by
randomly placing obstacles in the experimental process. Through the horizontal compar-
ison of the positioning results in Figure 5, it is obvious that when the pedestrian in the
transition area uses the UWB positioning terminal for positioning, due to the high-precision
characteristics of UWB ranging information, the positioning result is in high compliance
with the reference value when there is no NLOS (as shown in the overall trajectory in
Figure 6a). At the same time, it can be seen that when there is an NLOS error in the
observation value, the positioning result has serious bias compared with the true trajectory,
and the degree of bias from the reference value is related to the size of the NLOS error. At
the same time, due to the problems of easy interruption of the data link in the transmission
process of UWB base station data, the continuity of the UWB positioning results is low (as
shown in position 1 in Figure 6a). In order to further quantitatively analyze the accuracy
of UWB positioning results in the presence of NLOS error, taking the root-mean-square
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error (RMS) as the accuracy evaluation index, this paper provides the accuracy of UWB
positioning on three axis systems of a local coordinate system. According to the analysis of
the index value, the UWB plane positioning accuracy is better than 1.5 m in the presence of
NLOS error. However, due to the problems of poor geometric and spatial structure of the
base stations and the small number of base stations in UWB positioning, the positioning
accuracy of elevation direction is poor (The error of individual epochs can reach 20 m). At
the same time, by further analyzing the UWB positioning trajectory and the network shape
of the base station, it can be seen that the difference in the geometric space structure of the
UWB base station will lead to obvious differences in the positioning accuracy of UWB in
different directions.
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To sum up, when pedestrians in the transition area use UWB to obtain their location
information, the plane positioning results are in high conformity with the actual trajectory
if there are no obvious obstacles that will introduce NLOS errors into the observation scene.
However, when there is an NLOS error, the plane positioning results will deviate from the
actual position, and the instantaneous deviation can reach 10 m. On the other hand, when
pedestrians use single BDS/GPS sensors for positioning, due to the serious occlusion of
satellite signals, the positioning results seriously deviate from the true value, which cannot
meet the high-precision positioning needs of pedestrians in the transition area.

3.3. BDS/GPS/UWB Tightly Coupled Navigation

In order to evaluate the effectiveness of the BDS/GPS/UWB tightly coupled navigation
model, four experiments were designed:

(1) BDS/GPS SPP (Starting from this section, the abbreviation BDS/GPS SPP is used to
represent the experiments);

(2) BDS/GPS/UWB tightly coupled positioning based on EKF (Starting from this section,
the abbreviation EKF is used to represent the experiment);

(3) BDS/GPS/UWB tightly coupled navigation with an environmental discrimination
factor (Starting from this section, the abbreviation AEKF is used to represent the ex-
periment);

(4) BDS/GPS/UWB tightly coupled positioning based on adaptively robust EKF with
additional pedestrian motion characteristics constraints (Starting from this section,
the abbreviation AREKF is used to represent the experiment).

Figure 7 shows the pedestrian positioning trajectory and real trajectory in the transi-
tion area under the conditions of each experiment. As can be seen from Figure 7, when
conventional EKF is used for BDS/GPS/UWB tightly coupled navigation, the positioning
accuracy is improved compared with BDS/GPS SPP, and its trajectory is consistent with
the reference trajectory. However, because the conventional EKF cannot adaptively adjust
the dynamic model and does not have robust ability in the process of parameter solutions,
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the positioning bias of the filter in some epochs is too large. The adaptive EKF filter based
on the environmental discrimination factor realizes the adaptive adjustment of the dy-
namic model by evaluating the accuracy of the dynamic model in different environments.
Therefore, its positioning accuracy is obviously better than that of the conventional EKF
filter. However, as can be seen from Figure 7, whether using conventional EKF or AEKF,
when there are gross error factors such as UWB NLOS error in the observed values, there
will be obvious bias in the positioning results; the model proposed by this paper realizes
the detection and elimination of gross errors in observations by constructing a gross error
detection factor on the basis of AEKF and further improves the stability of the algorithm by
adding pedestrian motion features. As can be seen from Figure 7, the model in this paper
can not only effectively resist the influence of the gross error of the observation value on the
positioning results, but it also has the characteristics of high stability, and its positioning
trajectory is highly consistent with the reference trajectory.

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

conventional EKF is used for BDS/GPS/UWB tightly coupled navigation, the positioning 
accuracy is improved compared with BDS/GPS SPP, and its trajectory is consistent with 
the reference trajectory. However, because the conventional EKF cannot adaptively adjust 
the dynamic model and does not have robust ability in the process of parameter solutions, 
the positioning bias of the filter in some epochs is too large. The adaptive EKF filter based 
on the environmental discrimination factor realizes the adaptive adjustment of the dy-
namic model by evaluating the accuracy of the dynamic model in different environments. 
Therefore, its positioning accuracy is obviously better than that of the conventional EKF 
filter. However, as can be seen from Figure 7, whether using conventional EKF or AEKF, 
when there are gross error factors such as UWB NLOS error in the observed values, there 
will be obvious bias in the positioning results; the model proposed by this paper realizes 
the detection and elimination of gross errors in observations by constructing a gross error 
detection factor on the basis of AEKF and further improves the stability of the algorithm 
by adding pedestrian motion features. As can be seen from Figure 7, the model in this 
paper can not only effectively resist the influence of the gross error of the observation 
value on the positioning results, but it also has the characteristics of high stability, and its 
positioning trajectory is highly consistent with the reference trajectory. 

 
Figure 7. Pedestrian positioning trajectory in the transition area. 

Through further analysis, it is obvious that the observability of UWB at position 1 in 
Figure 6a is reduced due to the problems of easy interruption of data connection during 
the data transmission of the UWB equipment. For the fusion positioning algorithm under 
these circumstances, the quality of the observation value depends on the observation 
value of the BDS/GPS. However, due to the problems of easy loss of data and the poor 
accuracy of the observation values in the transition area of the BDS/GPS, the positioning 
results at this position will deviate. To solve this problem, this algorithm constructs high-
precision virtual observations for the fusion positioning system by adding pedestrian mo-
tion characteristics constraints, so as to further improve the robustness and universality 
of the algorithm. (As shown in Figure 8, NPMC (None Pedestrian Motion Characteristics) 
represents an adaptively robust EKF fusion algorithm without pedestrian motion charac-

Figure 7. Pedestrian positioning trajectory in the transition area.

Through further analysis, it is obvious that the observability of UWB at position 1 in
Figure 6a is reduced due to the problems of easy interruption of data connection during the
data transmission of the UWB equipment. For the fusion positioning algorithm under these
circumstances, the quality of the observation value depends on the observation value of
the BDS/GPS. However, due to the problems of easy loss of data and the poor accuracy of
the observation values in the transition area of the BDS/GPS, the positioning results at this
position will deviate. To solve this problem, this algorithm constructs high-precision virtual
observations for the fusion positioning system by adding pedestrian motion characteristics
constraints, so as to further improve the robustness and universality of the algorithm. (As
shown in Figure 8, NPMC (None Pedestrian Motion Characteristics) represents an adap-
tively robust EKF fusion algorithm without pedestrian motion characteristics constraints,
and PMC (Pedestrian Motion Characteristics) represents the adaptively robust EKF fusion
algorithm with additional pedestrian motion characteristics constraint information.)
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Figure 8. Influence of pedestrian motion characteristics constraint information on positioning results.

Figure 9 shows that the positioning errors of the trajectory of each scheme in the
E, N and U directions are obtained by comparison with the real trajectory. Through the
analysis of the positioning residuals, the conclusion is obtained that the BDS/GPS/UWB
tightly coupled positioning proposed by this paper has the best positioning accuracy in
any direction. The plane positioning accuracy can reach the decimeter level. At the same
time, through the further analysis of Figure 9, the following information is available: When
the gross error detection and recognition algorithm proposed in this paper is not used,
the BDS/GPS/UWB fusion positioning algorithm has obvious outliers (for example, the
positioning results of some epochs of EKF and AEKF in Figure 9 deviate significantly from
the mean value); the robustness of the positioning system based on this algorithm proposed
by this paper has been significantly improved compared with other positioning systems.
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It can be seen from the analysis results (Figures 10–12) that the correlation between the
BDS/GPS/UWB positioning results based on the proposed algorithm in this paper and the
true value is obviously better than the other three positioning algorithms, which also proves
the superiority of the algorithm in this paper. At the same time, through further analysis
of Figure 12, it can be seen that when pedestrian motion constraints are not attached.
Due to the poor positioning accuracy of the BDS/GPS SPP and the UWB algorithms in
the U direction, there are many outliers in the U direction of scheme 2 (BDS/GPS/UWB
tightly coupled positioning based on EKF) and scheme 3 (BDS/GPS/UWB tightly coupled
navigation with an environmental discrimination factor), which make the correlation
between the positioning results of scheme 2 and scheme in the U direction and the true
value poor. In addition, the true value is lower than that of the BDS/GPS SPP. Through the
longitudinal comparative analysis of Figures 10 and 12 or Figure 11, it can be seen that the
plane positioning accuracy of each scheme is significantly higher than that in U direction,
which is consistent with the results of Figure 9.

To quantify the positioning accuracy of each positioning scheme, this paper takes RMS
as the accuracy evaluation index to count the accuracy values of each scheme (see Table 1).
Table 1 shows that the accuracy of this algorithm proposed by this paper is significantly
better than other algorithms. In the transition zone, the positioning bias in the E, N and U
directions is better than 70 cm, 40 cm and 3 m, respectively. Compared with the BDS/GPS
SPP algorithm, the accuracy of the E, N and U directions is improved by 57.8%, 76.0%
and 56.5%, respectively. At the same time, the results show that the proposed algorithm
can effectively eliminate the influence of the gross error (such as a UWB NLOS error) on
the positioning results, and its positioning accuracy is improved by 44.6%, 60.5% and
17.6%, respectively, compared with the pure UWB positioning algorithm in the E, N and
U directions. For the fusion navigation model, the positioning accuracy of the E direction
is significantly lower than that of the N direction in the conventional EKF, AEKF and
AREKF, which is highly consistent with the positioning results of pure UWB. From this
analysis, it can be seen that there is an obvious correlation between the accuracy of the
BDS/GPS/UWB fusion algorithm and the network shape of UWB base station.
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Table 1. RMS for different schemes.

Scheme E/m N/m U/m

UWB 1.217 0.885 3.493
BDS/GPS SPP 1.598 1.456 6.619

EKF 1.018 0.774 3.505
AEKF 0.870 0.740 3.411

AREKF (proposed) 0.674 0.350 2.880

4. Conclusions

Aiming to solve the problems of the low positioning accuracy of the BDS/GPS SPP
and the influence of the gross error, such as a UWB NLOS error, on the positioning results,
a BDS/GPS/UWB tightly coupled navigation model based on improved adaptively robust
EKF with pedestrian motion characteristics constraints is proposed in this paper. Firstly,
the environmental discrimination factor is constructed by using the mathematical charac-
teristics of the observed values to realize the adaptive change of the dynamic model. Then,
a robust factor is constructed based on the posteriori residual to resist the influence of gross
error, such as NLOS error of the observation value, on the positioning results. At the same
time, to improve the continuity and availability of the positioning results of the algorithm,
the constraint information of pedestrian motion characteristics is constructed by exploring
the physical characteristics of pedestrian motion.

In order to demonstrate the effectiveness and accuracy of the algorithm, this paper uses
the measured data to carry out relevant experiments. The experimental results show that
the positioning accuracy and continuity of the BDS/GPS/UWB tightly coupled navigation
proposed by this paper is obviously better than that of other schemes, which effectively
improved the availability and robustness of pedestrian positioning results in the transition
area. At the same time, the experimental results show that the difference in the UWB base
station spatial distribution will lead to the obvious difference in positioning accuracy in
the E and N directions. Therefore, the authors will carry out optimization research on
the spatial geometry of the UWB base station networks in order to further improve the
availability of the fusion location algorithm.
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