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Abstract

Global Navigation Satellite System (GNSS) based velocity estimation is one of the most cost-effective and widely
used methods in determining velocity in geodesy and transport applications. Highly accurate and reliable velocity
measurements can be obtained by exploiting the raw Doppler, carrier phase, and pseudorange measurements with
a GNSS receiver. There are several approaches to GNSS-based velocity determination. This paper investigates the
characteristics of the approaches which are currently popular and applicable to the observations of Global Position-
ing System (GPS), BeiDou Navigation Satellite System (BDS), and their combination (GPS/BDS). Specifically, it evaluates
the performance of the velocity estimated based on the Raw Doppler method, the Time-Differenced Pseudorange
method, the Time-Differenced Carrier Phase method, and the Double-Differenced Carrier Phase method, in both
static and dynamic modes and in open and urban scenarios. The experiments show that BDS has the advantages in
delivering accurate velocity determinations over GPS in the Asia—Pacific region, and the effectiveness of the GPS/BDS
in improving the overall accuracy of velocity determination in complex urban scenarios.
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Introduction

The process of urbanization has brought new challenges
for transport operations. For example, accurate deter-
mination of the velocity of a vehicle is necessary for a
wide range of applications in urban environments, such
as autonomous vehicles, traffic flow monitoring, etc.
Advances in the development of intelligent transporta-
tion systems that require vehicle—road coordination have
spurred a need for accurate velocity information.

Many sensors can currently be used to determine a
vehicle’s velocity, including Inertial Measurement Units
(IMU), speedometers, accelerometers, cameras, Global
Navigation Satellite System (GNSS) receivers, and their
combinations (Alban, 2004). The use of GNSS for veloc-
ity determination is a cost-effective means to obtain reli-
able and accurate velocities without initial alignment
or error accumulation (Van-Graas & Soloviev, 2003).

*Correspondence: rui.sun@nuaa.edu.cn

College of Civil Aviation, Nanjing University of Aeronautics and Astronautics,
Nanjing 211106, China

@ Springer Open

Overall, the recent literature on GNSS velocity determi-
nation methods has shown, based on the comparison of
experimental results, that the differential carrier phase
method is the most accurate in a static environment, the
doppler method is the most accurate in a dynamic envi-
ronment, and the differential pseudorange method is
the least accurate (Deng & Geng., 2021; He et al., 2002;
Sun et al, 2017). More specifically, the optimal linear
filter method with white noise orthogonal polynomial
is designed to improve the accuracy of the Global Posi-
tioning System (GPS) carrier phase differential method
to within 0.01 m/s (Du et al., 2012). The method based
on Doppler observations, meanwhile, can gives the accu-
racy in the order of cm/s, but the obtained accuracy is
correlated strongly with the dynamic state of the carrier
(Wang et al., 2007). Although the differential pseudor-
ange method can measure the velocity of vehicles, the
experiments show that the accuracy can only reach a m/s
level in a dynamic environment (Wu & Xiao, 2010). The
above assessments, however, are made only for a single
constellation, not for multi- constellations.
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On July 31, 2020, China’s BeiDou-3 Navigation Satel-
lite System (BDS-3) was completed with thirty satellites
in orbit. Since then, the BDS-3 has continuously provided
high-quality navigation, positioning, and timing services
to the users around the world, and especially in the Asia—
Pacific region (Lu et al., 2020; Yang et al., 2020). The com-
pletion of the BeiDou Navigation Satellite System (BDS)
gives an opportunity to compare the performances of
the available velocity determination methods using BDS,
GPS, and GPS/BDS data collected with a GNSS receiver
on a moving vehicle. It should be noted that GPS is the
most widely used in the world and BDS is independently
developed by China, so we select these two constella-
tions in our study since they are the two most impor-
tant systems used in China. In this paper we select four
velocity determination methods for comparison, i.e., the
Raw Doppler (RD) method, the Time-Differenced Pseu-
dorange (TDPR) method, the Time-Differenced Carrier
Phase (TDCP) method, and the Double-Differenced Car-
rier Phase (DDCP) method.

GNSS velocity determination methods

Raw Doppler (RD) method

In the RD method, the doppler shift is calculated as the
difference in the carrier phase frequency between the sig-
nal transmitted by a satellite and the signal received by a
receiver and is thus related to the pseudorange rate. The
RD method is quite suitable for velocity determination
(Cheng et al., 2021; He et al., 2020), and the measurement
model can be written as

ID = p+c(dig — dis) +1, + T, + &, (1)

where A is the wavelength, D is the Doppler shift, p is
the pseudorange rate, ¢ is the speed of light in vacuum,
dig and dfs are the satellite clock drift and receiver clock
drift, respectively, 1, and T, are the rates of change in the
ionospheric and tropospheric delays, respectively, and
¢, denotes all of the unmodeled error and observational
noise. The pseudorange rate p can be expressed as

R S
)% . (VR — VS) 2)

b=

where X5 and VS denote the satellite position vector
and velocity vector, respectively. XX and V¥ denote the
receiver position vector and velocity vector, respectively;
and p is the pseudorange between the satellite and the
receiver.

The velocity and position of a satellite can be obtained
from broadcast ephemeris, and the satellite clock drift is
negligible due to the stability of the atomic clocks. The ion-
ospheric delay and tropospheric delay vary slowly within a
sufficiently small sampling interval, therefore we can also
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ignore the changes in a small-time interval (Cheng et al,,
2021). Let u = (XR —XS)/,D and hence we can get the
observation equation in vector form as

R
[ul]-{(‘i;R]:u-Vs—i—iD+ép (3)

Then we can calculate the vehicle velocity V® in the
Earth-Centered Earth-Fixed (ECEF) frame if more than
four satellites are observed at the same time, as follows:

u; 17 uj - VIS + AD; Ep(1)
up 1 VR Uy - Vég + AD, £p(2)
A IR I 7 : (@
u; 1| uj - ViS + AD; €p(i)
fup 1 up - Vig + AD;
uy 1 us - VZS + ADy
Let B= | . , C = . , and i is the
Lu; 1 u;i - Vi + D

number of satellites, then we can obtain the least squares
solution as (Koch, 1999):

| = (578) Bic ®)

where VR = [Vf VyR VZR} T. Vf, Vf, and VZR are vehicle
velocity components calculated by the RD method.

Additionally, the use of multi-constellation observa-
tions will introduce multiple receiver clock drifts, so we
can obtain the vehicle velocity if more than 3 4 nconst sat-
ellites are observed, where #nconst denotes the number of
constellations.

Time-Differenced Pseudorange (TDPR) method
The pseudorange measurement model can be written as:

p=r+cdtg—dts) +1,+ T, + ¢, (6)

where p is the measured pseudorange, r denotes the geo-
metric range between a receiver and a satellite, ¢ is the
speed of light in vacuum, dtg and d¢s are the receiver
clock error and satellite clock error, respectively, I, and
T, are the ionospheric and tropospheric delays, respec-
tively, and &, denotes all of the unmodeled error and
observational noise (Soon et al., 2008).

The satellite clock error dtg, ionospheric delay I, tropo-
spheric delay T, and other error ¢, are negligible since
most of these errors vary slowly within a small sampling
interval. Thus, we can obtain the time-differenced pseudor-
ange as:

AP = Prk+1) — Pek) = Ar + cAdtg + Agp (7)
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where Ap and Ar denote the changes in the pseudorange
and geometric range between the receiver and the satel-
lite, and Adtg denotes the receiver clock drift. According
to the relationship between the positions of the satel-
lite and the receiver, the change in the position of the
receiver between two epochs can be expressed as (Sun
et al., 2020):

A7 = Uyy1) - (Xf(k+l) _Xf(k+1)> = Uik - (Xf(k) _Xf(k))
8)
where #;(x1y and u; ) are the unit vector from the sat-
ellite to the receiver at epochs t(k + 1) and £(k), respec-
tively. Xf(k +1)and Xf(k) are the satellite position vectors
at the two epochs, respectively. Similarly, Xf(k +1) and
Xf(k) are the receiver position vector at the two epochs,
respectively. Considering the velocity of the satellite is
much larger than that of the receiver, we can deem that
Uyk+1) is approximately equal to ;). Hence, we can
obtain:

s R
A7 =ty(jqr) - (Xt(k+1) _Xt(/<+1)) — Ui(k+1)

S R s R
' ( t(k) _Xt(k)> = Ut(k+1) - (Ar — Ar )
)

where ArS and ArR are the geometric position changes of
the satellite and the receiver between two epochs, respec-
tively. According to (7) and (9), we can obtain:

Ap = thyisn) - (ArS _ ArR) +cAdtg + Ae,  (10)

And the above equation can be rewritten in a vector
form as:

Table 1 Comparisons of velocity accuracies in a static test
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ArR S
[Mt(k+1) —1} : |:0AdtR] = U4y - AT° — Ap + Ag,
(11)

When using the observations of a single constellation,
we can calculate the vehicle delta position Ar® in the
ECEF frame if more than four satellites are observed,
as follows:

Mt(k-i—l) -1
1
6D 1 AR
: |:CAdtR]
M'f(k+1) _‘1
14
k+1
TANEE A}’f — Ap1 Aep(1)
uy V- ArS — Apy Aepe)
u?(k—i—l) . Ar;g — Ap; Aeps) (12)

When multi-constellation observations are used, the
number of constellations nconst is included in the ele-
ments of the receiver clock error d¢z. Then, the mini-
mum number of observed satellites is 3 + #const.

Let

M'i(k+1) -1
yLKHD 1
B = . b

ui(kﬂ) . Arf — Ap1
c— u;(kﬂ) . Ar25 — Apo

yk+D 1 WD AR Ap,
we can obtain the delta position of a vehicle between
two epochs in the ECEF frame based on the least
squares method:

Algorithms Constellations RMSE in three dimensions (m/s) MAX in three dimensions (m/s)
E direction N direction U direction E direction N direction U direction
RD BDS 0.016 0.011 0.031 0.050 0.033 0.097
GPS 0.026 0.021 0.049 0.081 0.066 0.156
GPS/BDS 0.016 0.015 0.035 0.049 0.046 0.115
TDPR BDS 0.028 0.025 0.066 0.087 0.079 0.203
GPS 0.037 0.030 0.070 0114 0.093 0.221
GPS/BDS 0.023 0.022 0.052 0.074 0.069 0.166
TDCP BDS 0.015 0.010 0.029 0.046 0.031 0.085
GPS 0.025 0.020 0.047 0.085 0.068 0.165
GPS/BDS 0.015 0014 0.033 0.049 0.049 0.119
DDCP BDS 0.015 0.016 0.039 0.048 0.051 0.119
GPS 0.026 0.022 0.052 0.085 0.079 0.180
GPS/BDS 0.016 0.016 0.036 0.053 0.052 0.119
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Fig. 1 Velocity determination results in east component with the RD- (a), TDPR- (b), TDCP- (c) and DDCP- (d) based methods in a static test

[ ArR (13)

Tp) 'pT
e | = (578) T
According to the delta position between epochs
t(k +1) andt(k), we can obtain the mean veloc-
ity between epochs t(k +1) and t(k) calculated by
VR — ArR /At, and then treat VR as instantaneous veloc-
ity at epoch £(k + 1).

Time-Differenced Carrier Phase (TDCP) method
The carrier phase measurement model can be written as:

1
P = E(V_ch + To) + %(dtR —dts) + N + ¢o
(14)

where @ is the measured carrier phase in cycles, » denotes
the geometric range between a receiver and a satellite, c is
the speed of light in vacuum, 4 is the wavelength of the
carrier, Iy and T¢ are the ionospheric delay and tropo-
spheric delay, respectively, dtg and dts are the satellite
clock error and receiver clock error, respectively, N is
the integer ambiguity, and €4 denotes all of the unmod-
eled error and observational noise. Since most of these
errors vary slowly within a small sampling interval, we
can ignore their changes. In addition, the integer ambi-
guity N remains unchanged if the carrier tracking loop
maintains lock. Hence by differencing the observational
equations at two epochs we have:
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Fig. 2 Velocity determination results in north component with the RD- (a), TDPR- (b), TDCP- (c) and DDCP- (d) based methods in a static test
1 c ArR s
A® = Dypsr) = Doy = 7 A7+ - Adtp + Aco [teerry =1] - | (N gpp | = Wethsn) - AF° = ZAD® + JAeo
(15) (17)
According to (9) and (15), we can obtain: Similar to the TDPR method, we can calculate the
1 c vehicle delta position Ar® in the ECEF frame if more
AD = Iut(k_;’_l) . (ArS — ArR) + EAdtR + Aco than 3 + #const satellites are observed, and all the carrier
(16) tracking loops maintain lock, where ncongt is the number

The above expression can be written in a vector form
as:

of constellations, as follows:
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Fig. 3 Velocity determination results in up component with the RD- (a), TDPR- (b), TDCP- (c) and DDCP- (d) based methods in a static test

WD ) PAUR I | ul D UAKS — AD,
ué(kﬂ) -1 | arR B— ”;(kﬂ) ! C = ”g(kﬂ) C A1 = JAD,
. CAdtR - M : ’ - : ’
LD g JEHD W ETV AR — A,
1 I 1 1
18) btain:
k+1 ( we can obtain:
”i(,f Lar —aae Aeg)
t(k+1) S A R -1
U - Ary — LA D, EP(2) { Ar _ (T T
_ a0 oane | =(B"B) B'C (19)
. R
k ' i
uf( ) Aris — AAD; 0] According to the delta position Arf, we can get the

approximate vehicle velocity at epoch ¢(k + 1) calculated

Let by VR = ArR /At (Farrell, 2001; Wendel et al., 2006).
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Fig. 4 Trajectory of dynamic test 1

A

"

Fig. 5 Trajectory of dynamic test 2

Double-Differenced Carrier Phase (DDCP) method t(k+1) t(k+1) R t(k+1)
AVAD =( — ) A

The DDCP method represents the difference in the car- PQ ={"Q “p rtup

rier phase between epochs and between satellites succes- Arf — ugk"’l) ArQ + IVAeo

sively. According to (16), after determining the difference (20)

between satellite P and satellite Q to eliminate the incon-
sistency of the receiver clock errors between epochs, we
can obtain:

where VA®pg = Adp — APy with AdPp and Adg
being the delta carrier phases of satellite P and satellite Q
between two adjacent epochs, respectively.



Ji et al. Satellite Navigation (2022) 3:18 Page 8 of 16
Table 2 A comparison of the obtained velocity accuracies in dynamic test 1
Algorithms Constellations RMSE in three dimensions (m/s) MAX in three dimensions (m/s)
E direction N direction U direction E direction N direction U direction
RD BDS 0.051 0.077 0.147 0.192 0.274 0.561
GPS 0.057 0.064 0.134 0.220 0.256 0.585
GPS/BDS 0.042 0.045 0.087 0.154 0.158 0315
TDPR BDS 0.173 0.341 0.857 1.280 2.789 7.125
GPS 0.334 0.270 0.799 2.037 2258 5428
GPS/BDS 0.235 0.203 0513 1.386 1.294 2.825
TDCP BDS 0.057 0.087 0174 0.231 0332 0.721
GPS 0.058 0.064 0.136 0.247 0.269 0.637
GPS/BDS 0.045 0.050 0.093 0177 0.180 0.370
DDCP BDS 0.062 0.092 0.187 0.258 0.363 0814
GPS 0454 0.190 0.166 2.188 0.940 0.826
GPS/BDS 0.055 0.063 0.115 0.221 0.241 0.485
The above expression can be written in a vector form Let
. t(k+1) tk+1)\
as: Yoy ~HUp) 1
t(k+1) t(k+1)
(k41 tkHD)) 1] AR —u -1
[ (4 u ) —1 ] ar g | e~ ’

= uf T ArQ — WV AFP IV Adpg + AV Ase

(21)
where Arf and ArQ denote the delta satellite position
between epoch £(k + 1) and £(k), ut( D and 2%t are
the unit vectors from satellites P and Q to the receiver at
epoch t(k + 1), respectively.

To determine the vehicle delta position ArR, we can
calculate ArR in the ECEF frame if more than 3 + nconst
satellites are observed and all the carrier tracking loops
maintain lock, where nconst is the number of constella-
tions, as follows:

t(k+1)

t(k+1)
uouy ~Hpay ) 1
LD D)
-1
@ ~¥p@
“e - ArR
t(k+1) t(k+1)
( uQuy T P ) -1
t(k+1) Q t(k+1) P PQ
Q(/((l) -Ar ; —up(kl) ) - Art +),VA<I>})Q
t(k+1) ylkrL P
B ) - Ar. Up(y) “Ary + AVAD, (22)
t(k+1) Q t(k—.rl) P PQ
gy - Ard = up ™ AP 4+ IV AD;
VA&‘(])(D
VA8¢(2)
+ 4
VA&I;([)

t(k+1) t(k+1)
S”Q(i) —upi ) 1

gy - Ard —ul AP+ avael?
(1) A Q _ 1) Ao p PQ
c_ Q@) Ay —upyy - Ary + VAP,
= . ) we
LD Q t(kJ;l) p PQ
gy Ard —ul D AP 4 v AD]

have:

ArR = (BTB) 'BTC (23)

The vehicle velocity at epoch t(k + 1) can then be cal-
culated by VX = ArR/At. The DDCP method introduces
the parameter of double-difference carrier phase ambi-
guity (Jin et al., 2020), which can be used to evaluate the
reliability of the calculated velocity by checking if it is
fixed.

Experiments and analysis

Static test

To compare and analyze the performance of various
velocity determination methods with different constella-
tions, the GNSS data at a base station on November 8,
2021 were chosen for static testing. The base station in
Nanjing University of Aeronautics and Astronautics col-
lected several hours of data. The selected data include
BDS and GPS observations with a sampling rate of
10 Hz. We determined its velocity with the RD-, TDCP-,
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Fig. 6 Velocity determination results and zoomed-in windows in east component with the RD- (a), TDPR- (b), TDCP- (c) and DDCP- (d) based
methods in test 1

TDPR- and DDCP-based methods and reported the Root
Mean Square Error (RMSE) and the MAXimum error
(MAX) in Table 1. It is assumed that the observation
errors are normally distributed, and different constella-
tions and satellites have an equal weight. The results are
subject to the quality control based on the three-sigma
rule to eliminate gross errors. The errors in three dimen-
sions are shown in Figs. 1, 2, and 3. The velocity vectors
were transformed from ECEF frame to ENU frame, and
hence the results are all in the ENU frame. The Vg, Vy
and Vs in figures represent the velocity in these three
directions respectively.

The results show that in an open environment all the
methods can determine the velocity with an accuracy at
centimeter level. Apart from the TDPR method, three

other methods achieve similar accuracies. Among them,
the TDCP method performs better than the RD and
DDCP since the accuracy of the carrier phase data is
intrinsically higher than the doppler shift data, and the
double-difference methods like DDCP will amplify the
noise, leading to lower accuracy. The maximum errors of
the RD, TDCP, and DDCP methods are also satisfy this
rule. Taking the results with BDS data as an example, the
RMSEs with the TDCP are 0.015 and 0.010 m/s for the
east and north components, respectively, and 0.029 m/s
for the up component, the corresponding values with the
RD method are 0.016, 0.011, and 0.031 m/s, and with the
DDCP method are 0.015, 0.016, and 0.039 m/s, which
are all slightly larger than the TDCP method. This dem-
onstrates that the carrier phase velocity determination
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Fig. 7 Velocity determination accuracy and zoomed-in windows in east component with the RD- (a), TDPR- (b), TDCP- (c) and DDCP- (d) based

methods are more stable and accurate in an open envi-
ronment and stationary conditions. In addition, it can be
seen from Table 1 that the TDPR method has the low-
est accuracy among the four methods because pseudor-
ange observations are less accurate. It can also be found
from Figs. 1, 2 and 3 that when the coordinate scales of
the four subgraphs are the same, the error curves of the
TDPR method fluctuate more than the other three meth-
ods, which can confirm the above conclusions.

For different constellations, we can see that the BDS
generally provides more accurate results compared with
GPS in all three dimensions. Taking the TDCP method as
an example, the corresponding RMSEs are 0.015, 0.010,

and 0.029 m/s for BDS, and 0.025, 0.020, and 0.047 m/s
for GPS.

The accuracy for GPS/BDS is close to the that for BDS.
It can also be seen from the figures that the distribution
range of the GPS/BDS curve is the smallest, and close to
the range of the BDS curve. This is because in an open
environment and stationary conditions, the accuracy of
the observations has the greatest effect on the accuracy
of the velocity determination rather than the number of
visible satellites. Therefore, due to the strong influence of
higher-precision BDS data and the weak influence of vis-
ible satellite number, the accuracy of GPS/BDS is slightly
higher than that of BDS-only.
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Table 3 A comparison of the obtained velocity accuracies in dynamic test 2

Algorithms Constellations RMSE in three dimensions (m/s) MAX in three dimensions (m/s)
E direction N direction U direction E direction N direction U direction
RD BDS 0.081 0.085 0.184 0.442 0476 1319
GPS 0.104 0.142 0.152 0462 0.728 0.627
GPS/BDS 0.055 0.065 0.106 0211 0.238 0446
TDPR BDS 0579 0.600 1.266 4.283 4.687 9.548
GPS 0.780 1177 1473 5.000 7498 8.764
GPS/BDS 0.579 0.678 1.266 3.690 3.971 7481
TDCP BDS 0.107 0.108 0.238 0.686 0.796 1.657
GPS 0.113 0.150 0.161 0.521 0.846 0.668
GPS/BDS 0.070 0.074 0.120 0.269 0.292 0.535
DDCP BDS 0.107 0.102 0.229 0.545 0468 1.345
GPS 0.185 0.121 0.136 1.121 0.558 0.559
GPS/BDS 0.081 0.082 0.130 0323 0.326 0.580

Dynamic tests

using a BDStar C520-AT receiver at a sampling fre-

To assess the performance of the velocity determination  quency of 10 Hz, see Figs. 4 and 5. The first test was con-
methods in a dynamic environment, we conducted an  ducted on a wide main road in a lightly urbanized area,
onboard dynamic experiment in the Nanjing urban area.  and the second test was on a street in a moderate urban
The GNSS data for two dynamic tests were collected canyon area. The reference velocity was determined by
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Fig. 9 Velocity determination results and zoomed-in windows in east component for the RD- (a), TDPR- (b), TDCP- (c) andDDCP- (d) based methods

post-processing using commercial software for onboard
high-precision IMU and RTK GNSS integration (i.e.,
Honeywell N580).

In the dynamic tests, the equal weight was used for
the fusion of different constellations. The results for the
RD-, TDPR-, TDCP- and DDCP-based velocity determi-
nation methods for test 1 are shown in Table 2, and the
results are subject to the quality control using the three-
sigma rule to eliminate gross errors. Since the veloc-
ity determination results with BDS, GPS, and GPS/BDS
have approximately the same magnitude ratio for the 3D
components, Figs. 6 and 7 show only the east component
results (in epoch 4230-4390 GNSS signal interruption).
These show that the RD, TDCP, and DDCP methods
deliver more accurate velocities than the TDPR method.
Taking the BDS results with the RD method as an exam-
ple, the RMSEs are 0.051 m/s and 0.077 m/s for the east

and north components, respectively, and 0.147 m/s for
the up component. Both the TDCP and DDCP meth-
ods, meanwhile, have the similar results as those with
the RD method, less than 0.1 m/s in the east and north
and 0.2 m/s in the up components. Thus, they outper-
form the TDPR method, whose corresponding values
are 0.173 m/s, 0.341 m/s, and 0.857 m/s, respectively.
According to the comparison results, one can conclude
that the velocity determined with the TDPR method
is only accurate to around a meter per second, which is
much worse than the other methods by an order of mag-
nitude. This is because the pseudorange measurements
are less accurate than the carrier phase measurements,
and the TDCP and DDCP methods are more reliable in
urban environments since they are less affected by the
occlusion and reflection of satellite signals.
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Table 4 The continuous availability in the dynamic test 2

Constellations Continuous availability of different methods

(%)

RD TDPR TDCP DDCP
BDS 97.64 97.64 97.64 96.62
GPS 94.05 94.02 94.05 77.14
GPS/BDS 99.98 100.00 99.98 99.98

In addition, Table 2 shows that even with data quality
control there still exist significant outliers in the results
with the TDPR method. They are caused by large pseu-
dorange measurement errors because of the multipath
effects when a satellite signal is blocked or reflected by

the surrounding buildings. Although meter-level errors
are common in pseudorange single-point positioning,
they lead to the substantial errors in velocity determina-
tion; and the higher the receiver frequency is, the more
obvious the spike-like error will be. In dynamic test 1,
we can see that the maximum errors of the RD, TDCP,
and DDCP methods vary within less than 1 m/s, while
the maximum errors of the TDPR method, taking the
3D components from the BDS data as an example, are
1.280 m/s, 2.789 m/s, and 7.125 m/s, in the east, north
and up components, respectively.

The detailed figures are zoomed in from the results
between epochs 4620 and 4660. The state of motion dur-
ing this period was that the vehicle was continuously
decelerating and accelerating. Obviously, the veloc-
ity determination result with the RD method is more in
line with the real velocity value curve, while the other
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methods all have some degree of deviation and fluctua-
tion. This is because the mathematical model of the RD
method is more rigorous due to its direct velocity deter-
mination with the doppler shift at the current moment
(Wang & Xu, 2011) than the other three methods, which
have different models using the average velocity between
two epochs instead of the instantaneous velocity of the
current epoch. The advantage of the RD method will
become obvious when the vehicle motion state changes
greatly (i.e., accelerating and turning).

Comparing the velocity determination results with dif-
ferent constellations we can see that the RD, TDPR, and
TDCP methods all determine the velocity at a similar
level of accuracy regardless of the data sources, i.e., from
BDS, GPS or GPS/BDS. Specifically, with the RD and
TDCP methods, BDS and GPS can give similar results,
while with the TDPR method, BDS can provide higher
accuracy than GPS. And GPS/BDS, on the other hand,
result in higher accuracy than a single constellation
along due to the data used from more satellites. With
the DDCP method, however, the velocities determined
from GPS data are less accurate than those derived from
BDS and GPS/BDS. This is because the DDCP method
requires one more satellite compared with the other
methods, and there are less visible GPS satellites in the
Asia—Pacific region while BDS satellites are densely dis-
tributed in the region. The number of visible satellites
is shown in Fig. 8. Although GPS has achieved global
coverage of satellites, the number of visible satellites
cannot be larger than the BDS that focuses on the ser-
vices in the Asia—Pacific region. In general, the number
of visible satellites for GPS is in the range of 6-9, while
the corresponding value for BDS is greater than 11 (Ke
et al,, 2021). Thus, when the DDCP utilizes either BDS
or GPS/BDS there are enough satellites to find the opti-
mal solution.

The results with the RD-, TDPR-, TDCP- and DDCP-
based velocity determination methods for test 2 are
shown in Table 3. For a more intuitive comparison the
east component results are illustrated in Figs. 9 and 10.
The results in Table 3 tell that the RD, TDCP, and DDCP
methods have an accuracy between 0.1 and 0.2 m/s,
whereas the accuracy with the TDPR method is in the
range of decimeters to meters per second. The lower
accuracy with the TDPR method is because the mul-
tipath effect has a great influence for that method. Test
2 was conducted in a moderate urban canyon area with
surrounding tall buildings, which lead to the blockage
and reflection of the satellite signals, causing large mul-
tipath errors. This severely reduce the accuracy of the
velocity determination with the TDPR.

The different satellite constellations are also associ-
ated with the different degrees of velocity estimation
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accuracy with various methods. Taking the RD method
as an example, the BDS can provides the horizon-
tal RMSEs of 0.081 m/s and 0.085 m/s for the east and
north components, respectively, thus outperforms the
GPS, whose corresponding values are 0.104 m/s and
0.142 m/s, respectively. It is evident that the BDS has
better performance in a complicated environment due
to its better signal accuracy and distribution geometry.
A comparative analysis of the maximum errors for dif-
ferent constellations shows that the use of BDS and GPS
leads to the same conclusions. Again, taking the RD as an
example, the maximum errors with BDS are 0.442 m/s
and 0.476 m/s compared to 0.462 m/s and 0.728 m/s,
respectively, with GPS. This shows that the BDS signal
resists interference more effectively, providing more sta-
ble observations in urban environments. The compara-
tive analysis of the results indicates BDS is of advantage
in delivering more accurate velocity than GPS in the
Asia—Pacific region. In general, however, velocity deter-
mination results are susceptible to the interference from
abnormal signals, resulting in large errors and deviations
when less satellites are visible. This means that the maxi-
mum errors of these carrier phase-based methods can be
significantly reduced by combining GPS and BDS con-
stellations due to more visible satellites.

The comparative analysis also shows that the use of
BDS leads to more accurate results in the horizontal
directions, but slightly less accurate results in the verti-
cal direction, compared with GPS. This suggests that dif-
ferent constellations may be suitable for different types
of users. For example, the vehicles on a road are affected
by the physical properties of the road, and the accuracy
requirement in the vertical direction is not critical, then
BDS would be the appropriate choice. In contrast, UAVs
require higher accuracy in the vertical direction when
operating in the urban canyons, thus GPS is the better
choice. Figures 9 and 10, meanwhile, show that the veloc-
ity results with GPS/BDS are more stable and reliable
than that with each individual constellation. The zoom-
in representation in Fig. 9 shows clearly how the curve of
the GPS/BDS-based results is more in line with the refer-
ence curve, and with fewer spike-like errors.

Continuous availability is also an indicator to evalu-
ate the performance of the methods. As shown in
Table 4, the DDCP method with GPS data is only avail-
able 77.14% of the time, which means that this combi-
nation can lead to ineffective velocity determination
results for nearly a quarter of the time. In contrast, as
shown in Fig. 11, the greater number of BDS satellites
in the Asia—Pacific region is sufficient to meet the satel-
lite availability requirements of the DDCP method even
if the satellite signals are heavily occluded in urban
environments, meaning that with BDS the continuous
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availability rises to 96.60%. With dual constellations
(GPS/BDS) the number of visible satellites is greatly
increased, and the availability and accuracy are further
improved with all the methods.

Conclusions

This study compared the performance of various veloc-
ity determination methods (i.e., RD, TDPR, TDCP and
DDCP) using BDS, GPS, and GPS/BDS observations in
both static and dynamic environments. The results show
that:

1. In a static environment, while the RD, TDPR, TDCP,
and DDCP methods all achieve the accuracy at a
cm/s level, the TDCP is more accurate than the oth-
ers. With the TDPR method, however, the accuracy
is lower than the others, and the error is about two
times of that with the other methods.

2. In a dynamic environment, meanwhile, the RD,
TDCP, and DDCP methods can achieve the accuracy
at a several cm/s to dm/s level, which contrasts with
an accuracy of several dm/s to m/s for the TDPR
method. This is because the multipath effect has a

greater influence on the TDPR method than on the
other methods.

3. When vehicle movement is in highly dynamic state,
the RD method is the best for velocity determination
because of its more rigorous mathematical model.
Thus, the RD method can be applied in the scenarios
where the vehicle motion state is changing greatly.

4. In most cases, the velocity determination accuracy
with BDS is higher than that with GPS, which indi-
cates BDS is of advantage over GPS in velocity deter-
minations in the Asia—Pacific region.

GPS has less visible satellites than BDS in the Asia—
Pacific region and the DDCP requires more visible sat-
ellites than the other methods, so the accuracy of the
velocity determination using the DDCP with GPS data
is lower than with BDS. The GPS/BDS have more vis-
ible satellites, thus improve the accuracy with all the
velocity determination methods. The above conclu-
sions can be used for the selection of velocity determi-
nation methods. The RD method is suitable for highly
dynamic environments due to its more rigorous mathe-
matical model, meaning that, the RD method performs
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better when the vehicle is in dynamic state. The TDPR
method has lower accuracy but is suitable for the
most situations where the accuracy requirement is not
high, such as the assisted velocity monitoring for non-
autonomous driving due to its simple principle and no
need for additional cycle slip detection. The TDCP and
DDCP method can achieve high accuracy, but the error
is significantly increased due to the easy occurrence of
signal loss of lock in urban canyons. Therefore, they are
suitable for providing high-precision velocity deter-
mination services in a relatively open environment or
integrated with other sensors before and after signal
loss. Based on this research one can select an optimal
method for different scenarios to meet the required
accuracy and availability.

This study focuses on the GNSS velocity determination
methods due to their merits of low cost and stability. In
future, we will expand our study to the velocity determi-
nation algorithms with sensor fusion by combining with
EKF or factor graph and taking full advantages of differ-
ent sensors such as visual, LIDAR or odometry.
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