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ABSTRACT Velocity determination as one of the widely used spatial information is essential for
the location-based services. Concerned researches about Global Navigation Satellite System (GNSS)
velocity determination mainly focus on carrier phase observations, which ignored the merits of multi-
type observations transmitted by multi-GNSS satellites. To increase the performances of GNSS velocity
determination, the Helmert variance components estimation (VCE) algorithm is introduced into the
integration of Doppler and carrier phase observations, moreover a velocity vector constraint is designed with
the aid of original phase observations, constructing the condition equation, and inserting into GNSS velocity
determination model. According to kinematics experiments, results show that the integrated Doppler and
carrier phase observations can obtain cm/s level accuracy for E, N and U directions, with improvements of
94.1%, 93.9% and 89.5% respectively, compared with Doppler-only scheme. However, the obvious accuracy
reductions are occurred during the satellite signal obstruction, where the corresponding improvements with
89.7%, 90.1% and 69.4% for E, N and U directions can be obtained. Meanwhile, the constraint condition
can ameliorate the impacts of signal obstruction, with the improvements of 30.8%, 8.3% and 5.0% for E,
N and U directions based on the integration solution.

INDEX TERMS Velocity determination, multi-GNSS observations, Helmert variance components
estimation, velocity vector constraint, Doppler observation, integrated Doppler, carrier phase.

I. INTRODUCTION

BeiDou Navigation Satellite System (BDS) and other
Global Navigation Satellite System (GNSS) are promoting
innovative development and high-performance positioning,
navigation and timing (PNT) services in all-round ways [1].
Therefore, to fully assess and improve the performances
of multi-GNSS and multi-frequency observations are the
prerequisite for the GNSS applications. It is reported that the
GNSS constellations are continuously updated. For example,
compared with BDS-2 and other GNSS, the new-generation
BDS-3 satellite is equipped with high-stability onboard
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clock, inter-satellite link and updates the modulation of
transmitting signals [2]. Meanwhile, it is indicated that user
range errors (URE) of BDS-3 signals are better than 0.5m,
and the superior positioning performance can be obtained,
which is mainly benefited from the abundant observations
provided by BDS-3 [3], [4], [5]. The civilian signals of
BDS-3 satellites reaching up to five frequencies, namely
B1C, BI1I, B2a, B2b and B3I, are synchronous service.
Additionally, the Doppler observations are also contained
in multi-GNSS and multi-frequency observations. There are
two main methods to use Doppler measurements, called
raw Doppler and carrier-phase-derived Doppler [6], [7].
The raw Doppler method is the most widely used cm
level technique in GNSS community [8]. Moreover, the
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carrier-phase-derived Doppler method is further obtained
to improve the accuracy of velocity determination to mm
level [9]. Therefore, to acquire a better performance of
location-based service, it is necessary to fully use the merits
of carrier phase and Doppler measurements. Moreover, due
to the multi-frequency observations modulating by GNSS
satellites, it is necessary to further research the carrier phase
and Doppler methods [8].

The velocity information is one of essential parameters
to describe the states of a kinematics vehicle, which is
almostignored in the area of high-accuracy GNSS researches.
Meanwhile, the train positioning, airborne gravimetry, auto-
matic driving and aircraft docking also need high-accuracy
velocity information. Traditionally, there are three methods
to determine velocity, namely position derivation (PD),
Doppler observations (DO) and time-difference carrier phase
(TDCP), respectively [10], [11]. According to the related
results, it is well known that the precision of TDCP
method is optimal, while the DO method can provide a
more reliable velocity during the sudden changes of vehicle
status [12], [13]. To improve the performance of GNSS
velocity determination, impacts of environments on signal
attenuation and loss were also analyzed [14]. Then, the
combination of robust estimation and Helmert variance
components estimation (VCE) algorithm for DO method was
discussed [15]. Furthermore, the combination of Doppler
and phase observations were studied, which mainly focuses
on the choice of the best central difference points [10],
[16]. Moreover, the instantaneous velocity estimation can
be precisely obtained by the kernel algorithm based on a
stand-alone receiver [11]. Meanwhile, the real-time cycle-
slip detection and repair approach is proposed with the aid of
Doppler observation [17]. As a result, the GNSS observations
can be used to accurately determine the vehicle velocity,
in which different types observations present different
performances.

The ability of velocity determination is one core indicator
for the multi-GNSS location-based services. The velocity
determinations of BDS-3 multi-frequency observations are
fully analyzed based on several static stations, in which a
mm/s-level results can be obtained [18]. To improve the
reliability of BDS-3 services, the velocity series is also
used to detect the abnormal values of BDS-3 satellites [14],
[19]. It should be noted that the TDCP method is widely
used in velocity determination [19], [20], [21], which is
also introduced into some open-source software, such as
RTKLIB [22], PPPLib [23], goGPS [24], and iTAG_VAD
for velocity determination [25]. However, to further improve
the reliability TDCP method, two important issues should
be considered: on the one hand, TDCP is more sensitive to
the signal obstruction, especially for the condition of less
than five satellites. On another hand, Doppler method can
provide the instantaneous variation of the carrier phase [25].
However, because of the significant noise, it is difficult to
precisely determine velocity with the aid of Doppler method
for a high-dynamic instantaneous epoch [7], [15]. Therefore,

6216

the integration of Doppler and phase observations to improve
the performance of multi-GNSS velocity determination is
proposed in this study.

The main task of this study is to optimize the GNSS
velocity determination method based on a single receiver.
Apart from Introduction, the improved velocity determination
method is presented in Section II, where three parts of
equations and the integration solution based on velocity
vectors are presented. Then, the experiments and its results
analysis based on real data are shown in Section III.
Finally, the discussion and conclusions are summarized in
Sections IV.

Il. IMPROVED VELOCITY DETERMINATION METHOD

To fully use different information of multi-frequency and
multi-GNSS signals, the phase and Doppler observations are
fused in the determination of velocity parameters based on the
vector model. Firstly, the GNSS observation equations can be
expressed as follows:

Iof =Af - (p‘;!f + Af.Amb; +c-dtf —c-dt,
— dtrop; + dion; ; + &, (D

where p is the distance between the s-th satellite and the r-th
receiver; A is the wavelength of f-th frequency; ¢ denotes the
phase observations; ¢, dt® and dt, are the speed of light, the
clock offsets of satellite and receiver, respectively; Amb, dtrop
and dion represent the parameters of ambiguity, troposphere
and ionosphere; ¢ is the model error. Moreover, the derivative
of equation (1) can be read as follows:

e V=X ¢y ptc- dt' — ¢ - dt, — dtrop?
+ dion}, ; + &) @)

where e} is the direction vector of satellite to receiver;
V?! denotes the velocity of r-th receiver to s-th satel-
lite, which can be written as V! = ZVS -V, =
(X —%) + (V= 1) + (2 — 2)2] v

For the high-rate observations, equation (2) can be
simplified as follows:

e V=, g ptc: dt' —c-dt, + Uy ¢ 3)

similarly, u} . is the model error, and ¢’ v denotes Doppler
observatlons Meanwhile, to improve the performance of
velocity determination model, equation (3) can be decom-
posed into three-dimension vectors as X, Y and Z directions,
which is represented by /, m and w, respectively.

_et 1 oy

1 —e/m 1 1 Zr

1 1 — 1 r.
a1 ]|
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where ] = )‘ii%)‘i:g, m). = ‘I:%‘{:‘(’), W) = ‘Z,Z:—%/'r((’) IMOreover,
the satellite velocity vector V¥ = [X® Y* Z%]canbe obtained
from the predicted precise orbit or the broadcast ephemeris,
while the velocity of receiver can be set as an approximate
value V,, = [X,O Y,O Zm ] Finally, the velocity of receiver
can be estimated based on equations (1)~(4), in which the
Doppler observations are used. However, it is indicated that
the phase observations can be also used to determine velocity
parameters. Therefore, the TDCP solution of the equation (1)
is conducted to eliminate the common parameters, such as
ambiguity and other error. Therefore, the revised equation at

tr-th epoch can be read as follows:

Apy (te1) = Ap - Ay ¢ (k1) — ¢ - Adty (tk41)
+ A8 () 5)

It should be noted that the coefficients of the design matrix
of three directions for two adjacent epochs can be expressed
as the equation (6) with the consideration of the orbit height
of navigation satellites [13].

X (k1) =Xy (tet1)
X (tr+1) = X,y (tx+1)|
M} (k) = M (tr11) = Y* (tht1) — Yoy (tht1)
X (k1) = Xy (t141)|
Z% (tk41) _ZrO (tr+1)

XS (trg1) — Xy (t41)|

where the positions of satellite X*=|X* Y* Z‘Y] is the
known values, while X ,,= [ X, Y, Zy, {is the approximate
positions of receiver. Thus, the equation (5) can be rewritten
as follows:

L} () ~ L} (try1) =

(©)

Gy (t) ~ Gy (tky1) =

L (1) - (Af - A} — ¢ Adt, + Ag))
= Apx (&) — Apx (fe—1)

M? (k) - (Ar - Ag} — ¢ - Adt, + Ag))
= Apy (k) — Apy (tk—1)

G} (1) - (Af - A} — ¢+ Adt, + Ag))
= Apz (te) — Apz (B—1)

(N

In equation (7), the increments of displacements are as
follows:

dox =[x = x)7] " aoy = [ - 1)) "
soy =[x - x)7]" ®)

For the high-rate observations, Ap can be represented by
the first order Taylor expansion as follows:

dApx (Tr—1)

Apx () = A:OXrO(fk—l) + 9aprxtk-1) AX,
BAp)B'}((tk—l)

Apy (tr) = Apy, (tr—1) + T - AY, ©)
dApz(tk—1)

Apz (1) = Apz, (t-1) + pg—z - AZ,
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Set the coefficients matrix as follows:
dApx (Tk—1)
0X

dApy (tk—1)
, Ay (ty) = ——,
v (t%) %
dApz(tk—1)
Az () = —— 10
7z (tk) 57 (10)
Furthermore, to obtain the velocity parameters, the epoch
interval t should be introduced into equation (7), where the

velocity determination equation is read as follows:

Ax (k) =

Ax () X,
L)i((tzf) 0 0 -1 Yr
0 Ay () 0 -1 r
M (1) ALt 7,

0 0 o 1| . ad,

Af @y — @ (Xry (tr—1) — X (k—1)) /T
= | A0} = mpay (Yo (=) = Y, (=) /T | (11)
9y = gy En 1) = Z (1)) /T

Similarly, according to equations (5)~(11), the receiver
velocity can be estimated based on the phase observa-
tions [23], which can also be obtained with the aid of single
epoch difference solution. To fully use Doppler and phase
observations, an integrated processing solution is proposed.
According to the combination of equations (4) and (11), the
normal equations can be constructed as follows:

Nix = B;
N; = AT'PA; (12)
B, =AT'P.L,

where N; is the coefficients of normal equation; A; and
P; denote the coefficient matrix of observation equations
and its weight, respectively; L; represents observation minus
calculation; X is the parameters of velocity and clock offset
frequency. Then, based on the combination of two kinds of
normal equations, we can obtain the integrated Doppler and
phase observations as follows:

N = ] lNi
=

Nx =B (13)
2

B = B;

According to the solution of equation (13), the results of
velocity and the corrections of observations can be output as:
A -1
x=N"'B
. (14)
vi=Aix — L;

To fully fuse the Doppler and phase observations, the
Helmert variance components estimation (VCE) is used to
accurately calculate the variance factors of unit weight based
on two kinds of velocity determination models.

UiUI6% + UiUs63 + - - + U U6¢ = 8T P18y

UrU163 + UyUp63 + - - - 4+ UaUr 67 = 81 P25, 15)
~2 A2 ~2 T

UirUio; + UrUpyoy + - - - + U Ugoyy = 8, Pidi
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where 5;'2 is the estimated variance for i-th observation; & is
the corrected values of observations; Ucan be expressed as:

2
UU; = n — 2tr (N_IN,-) i (N_IN,-)

(16)

Uy = (NTINNTIN) i)
where n; is the total number of Doppler and phase equations.
Based on the estimated 6i2, the improved weight can be
updated as follows:

Pi=— (17)

Meanwhile, it should be noted that the velocity param-
eter is decomposed into three-dimension vectors model in
equations (4) and (11). To improve the accuracy of velocity
parameters, the vector model can be used to construct
the constraint conditions. The velocity vectors are firstly
transformed into North-East-Up (N, E, U) directions as
follows:

Vn —sinacos B —sina sin 8 coswo AX, /T

Vg | = —sin 8 cos B 0 AY, /T

Vu cosacosfB cosasinf sina AZ. T
(18)

where « and B are the geodetic latitude and longitude of
receiver. Then, it is not difficult to obtain the geometric
relationship between its velocity components and motion
direction (heading angle) for a kinematics receiver, where
the velocity direction can be represented by the tangent
direction of the trajectory. In fact, the additional constraints
can be constructed, such as heading angle and pitch angle,
to enhance the integration model of Doppler and phase.
Meanwhile, to further improve the performances of GNSS
velocity determination, additional virtual observations can
be added to constraint the unknown parameters. Based on
equation (5), we can also obtain the simplified equation as:

A AQS—F+Q=—e(t])-AX —c-Adt, (19

where, F = e () - X* () —e(t1) - X*(t1) and Q = e (1) -
Xy () —e(n) - Xy (11); and

X5 () — X, (1)

_— 20
|X* (1) — X, (1) 0

e(t) =

As above mentioned, the improved velocity determination

method is constructed by the integration of three parts,

namely Doppler, TDCP and constraint condition. To clearly

describe the proposed method, the flowchart of improved
velocity determination is presented in FIGURE 1.

Ill. EXPERIMENTS AND RESULTS

According to the proposed method, the integrated GNSS
Doppler and phase observations are used to determine the
kinematics velocity. To verify and test the proposed method,
four experimental schemes of velocity determination are
designed in this section.
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Velocity determination by ‘ Carrier phase TDCP ‘

Doppler as Eq.(3) algorithm by Eq.(5) Normal equations

-

Three-dimension
velocity output

Three-dimension velocity Three-dimension velocity
vectors by Eq.(4) determination by Eq.(11)

' v

Constraint equation as Eq.(19)

}

A J

solution

‘ The next epoch

‘ Helmert VCE by Eq.(16) }—J‘ Weight updated by Eq.(17) ‘L

1 I—lteration—*

FIGURE 1. The flowchart of the proposed velocity determination solution.

A. RESULTS OF THE WIDELY USED VELOCITY
DETERMINATION METHODS

To show the performances of different widely used velocity
determination methods, PD, DO and TDCP are used to
estimate the velocity parameters, where the double-difference
solutions based on Inertial Explorer software package (IE)
are set as references of kinematics velocity values. In this
case, two GNSS receivers are simultaneous working, one
of which is fixed on a moving car and another is set as
the reference station on a wide-open roof. The receivers
can synchronously decode multi-GNSS and multi-frequency
observations, where the time period of observation collection
is 8:00-10:00, 16th, July, 2022. In experiments, the cutoff
angle and sample rate are set as 5° and 1Hz, respectively.
Details about the car trajectory during observations collection
are shown in FIGURE 2.

Base Station >
#

Edd Paint

{1 Se -l

~ Start Pount

FIGURE 2. The configurations of observation collection and its kinematics
trajectory.

According to the collected multi-GNSS observations, three
statuses of car trajectory are analyzed, namely linear motion,
change direction and signal obstruction. To fully present the
results of velocity residuals of PD, DO and TDCP methods,
the residuals of different statuses for E, N and U directions are
shown in FIGURE 3, FIGURE 4 and FIGURE 5, respectively.
Furthermore, the velocity residuals root-mean-square (RMS)
of different methods are listed in TABLE 1.
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FIGURE 3. The velocity residuals series of PD, DO and TDCP during the
linear motion based on multi-GNSS observations.
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FIGURE 4. The velocity residuals series of PD, DO and TDCP during the
change direction based on multi-GNSS observations.

According to the experimental results, the cm/s-level
accuracy of velocity determination for different directions
can be obtained based on different methods during linear
motion. Meanwhile, the TDCP is significantly outperformed
in determining velocity, which could be also confirmed based
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FIGURE 5. The velocity residuals series of PD, DO and TDCP during the
signal obstruction based on multi-GNSS observations.

TABLE 1. RMS of velocity residuals for different statuses and methods.
Unit: m/s.

Statuses PD DO TDCP
. E N U E N U E N U
Linear
. 0.061 0.070 0.166 0.052 0.039 0.064 0.010 0.004 0.030
motion
C_han_ge 0.288 0.092 0.274 0.255 0.151 0.082 0.104 0.99 0.028
direction
Signal
. 0.168 0.220 0.345 0.801 0.643 0.166 0.228 0.244 0.060
obstruction

on the status of change direction. However, it is indicated that
the signal obstruction imposes a direct impact on the accuracy
of velocity determination. Because of the characteristic
of different methods, different results of velocity can be
obtained. In general, two types of observations are used,
namely Doppler and phase, where the noise of Doppler
observations is more obvious than that of phase observations.
Nevertheless, a similar level of velocity accuracy is shown in
TABLE 1, which suggested that the Doppler observations are
more stabler in some suddenly changed statuses. To improve
the performance of GNSS velocity determinations with the
single receiver, it is necessary to integrate the Doppler
and phase observations, which performances are shown in
next section. It should be noted that the results of the
proposed method are not included in experiments: firstly,
this section is to test the performances of traditional velocity
determination methods, where the proposed method will
be further discussed in next section; secondly, because of
the complex road condition of observation collection, the
continuous epochs are always interrupted, which imposes a
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significant impact on the accuracy of heading angle; thirdly,
to distinguish the results of PD, DO and TDCP, the proposed
method is analyzed in next section, and the results are similar
with the TDCP and a slight improvement can be acquired as
the restriction of heading angle.

B. RESULTS OF THE PROPOSED VELOCITY
DETERMINATION METHODS

The integrated processing of Doppler and phase observations
is conducted to verify the proposed velocity determination
methods. Strategies of observations collection are the same
as the first experiments, while the kinematics trajectory
is changed to the road around the Institute of Surveying
and Mapping Geographic Information. The car trajectory is
shown in FIGURE 6, including different statuses of moving.

FIGURE 6. The trajectory of car moving around the institute of surveying
and mapping geographic information.
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FIGURE 7. Velocity residuals of PD, DO, TDCP, integration (1:1) and
Helmert VCE (Helmert) solutions.
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Similarly, the velocity solutions of IE software are pro-
vided for reference. The purpose of this study is to improve
the velocity determination performance of GNSS single
receiver, and fully use the different types of observations.
Therefore, the schemes of Helmert VCE (Helmert) and
1:1 combination (1:1) solutions are analyzed, where 1:1
represents the equivalent weight model for Doppler and
phase observations. Moreover, the PD, DO and TDCP
methods based on GNSS observations are also listed in
this experiment. In FIGURE 7, the velocity residuals series
of five methods are presented, which is conducted under
the normal condition (N). To further test the proposed
integrated method, the signal obstruction condition (AN) is
also simulated and its residuals series of velocity are shown
in FIGURE 8.

E direction

1000 1500 2000 2500 3000

0 500
Epoch (1s mterval)

N direction

(m/s)
o —
— o=

Resilduals
[

!
[

0 500 1000 1500 2000 2500 3000

Epoch (1s interval)
= 1.5 Uldirection
E 1
05

Residual
&
_—tn O

1
—
Lh

0 500 1000 1500 2000 2500 3000
Epoch (1s interval)

FIGURE 8. Velocity residuals of PD, DO, TDCP, integration (1:1) and
Helmert VCE (Helmert) solutions under signal obstruction condition.

To explain the condition of the signal obstruction, the
PDOP values of normal and signal obstruction solutions is
calculated in FIGURE 9. Moreover, the weight coefficients
of Helmert VCE for Doppler and phase observations are
also listed in FIGURE 9. Certainly, the Helmert VCE
method performs a smaller velocity residual than phase-only,
Doppler-only and 1:1 integration. For the sake of describing
the impacts of different types of observations on integration
methods, it is found that the values of weight coefficients for
phase observation are typically higher than that of Doppler,
which is near to zero for the signal obstruction mode. Because
of the higher accuracy of phase observations, the weight of
phase is bigger in the integration method for most of epochs.
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FIGURE 9. PDOP values and weight coefficients of phase and Doppler
observations for normal (N) and signal obstruction (AN) conditions.

It is indirectly demonstrated that the simple combination
of Doppler and phase observations, such as 1:1 strategy,
cannot obtain the optimal velocity results. Additionally, the
RMS of velocity residuals based on different solutions and
its improvements are listed in TABLE 2, where the normal
and signal obstruction conditions are analyzed respectively.
According to the experimental results, the combination
of Doppler and phase observations indeed outperforms in
aspect of PD-only, Doppler-only and TDCP-only. For the
Helmert VCE method in normal condition, improvements
with 94.1%, 93.9% and 89.5% can be obtained for E, N and
U directions, compared with Doppler-only method, where the
low-accuracy PD-only method is also listed. Although the
velocity accuracy of signal obstruction condition reduced,
a cm/s-level accuracy can still be obtained based on the
integration of Doppler and phase observations. Meanwhile,
the improvements are reached up to 89.7%, 90.1% and 69.4%
for E, N and U directions by using the Helmert integration
under the condition of signal obstruction. Thereby, the
integrated processing of GNSS Doppler and phase should be
used in determining velocity, in which the Helmert VCE can
adaptively adjust the weight of two types of observations, and
a better result is obtained.

To further improve the stability of GNSS velocity deter-
mination, a constraint condition is designed by taking the
original phase observations into consideration as expressed in
equation (19). Therefore, to test the reliability of introducing
constraint on determining velocity, the same observations
collected around the Institute of Surveying and Mapping
Geographic Information are used. In experiments, the con-
straint is added into the solution of Helmert VCE, where
the normal condition and signal obstruction are set as two
scenarios. The velocity residuals based on Helmert VCE
method are shown in FIGURE 10. Moreover, the RMS values
of constraint and non-constraint velocity determinations are
shown in TABLE 3.
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TABLE 2. RMS of velocity residuals based on different solutions and its
improvements. Unit: m/s.

Normal condition (N)
Directions E Imp. N Imp. U Imp.

Doppler-only 0.101 / 0.082 / 0.095 /
TDCP-only 0.056 / 0.062 / 0.098 /
PD-only 0.126 / 0.114 / 0.132 /

1:1 integration 0.019 81.2% 0.021 74.4% 0.029 69.5%

Helmert integration  0.006  94.1% 0.005 93.9% 0.010 89.5%

Signal obstruction condition (AN)

Directions E Imp. N Imp. U Imp.
Doppler-only 0.145 / 0.101 / 0.072 /
TDCP-only 0.072 / 0.055 / 0.122 /
PD-only 0.268 / 0.206 / 0.044 /

1:1 integration 0.032
Helmert integration  0.015

77.9% 0.023  77.2%
89.7% 0.010 90.1%

0.056 22.2%
0.022  69.4%

—~0.5 L — ‘

w2 —Without constraint (N)

E 0.3 E dlrecthIl |—With constraint (N)

— x [—Without constraint (AN),
—With constraint (AN

~£ 0.1 ;

S
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=

-0.5
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500 1000 1500 2000 2500 3000
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Residuals
;
oo o002

OB NONRER®

0 500 1000 1500 2000 2500 3000
Epoch (Is interval)

FIGURE 10. The velocity residuals of Helmert VCE solutions with and
without the constraint under normal (N) and abnormal (AN) conditions.

TABLE 3. RMS of velocity residuals based on constraint and its
improvements. Unit: m/s.

Without
constraint
Direction E N U E Imp. N Imp. U  Imp.

Signal 130,012 0.020 0.009 30.8% 0.011 83% 0019 5.0%
obstruction
Normal

condition

Solutions ‘With constraint

0.006 0.005 0.011 0.004 33.3% 0.004 20.0% 0.009 18.2%

According to the results presented in TABLE 3 and
FIGURE 10, it is indicated that the accuracy of velocity
determination for E and N directions is slightly changes,
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where the improvements 30.8% and 33.3% in Vg are pre-
sented based on the signal obstruction and normal condition.
Meanwhile, the improvements of 8.3% and 5.0% for N and
U directions can be obtained under the condition of signal
obstruction. The constraint condition is constructed based
on the original phase observations, which can be precisely
obtained. Therefore, the velocity accuracy is impacted by the
reliability of constraint condition, which can directly improve
the velocity performances under the signal obstruction.

As one of main featured abilities of multi-GNSS system,
the multi-frequency signals can be transmitted, such as
B1I, B3I, BIC, B2a and B2b for BDS-3, L1 C/A, L1C,
L2C, and LS signals for GPS, and E1, E5a, ESb, ES, and
E6 for Galileo. In the velocity determination experiments,
the observations of multi-frequency phase and Doppler are
used to test the proposed velocity determination method.
To show the performances of multi-frequency data, the phase
residuals of different frequencies for BDS-3, GPS and Galileo
observations are shown in FIGURE 11, FIGURE 12 and
FIGURE 13, respectively.

0 = =
0010 0,005 0.000 0,003 0.010 do10 s 0.000 o0 T
esiduals (m) Residuals m)

3500

[
3000
2500

£ 2000

H

Zism
1000

500

-0.02 001 100 0.01 0.02 Sz 001 0.00 0.01 002
Residuals (m) csiduals (m)

FIGURE 11. The BDS-3 phase residuals distribution of velocity
determination.
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0000
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FIGURE 12. The GPS phase residuals distribution of velocity
determination.

Moreover, the velocity residuals RMS of different GNSS
by integrating with Doppler observations are listed in
TABLE 4, where a cm/s-level accuracy of velocity determi-
nation can be obtained for all systems.

According to the testes of multi-GNSS and multi-
frequency observations based on the proposed integrated
Doppler and phase method, it is indicated that velocity
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FIGURE 13. The Galileo phase residuals distribution of velocity
determination.

TABLE 4. The velocity residuals RMS based on different GNSS systems.
Unit: m/s.

Systems E N U
BDS-3 0.012 0.016 0.058
GPS 0.013 0.011 0.069
Galileo 0.033 0.018 0.072
Glonass 0.039 0.026 0.092

residuals present the Normal distributions for all phase
observations, where the velocity residuals RMS of each
system are similar with. Moreover, from TABLE 4, it is
found that the BDS-3 slightly outperforms GPS, Galileo and
Glonass, which is mainly benefited from the lower noise for
the new-generation BDS-3 satellites [5], [26]. Furthermore,
there are not significant differences between BDS-3, GPS and
Galileo in determining velocity, while the Glonass should be
carefully processed. All experiments are conducted based on
self-developed tool, which is a multi-frequency and multi-
GNSS velocity and acceleration determination software.
In addition, the computational complexity of the proposed
method is also analyzed based on the velocity determination
software. In TABLE 5, the averaged time-consuming of
single-epoch solution for different methods is presented by
marking the time log file. It is indicated that the time-
consuming of the proposed method is slightly higher than
that of traditional method. However, compared with the time
interval of observation collection, the time-consuming for
different methods can be ignored.

C. DISSCUSSION

Considering the complexity of the navigation environment,
a constraint condition is constructed using the original
phase observations to increase the performance of velocity
determination. The authors proposed that combining GNSS
carrier phase and Doppler observations can improve the
accuracy of the velocity determination [3]. We use the
improved Helmert VCE method with the horizontal plane

VOLUME 12, 2024
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TABLE 5. The averaged time-consuming of single-epoch solution for
different method (s).

Statuses PD DO TDCP New method
Lincar 0.004 0.001 0.008 0.011
motion
Change 506 0.001 0.009 0.013
direction
Signal 0.005 0.004 0.009 0.012
obstruction

constraint condition to determine the reasonable weights
and enhance the reliability, and redundancy of the model
to achieve high-precision speed information to avoid the
abnormal information or no data caused by the signal
obstruction, which ensures velocity information reliability of
navigation and positioning.

The PD, DO and TDCP methods are applied in navigation
and positioning, which can only use one of positions, Doppler
and carrier phase to estimate velocity. These methods
need to integrate Doppler and phase observations, which
will improve model redundancy and velocity reliability.
Furthermore, when we drive the car with one receiver in
the signal obstruction environment, that will seriously affect
the velocity results’ accuracy. However, the proposed method
avoids all the above-mentioned problems and provides a new
solution for velocity determination.

IV. CONCLUSION

This paper proposes an improved velocity determination
method based on multi-GNSS and multi-frequency obser-
vations, in which the Doppler and phase observations are
integrated processing. To combine the GNSS phase and
Doppler observations precisely, the Helmert VCE method
is used in the improved method. Furthermore, a constraint
condition is constructed to increase the reliability of velocity
determination in the complicated environment, such as the
signal obstruction. To test and verify the proposed method,
four schemes of experiments are conducted. According to
the results of different schemes, the conclusions can be
summarized as:

1) Different accuracy is shown based on PD, DO and
TDCP, and a cm/s-level of velocity accuracy can
be obtained under the normal condition, while the
accuracy is significantly reduced for some complicated
conditions. Therefore, it is essential to integrate
different observations.

2) The velocity accuracy can be obviously improved
based on the integrated processing of GNSS Doppler
and phase observations. Moreover, the Helmert VCE
scheme is better than the simple combination (1:1
integration). Compared with the Doppler-only solution,
improvements with 94.1%, 93.9% and 89.5% can be
obtained for E, N and U directions, respectively, under
the normal conditions. Meanwhile, improvements with

VOLUME 12, 2024

89.7%, 90.1% and 69.4% for E, N and U directions can
be output under the signal obstruction conditions.

3) Additionally, a constraint condition is constructed to
improve the integrated model. It is suggested that the
velocity of E, N and U directions can be improved with
30.8%, 8.3% and 5.0% under the abnormal condition.
Furthermore, the multi-GNSS phase observations are
also tested. There are not significantly differences
found in velocity residuals distributions.

The purpose of this study is to improve the velocity deter-
mination performance of GNSS single station. Compared
with traditional PD, DO and TDCP methods, the integrated
Doppler and phase observations based on Helmert VCE is
designed and analyzed. In the next step, the integration of
multi-frequency phase and Doppler observations by PPP
solution will be further studied.
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