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Abstract—This study analyses the GPS velocity estimation performances of three different estimation mod-
els, namely, the time-differenced carrier phase velocity estimation (TDCPVE), Doppler observation velocity
estimation (DopplerVE), and precise point positioning velocity estimation (PPPVE). Static and vehicle kine-
matic experiments are conducted for validation. Under simulated kinematic conditions using static data, the
accuracy of the DopplerVE is the worst, and the precision of the velocity by the PPPVE is the same as with
the TDCPVE. Under kinematic conditions, the accuracies of the three methods are related to the motion
state of the mobile carrier (such as its acceleration and turning). When the sampling interval is 1 s, the
TDCPVE can obtain precise velocity using a single-frequency stand-alone GPS receiver; the TDCPVE and
DopplerVE can obtain accuracies of the same order of magnitude with broadcast and precise ephemerides,
and can be used for real-time velocity measurement; the PPPVE can obtain not only an accurate position,
but also an accurate velocity.
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INTRODUCTION

The global navigation satellite systems (GNSS)
mainly include the American GPS, Russian GLON-
ASS, European Galileo, and Chinese BeiDou.
Although all the components of the GNSS have rap-
idly developed in recent years, GPS is undoubtedly the
most extensively used navigation and positioning sys-
tem providing global, all-weather, high-precision,
fast-response position, velocity and time (PVT) ser-
vice [1, 2]. Velocity has important applications in
vehicle navigation and positioning, unmanned aerial
vehicle (UAV) automatic piloting, inertial navigation
system (INS) calibration, precision-agriculture sow-
ing and fertilization, satellite orbit docking, and air-
borne gravimetry [3, 4]. Additionally, it is used for the
real-time detection of GPS receiver displacement [5].
Thus, it is crucial to study the performance of the
velocity estimation by the GPS.

Based on the mode of operation and cost control,
GPS velocity measurements can be divided into differ-
ential velocity measurement and single point velocity
measurement. Differential velocity measurement
depends on the reference station, and its working
range is controlled; when a mobile carrier is not cov-
ered by the reference station, this measurement
scheme is difficult to apply [6, 7]. In contrast, single-

point velocity measurement depends only on a stand-
alone receiver on a mobile carrier to obtain corre-
sponding velocity information. Common single-point
velocity measurement methods include time-differ-
enced carrier phase velocity estimation (TDCPVE),
Doppler observation velocity estimation (Dop-
plerVE), and precise point positioning velocity esti-
mation (PPPVE). In a study on the TDCPVE, Pierlu-
igi Freda proposed a method based on the use of the
same set of ephemeris to calculate the satellite posi-
tions and clock offsets at consecutive epochs, for pro-
viding a velocity solution with a precision of few mm/s
[8]. Wei Dong Ding presented an improved TDCPVE
that does not require satellite velocities; it was vali-
dated using static and kinematic field test data, show-
ing that the equivalent velocity accuracy achieved
using differential GPS techniques is possible with the
improved TDCPVE [9]. Ben K.H. Soon combined
the TDCPVE technique with the INS, and the inertial
error growth was effectively suppressed in a GPS
restricted environment [10]. Han Songlai combined
carrier phase epoch differential velocity measurement
with the SINS using a two-speed Kalman filter to
achieve high-precision integrated navigation within a
short time. In a research on the DopplerVE, Chen
Yuan indicated that a velocity estimation accuracy of
cm/s can be obtained using the DopplerVE in an open
138
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field of view [11]; He Haibo believed that the accuracy
of the DopplerVE depends mainly on the accuracy of
the Doppler observations, and is unaffected by the
motion state of the carrier [12, 13]. Wang QianXin
combined the carrier phase and Doppler observations
by adding their normal equations, improving the pre-
cision and reliability of the DopplerVE [14]. In a study
on the PPPVE, Tu Rui presented an approach using
dynamic PPPVE to determine the displacement; its
validation demonstrated that the displacement can be
obtained with a precision of 1–2 cm, with a conver-
gence time of approximately 1 min [15].

Although the above three types of velocity mea-
surement methods have been extensively studied,
comprehensive analysis and comparison have not
been performed. Hence, this paper analyses the per-
formances of the three velocity estimation models by
conducting static and vehicle kinematic experiments.
Under dynamic conditions using static data, with the
true value of the velocity considered to be zero, the
performances of the three methods are analysed for
sampling intervals of 1 s and 30 s. For low-cost receiv-
ers, which represent the largest market, single fre-
quency stand-alone GPS receivers working in the sin-
gle point positioning (SPP) mode would still be a bet-
ter choice. Hence, we further analysed the
performance of the TDCPVE, which uses single-fre-
quency and dual-frequency ionosphere-free (IF)
observations, at different sampling intervals. Under
dynamic conditions, with the position-differenced
velocity calculated by the Inertial Explorer (IE) post-
processing software as the references, the degree of
coincidence of the three types of velocity measure-
ment results with the IE position-differenced velocity
is analysed. Since a lot of practical applications require
real-time velocity, we also analysed the effect of
broadcast ephemerides on the TDCPVE and Dop-
plerVE.

THREE MODELS OF VELOCITY 
MEASUREMENT

TDCPVE model. The carrier-phase observation
equation can be expressed as

(1)

where the subscripts  and  represent the receiver and
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geometrical distance from the satellite to receiver,  is
the corresponding carrier phase observation,  is the
wavelength of the carrier phase,  and  represent
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observation noises. Other errors such as antenna cen-
tre offsets and variations, tide loading, phase wind-up,
earth rotation, and relativity can be corrected using the
existing models, so they are ignored in this study.

Assuming that there is no cycle slip at two succes-
sive epochs, the difference between two carrier-phase
observation equations is

(2)

where  represents the differencing operation, for
example,  is the change in the geo-
metric distance between two epochs; other terms in
the equation (2) are defined accordingly. After differ-
encing two carrier-phase observation equations, the
ionospheric and tropospheric delays are weakened or
eliminated, and the integer ambiguity of the carrier
phase is eliminated as long as a cycle slip does not
occur.

The distance from the satellite to the receiver can
be formulated as follows [16]:

(3)

Using the equation (3), the term, , can be
expressed as

(4)

where  is the satellite position vector at the epoch
,  is the receiver position vector at the epoch ,

 is the line-of-sight unit vector, and

 represents the inner product of vectors of 
and .

In the equation (4), the receiver position  at the
epoch , can be expressed in terms of the receiver
position  at the epoch , and the change of the
receiver position  during time interval , which
means ; hence, the equation (4) can be
expressed as follows:

(5)

Based on (5) and (2), the velocity measurement

formula  can be used to obtain the receiver

velocity.
DopplerVE model. When there is relative motion

between the GPS receiver and GPS satellite, the fre-
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quency of the GPS carrier signal received by the
receiver differs from that of the carrier signal transmit-
ted by the satellite. This frequency difference is called
the Doppler frequency shift. The magnitude of the
Doppler shift measurement is the instantaneous
observation value of the carrier-phase change rate.
Differentiating the equation (1), the DopplerVE equa-
tion can be expressed as follows:

(6)

where  represents the Doppler frequency shift and
“ ” represents the change of corresponding variables;

 denotes the change in geometrical distance from
the satellite to receiver at the epoch , which can be

expressed as ;  and  repre-
sent the receiver and satellite clock velocities, respec-

tively;  and  represent the change of the
ionospheric and tropospheric delays, respectively; and

 represents the observation noise.
PPPVE model. PPP is a technology which uses pre-

cise satellite orbits and clock products provided by
organizations such as the IGS to process the pseudo-
range and carrier phase observations for obtaining the
position of a single receiver [17, 18]. The commonly
used PPP models include the un-differenced (UD)
model, UofC model, and un-combined (UC) model
[19, 20]. The UD model uses dual-frequency pseudo-
range and carrier-phase IF observations, and is
expressed as follows:

(7)

(8)

where  is the pseudo-range ionosphere-free

observation,  is the carrier-phase ionosphere-
free observation, and  is the frequency; bottom indi-
ces 1, 2 mean the frequency numbers.

The observation equations can be compactly
expressed as follows:

(9)

where  is the observation vector for n satellites,  is
the coefficient matrix,  is the unknown parameter
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present in (7), (8) is absent in (9). It is supposed that it
has been corrected by precision clock product.

The elements for equation (9) can be given by

(10)
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where  is the unit vector from a satellite to the

receiver,  is the tropospheric wet mapping func-
tion, n is the number of satellites, , ,  are the
vectors of the receiver displacement, velocity and
acceleration, respectively;  is the tropospheric

zenith wet delay, and  and  are the noise covari-
ances for the carrier phase and pseudo-range observa-
tions, respectively.

The state equation can be expressed as follows:

(13)

where  is the transition matrix, and  is the process
noise. The station dynamics are modelled using the
Gauss–Markov second-order process, based on the
assumption that the change in position, velocity or
acceleration is random. The zenith tropospheric delay
is represented by a random-walk process, the receiver
clock bias is estimated epoch-by-epoch, and the
ambiguity is constant. The transition matrix and pro-
cess noise can be expressed as follows:
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Fig. 1. Motion track of the vehicle.
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where  is the sampling interval,  is the identity
matrix,  is the zero matrix, and ,  and  are the
power density of acceleration, tropospheric and
receiver clock noises, respectively.

We take into account the changes in the used satel-
lites. When a new satellite rises or an old satellite falls,
the vector (11) and the matrices (10), (12), (14), (15)
will change to adapt to the current constellation.

With equation (9) as the observation equation and
equation (13) as the state equation, the GPS velocity
can be easily obtained using a Kalman filter, which
can be summarized as follows [21]:

Time update:

(16)

(17)

Measurement update:

(18)

(19)
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where  is the estimation value of the vector, ,  is
the estimation error covariance,  is the Kalman filter
gain, and  is the measurement noise covariance.

DATA PROCESSING 
AND PERFORMANCE ANALYSIS

Data processing strategy. Static and vehicle kine-
matic experiments were conducted using three veloc-
ity measurement methods. The static experiment uti-
lized two sets of data; one set included that of
10 Multi-GNSS Experiment (MGEX) stations on
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7 days, from March 24 till March 30, 2018, with a sam-
pling interval of 30 s, whereas the other data set was
collected from a base station on March 30, 2018, from
UTC 6:46:18–13:14:44, with a sampling interval of 1 s.

The vehicle kinematic experiment was conducted
in Beijing on March 30, 2018, from UTC 10:00–12:00,
with a sampling interval of 1s. Figure 1 shows the
motion trajectory of the vehicle.

The TDCPVE uses the least squares method for
parameter estimation. The parameters to be estimated
are  and . In order to improve the accuracy
of the velocity measurement, the carrier phase IF
observation is used for correcting the change in iono-
spheric delay; the change in tropospheric delay is cor-
rected by the Saastmoinen model and GMF projec-
tion function [22]. The DopplerVE uses the least
squares method for parameter estimation. The param-

eters to be estimated are  and .
Its accuracy is mainly affected by the accuracy of

the Doppler observation noise level, and the changes
in the ionospheric and tropospheric delays are negligi-
ble. The PPPVE uses the Kalman filter algorithm for
parameter estimation. The IF observations are used to
correct the ionospheric delay; the zenith tropospheric
dry delay and the partial wet delay are corrected by the
Saastmoinen model and GMF projection function.
The residual wet delay is estimated by the random
walk model, the receiver clock offset is estimated by
the Gaussian white noise model, and the carrier phase
ambiguities are estimated as a constant for each epoch.
The experiment was based on the precision orbit and
clock products provided by the IGS, which can only
be used for post-processed applications. Table 1 lists
the detailed data processing strategies for the three
methods.
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v rtδ
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Table 1. Data processing strategies for the three velocity estimation models

Models TDCPVE DopplerVE PPPVE

Observations Carrier-phase Doppler shift Pseudo-range, Carrier-phase

Signal frequency L1 L2 L1 L1 L2

Weights 
for the observations Elevation dependent weight Elevation dependent weight Elevation dependent weight

Parameters
to be estimated

Errors 
and corrections

Satellite
orbit

Precise
orbit products Satellite orbit Precise orbit

products Satellite orbit Precise
orbit products

Precise
clock products

Precise clock 
products

Precise
clock products

IF observation Neglect IF observation

Saastmoinen 
model Neglect

Model 
for dry part,

estimated
for wet part

Estimation method Least squares Least squares Kalman filter

Δr
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Performance analysis under simulated kinematic
conditions using static data. The true value of velocity is
considered to be zero under the simulated kinematic
conditions using static data. With the data of the ALIC
station on March 24, 2018 as an example, the velocity
images of the three methods for the N, E, and U com-
ponents are depicted in Fig. 2. We focus on the maxi-
mum velocity of three methods: those of the TDCPVE
were always within 2 mm/s horizontally and 2 cm/s
vertically; for the DopplerVE, they were always within
5 cm/s horizontally and 2 dm/s vertically; and for the
GYR

Fig. 2. Dynamic velocity images obtained using the three velo
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Table 2 shows the 7-day velocity statistical results
of 10 MGEX stations in terms of the RMS. The accu-
racies of the TDCPVE and PPPVE reach a few mm/s,
whereas that of the DopplerVE is approximately cm/s,
with the horizontal components superior to the verti-
cal ones. Between the PPPVE and TDCPVE, the
OSCOPY AND NAVIGATION  Vol. 11  No. 2  2020
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Table 2. Seven-day dynamic velocity RMS of 10 MGEX
stations obtained using the three velocity estimation meth-
ods (sampling interval 30 s)

Direction N, cm/s E, cm/s U, cm/s

TDCPVE 0.05 0.04 0.28
DopplerVE 0.98 0.75 2.06
PPPVE 0.05 0.04 0.16

Table 3. RMS of the dynamic velocity of the base station
obtained using the three velocity estimation methods (sam-
pling interval 1 s)

Direction N, cm/s E, cm/s U, cm/s

TDCPVE 0.16 0.12 0.32
DopplerVE 1.20 1.09 2.75
PPPVE 0.04 0.06 0.09
accuracy of the TDCPVE is equal to that of the
PPPVE horizontally, while in vertical direction, the
accuracy of the PPPVE is superior to that of the
TDCPVE.

Figure 3 shows the velocities of different stations,
which can be used for further analyses on the perfor-
mances of different methods. For the TDCPVE, there
are five stations with velocities less than 2 mm/s,
accounting for 50% of the total number of stations; for
the DopplerVE, the velocities of all the stations are
within 1–4 cm/s, and for the PPPVE, the velocities of
eight stations are less than 2 mm/s, accounting for
80% of the total number of stations. At the same time,
there are seven stations with less velocities than those
of the TDCPVE, accounting for 70% of the total num-
ber of stations. Thus, for different stations, the accu-
racy of the DopplerVE is the least, while the PPPVE
results are more stable than those of the TDCPVE.

Since the velocity is instantaneous, a 1 s sampling
interval is generally used in kinematic applications.
Table 3 lists the velocities of the base station. When the
sampling interval is 1 s, the accuracies of the three
velocity estimation methods, ranked high-to-low is
PPPVE, TDCPVE, and DopplerVE. Thus, under
simulated kinematic conditions using static data, the
accuracy of the DopplerVE is the least, while that of
the PPPVE is more stable than that of the TDCPVE,
and can be used for seismic and deformation monitor-
ing and in other fields.

As per the above discussion, under kinematic con-
ditions using static data, the PPPVE can be used to
obtain more accurate and stable velocity; however, it
requires dual-frequency pseudo-range and carrier
phase observations, whereas most low-cost receivers
GYROSCOPY AND NAVIGATION  Vol. 11  No. 2  20

Fig. 3. RMS of the dynamic velocities of the thr
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intervals. When the sampling interval is 1 s, the
dynamic velocity, using the L1 and IF observations,
20
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Table 4. RMS results of the dynamic velocity obtained using L1 and IF observations at different sampling intervals
by TDCPVE

Sampling 
intervals, s

L1 IF

N, cm/s E, cm/s U, cm/s N, cm/s E, cm/s U, cm/s

1 0.15 0.11 0.31 0.16 0.12 0.32
5 0.09 0.05 0.16 0.09 0.06 0.09

15 0.07 0.06 0.11 0.07 0.06 0.10
30 0.04 0.05 0.09 0.02 0.03 0.07
are nearly the same. As the sampling interval
increases, the dynamic-velocity accuracy using IF
observations is better than that using L1 observations.

Figures 4a and 4b show the dynamic velocity
images, using L1 and IF observations, when the sam-
pling interval is 1 s and 30 s, respectively. The images,
GYR

Fig. 4. (a) Images of the dynamic velocity obtained using L1 an
(b) Images of the dynamic velocity obtained using L1 and IF ob
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using L1 and IF observations, are nearly the same
when the sampling interval is 1 s; however, when the
sampling rate is 30 s, the L1 image has large f luctua-
tions compared to the IF image.

Therefore, when the sampling interval is 1 s, the
ionospheric-delay change in the TDCPVE model can
OSCOPY AND NAVIGATION  Vol. 11  No. 2  2020

d IF observations by TDCPVE with the sampling interval of 1 s.
servations by TDCPVE with the sampling interval of 30 s.
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Fig. 5. IE position-differenced velocity image of the vehicle for the N, E, and U components, respectively.
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Fig. 6. Deviation images between the velocities of the vehicle, obtained using the three methods and the IE position-differenced
velocity for the N, E, and U components, respectively.
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be neglected, and high-precision dynamic velocity can
be obtained with a single-frequency receiver, which
can reduce the cost considerably. As the sampling
interval increases, ionospheric-delay change correc-
tions can render the dynamic velocity more stable and
accurate. It should be noted that such large-interval
solutions are for the cases of slow motion, when the
velocity within the sampling interval can be deemed
constant.

Performance analysis for kinematic data. Because of
the high positioning accuracy of the IE solution, the
IE position-differenced velocity is considered as the
reference. Figure 5 shows the IE position-differenced
velocity image. It can be seen that the vehicle is in a
motion-stationary-motion state, running back and
forth on a road with a total length of approximately
900 m. The velocity of the vehicle in the E and N com-
ponents are approximately 4 and 6 m/s, respectively;
since the road is f lat, the velocity of the vehicle is con-
siderably small in the vertical component.

Figure 6 shows the deviation images between the
velocities obtained using the three methods and the IE
position-differenced velocity. According to Figs. 5 and
6, when the vehicle is in a static state, the velocity devi-
ations are very small. When the vehicle is in a moving
state, the velocity deviations are considerable and
GYROSCOPY AND NAVIGATION  Vol. 11  No. 2  20
include relatively large spikes. These spikes coincide
with each other and exhibit certain regularity.

In order to further study the causes of these spikes,
Fig. 7 depicts the relationship between the deviations
of these three methods and the IE position-differ-
enced velocity. To facilitate comparison, the deviation
images are amplified by the corresponding multiple. It
follows from Fig. 7 that the deviations increase sharply
when the vehicle turns on a corner, and those of the
TDCPVE are less. This is because the IE position-dif-
ferenced velocity and the TDCPVE results are the
average velocity in the sampling interval, while the
DopplerVE and PPPVE results are the instantaneous
velocity; when the vehicle turns and the velocity
changes rapidly, the average and instantaneous veloc-
ities will differ considerably. This demonstrates that
the accuracy of the velocity measurement depends on
the motion state of the receiver.

Table 5 shows the corresponding deviation RMS
results of the three methods for the N, E, and U com-
ponents. We eliminated the turning-time data and the
intermediate static data, assuming that the vehicle was
in a low dynamic state. Table 6 lists the velocity devia-
tions of the three methods for the N, E, and U compo-
nents. Compared to Table 5, the respective accuracies
of the TDCPVE, DopplerVE, and PPPVE improved
20
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Fig. 7. Relationship between deviation of the three methods and the IE position-differenced velocity of the vehicle.
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to 60, 57, and 68%; 40, 34, and 13%; and 26, 37, and
17% for the N, E and U components, respectively.
After eliminating the turning data, the coincidence
accuracy between the three methods and IE improved,
further proving that the velocity estimation accuracy is
related to the motion state of the carrier.

In summary, the coincidence between the veloci-
ties obtained using the three methods and the IE posi-
tion-differenced velocity, ranked high-to-low, are
TDCPVE, PPPVE, and DopplerVE. The TDCPVE
and IE position-differenced velocities are both aver-
age velocities, while the PPPVE and DopplerVE
velocities are instantaneous velocities; therefore, the
TDCPVE velocity has higher coincidence with the IE
position-differenced velocity. To illustrate this point,
we further calculate the coincidence between the
DopplerVE and PPPVE. Before excluding the turning
data, the coincidence between the DopplerVE and
PPPVE was 3.7, 5.1, and 5.8 cm/s for the N, E, and U
components, respectively, whereas after eliminating
the turning data, it was 3.2, 3.9, and 4.6 cm/s, respec-
tively. It can be seen that the coincidence between the
DopplerVE and PPPVE is higher than that between
the DopplerVE and IE.

To assess the performances of the three models,
previous data testing was based on the precision orbit
and clock products provided by the IGS which can
GYR

Table 5. Deviation RMS between the velocities of the vehi-
cle, obtained using the three methods and the IE position-
differenced velocity for the N, E, and U components,
respectively

Component N, cm/s E, cm/s U, cm/s

TDCPVE 1.0 0.7 4.0
DopplerVE 6.7 5.3 5.3
PPPVE 2.7 2.7 3.0
only be used for post-processed applications. How-
ever, in several practical applications, such as vehicle
navigation and positioning, we need to obtain the pre-
cise velocity in real time. Table 7 shows the velocity
deviation of the TDCPVE-IE and DopplerVE-IE
using broadcast ephemerides and satellite clock
parameters. Comparing the Tables 7 and 5, the Dop-
plerVE velocity obtained using the broadcast and pre-
cise ephemerides are nearly the same; the velocity of
the TDCPVE obtained using the broadcast and pre-
cise ephemerides are of the same order of magnitude.
Thus, the TDCPVE and DopplerVE can be used for
real-time precise velocity measurement.

CONCLUSIONS

The TDCPVE, DopplerVE, and PPPVE are three
commonly used single-point precise velocity mea-
surement methods. This paper analysed the perfor-
mances of these three velocity estimation methods,
and arrived at the following conclusions.

(1) Under simulated kinematic conditions using
static data, with the true value of the velocity consid-
ered to be zero, the respective accuracies of the
TDCPVE, DopplerVE, and PPPVE for the N, E and
U components were 0.05, 0.04, and 0.28 cm/s, 0.98,
0.75, and 2.06 cm/s, and 0.05, 0.04, and 0.16 cm/s,
respectively. The accuracy of the DopplerVE was the
worst, and the PPPVE was nearly the same as the
TDCPVE.

(2) Under kinematic conditions, considering the
position-differenced velocity calculated by the IE
post-processing software as the reference, the RMS of
the respective velocity discrepancies between IE and
TDCPVE, DopplerVE, and PPPVE, for the N, E and
U components, were 1.0, 0.7 and 4.0 cm/s, 6.7, 5.3,
and 5.3 cm/s, and 2.7, 2.7 and 3.0 cm/s, respectively.
The coincidence between the velocities obtained using
OSCOPY AND NAVIGATION  Vol. 11  No. 2  2020
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Table 6. Deviation RMS between the velocities of the vehi-
cle, obtained using the three methods and the IE position-
differenced velocity for the N, E, and U components,
respectively, after eliminating the turning data

Component N, cm/s E, cm/s U, cm/s

TDCPVE 0.4 0.3 1.3
DopplerVE 4.0 3.5 4.6
PPPVE 2.0 1.7 2.5

Table 7. Velocity deviation RMS of the TDCPVE-IE and
DopplerVE-IE in the N, E, and U components using broad-
cast ephemerides

Component N, cm/s E, cm/s U, cm/s

TDCPVE 1.4 0.9 3.3
DopplerVE 6.8 5.3 5.3
the three methods and the IE position-differenced
velocity, ranked from high-to-low, were TDCPVE,
PPPVE, and DopplerVE. This is because the
TDCPVE and IE position-differenced velocities are
both average velocities, while those of the PPPVE and
DopplerVE are instantaneous velocities. Correspond-
ingly, the coincidence between the DopplerVE and
PPPVE is higher than that between the DopplerVE
and IE.

(3) The accuracies of the three methods are related
to the motion state of the mobile carrier (such as accel-
eration and turning). When the mobile carrier turns
frequently, the velocity discrepancies between the
three velocity estimation methods and the IE posi-
tion-differenced velocity increases.

(4) When the sampling interval is 1 s, the TDCPVE
can obtain the precise velocity using a single-fre-
quency stand-alone GPS receiver; TDCPVE and
DopplerVE can obtain accuracies of the same order of
magnitude using broadcast and precise ephemerides,
and it is convenient for real-time velocity measure-
ments; PPPVE can obtain not only the accurate posi-
tion, but also the accurate velocity, and can be used for
seismic and deformation monitoring, and in other
fields.
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