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Abstract. Aiming at the problem of velocity measurement accuracy in single system carrier phase
differential velocity measurement and the possible cycle slip in the process, a carrier phase three
difference method is proposed to further improve the velocity measurement accuracy. The use of
carrier phase triple difference positioning has been very mature, but there is not much research in
velocity measurement. Therefore, this paper uses carrier phase triple difference for velocity
measurement. At the same time, in order to improve the cycle slip problem in the process, an integral
Doppler double difference combined with carrier phase triple difference is proposed, and then a
method to improve the cycle slip based on weight is obtained. Both static and dynamic tests show
that the carrier phase triple difference method can improve the speed measurement accuracy, and
the weighted carrier phase triple difference method can improve the cycle slip.
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1. Introduction

Precise velocity measurement is of great significance for dynamic applications such as automatic
guidance and control of unmanned aerial vehicle (UAV) and calibration of inertial navigation system
(INS) [1]. There are three main methods of GNSS velocity measurement in common use [2]: high-
precision position differential velocity measurement can reach the accuracy of cm/s level [3]. The
velocity of the original Doppler observation value can reach about lcm/s [4], and the velocity
accuracy is low [5]. The carrier phase differential speed measurement can reach below lcm/s [4] [6].
In order to further improve the speed measurement accuracy, this paper uses carrier phase triple
difference to measure the speed. The carrier phase triple difference has been widely used in
positioning, but the research on velocity measurement is less. Document [7] uses BDS data as carrier
phase epoch difference to measure the dynamic receiver, indicating that the dynamic accuracy of the
receiver is at cm/s. The Doppler measurement value indicates the speed of the user at a certain time,
while the carrier phase indicates the average speed of the user over a period of time [3] [8], and the
Doppler measurement result is significantly affected by the motion of the moving carrier [9].
Therefore, when the carrier movement is stable, the accuracy of the method based on the carrier phase
difference between epochs is better [10]. The dynamic and static data were analyzed by the carrier
phase difference method between epochs in literature [11], but the clock difference between satellite
and receiver was not completely eliminated in the process, so the accuracy of speed measurement can
still be further improved. The combined system has a certain improvement in stability compared with
the single system. Literature [10] analyzes the speed measurement accuracy of different combined
systems using BDS data. Literature [12] shows that the residual ionospheric and tropospheric errors
after the inter-era difference are very small. Reference [13] uses GPS to measure the receiver speed,
and further improves the accuracy, and does not need to use satellite speed to solve.

This paper will study the carrier phase triple difference method based on the carrier phase, use the
BDS/GPS integrated system to accurately fix the speed of the receiver, and eliminate the impact of
the satellite clock error caused by the carrier phase difference between epochs, satellites and stations,
and further improve the accuracy of the speed measurement. At the same time, in order to improve
the effect of cycle slip that may exist in the process, this paper uses the method of integrating Doppler
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double difference and carrier phase triple difference to get a method based on weight to improve cycle
slip.

2. Analysis of speed measurement method

2.1 Carrier phase three difference method

The carrier phase three-difference velocity measurement model is to use the carrier phase to carry
out the carrier phase inter-era difference, carrier phase inter-station difference and carrier phase inter-
satellite difference successively. The carrier phase received by the receiver can be expressed as [6]:

Ap =p + c(8t, — 6t°) + AN — Siono + Strop + Orep + € (D

Where: lambda is the carrier wavelength; ¢ represents the carrier phase measurement value; p
represents the distance between the receiver and the corresponding satellite; ¢ is the speed of light;
dt, is the receiver clock error; §t° indicates satellite clock error; N represents the ambiguity of
the whole cycle; &, represents the ionospheric error; &, represents tropospheric error; &,
represents relativistic correction; & includes various errors including multipath effect, solid tide,
ocean tide and receiver noise [14] [15].

Suppose r*(k) represents the position of the satellite at the k-epoch, and r*(k — 1) represents the
position at the k-1 epoch. 7,.(k) indicates the position of the receiver of the k epoch, 7.(k — 1)
indicates the position of the receiver of the k-1 epoch. 73,(k) indicates the position of the k epoch
reference station, 75,(k — 1) indicates the location of the k-1 epoch reference station. Ar,. represents
the change of receiver position coordinates between epochs. [ represents the unit observation vector
between the reference station and the receiver. Therefore, the distance between the receiver and the
satellite can be expressed as

pr (k) = L(O[F* (k) — 7. (k)] @
pr(k—1) =1.(k = D[k = 1) = 7.(k — 1)] 3)
Assuming that the reference satellite is represented by the symbol j and other satellites are
represented by the symbol s, three differences can be obtained:
Apy) = [B3(k) = BUOLFe ) = [0k = 1) = [k = DJF*(k — 1) = [[L(k) = U] (k)
[ e — 1) = Uk = D] (k — 1) = [I5k) — I3k — 1) = (k) + Lk — D](k = 1)
I3 k) — L5k — 1) = L) + 1 (k — D)]F, (k — 1) — [I5(k) — L(K)] A7, 4)
At the same time, the difference of lambda AA¢ can be obtained
[Is () — ()| o% — Ae)
=[50 = G]Fe U — [tk — 1) = [k = D]F*(k = 1) = [ (k) = (] (k)
+ [k —1) = Lk — D]k — 1) = [I5k) — [k — 1) = (k) + L (k — D] = 1)
+ [0 = 1k — 1) = L (k) + U (k — D],k — 1)
L) A(ﬂf,f (5)

From this A7,. According to the time interval between epochs, the average speed between adjacent

epochs can be obtained.

2.2 Weighted carrier phase triple difference method for joint integrated Doppler

For equation (5), if the cycle jump occurs during the process, the cycle jump should be subtracted
from the right side of the equation, namely
[ls() — U()]|A% — Aell — 25 ANY)
= [F00) — B () — [0k = 1) = Bk = D]F< (k = 1) = [L() — L ()] (k)
+ [l -D -k D]k -1 = [I5(k) — 5k — 1) = LK) + Lk — D](k — 1)
+ [0 — 1k — 1) = L(k) + U (k — D]y (k — 1)
_AsjA(pTSII)' (6)
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Because the integral value of Doppler frequency shift between two epochs is equal to the carrier
phase difference without cycle hopping, f represents Doppler frequency shift. Through inter-station
and inter-satellite difference, we can get:

k
- f AIfSTde = 2SI ng?) ™
k-1
Take Formula (7) into Formula (6), we can get:
[ls(k) — U (k)] A% — AES) | |
= [0 - U] - [k —1) - Ly (k = D]k = 1) = [17 () = 3, (0] ()
+[Uk-1) -k - D] (k—1) = [Z(k) = Lk — 1) = LL(k) + (k= D] (k — 1)
+ [ 0k) = I3k — 1) = L) + L (ke — D]k — 1)
k
+| A fYde (8)
k-1

The difference between formula (8) and formula (6) can be obtained,
k

MIANS] + Ael] — A&S) = 25903 + | 29 £ dt ©)
k-1
At this time, if the corresponding satellite in equation (9) does not have cycle jump, the value on

the right of the equation will be close to zero. It can also be seen that the closer the value on the right
side of the equation is to zero, the smaller the probability of the satellite's cycle jump is, and the more
trustworthy it is. Therefore, each satellite can be assigned a weight, and the smaller the weight, the
higher the weight. Assuming that there are N satellites in the process, N-1 equations can be obtained.
Remember

pY
g=| Y (10)
ﬁN—lj
In order to prevent the occurrence of zero value in the process, a small value Ao should be added,
SO
ﬁlj - ﬁmin
ﬁZj T".Bmin (1 1)
BN_lj - ﬁmm
Then take the reciprocal of this Value as the weight matrix C, that is
all + Aa 0
C= : : (12)
0 1
aVN-Y + Aa
The weight in the least squares method is thus constructed, namely
WGAx = Wb (13)

HHOEHGIN
Where G = | [lz(k) - l](k)] ,Ax = AT, C=WTW
[[llrV ‘1(k) — ()]
v = [0 = L () = [tk = 1) = (k= DJF (k= 1) = [0 = U7 (o)
+ [k — 1) = Lk — D]k — 1) = [IECk) = Lk — 1) = U (k) + Lk — D]k — 1)
+ [ k) — (ke — 1) — L (k) + U (ke = D] (k — 1)
—lijA(Pi{, (14)

d
_|
=| 7. (15)
yN-U

According to the weighted least squares formula,

Then
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Ax = (GTCG)™*GTCh (16)
For static conditions, it can be weighted without introducing Doppler measurements, because the
position itself will not change.

3. Test analysis

3.1 Cyclic jump dynamic test

The dynamic test also uses Panda Space-Time as the reference station, Beidou Xingtong as the
mobile station, and uses the trolley to collect data. The dynamic sampling frequency is 1Hz. In order
to compare the data, the RTK positioning technology is used to compare the speed obtained by the
carrier phase triple difference method with the speed obtained by the RTK positioning position
difference. In order to compare the repair degree of different cycle slips of the system, this paper
compares the two cycle slips introduced by GPS satellite artificially, and introduces cycle slips every
one minute in the process. The results are shown in the figure
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Figure 1. Comparison between RTK position differential velocity measurement and carrier phase
triple differential velocity measurement

Table 1. Two-cycle dynamic RMS error of single system and combined system

scheme X/(mm/s) Y/(mm/s) Z/(mm/s)
Weighting BDS 33 6.0 2.7
Weighting GPS 8.1 10.3 4.8

Weighting BDS/GPS 3.5 5.9 2.8
BDS 22 4.5 2.1

GPS 8.3 19.7 6.0
BDS/GPS 24 8.5 2.5
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Figure 2. Error diagram of weighted and unweighted BDS/GPS combined system for two-cycle
cycle cycle slip in dynamic test

4. Conclusion

This paper introduces the basic principle of carrier phase triple difference method and weighted
method in detail, and introduces the influence of single system and combined system on the accuracy
of carrier phase triple difference method and weighted carrier phase triple difference method. The
advantages and disadvantages of weighted carrier phase compared with carrier phase triple difference
method in dynamic and static aspects are compared. The following conclusions are obtained:

(1) The accuracy of carrier phase difference method is improved compared with that of carrier
phase difference method between epochs.

(2) When there is cycle slip dynamically, the weighted carrier phase triple difference method can
improve the error caused by cycle slip.

(3) The double system has stronger anti-interference ability and better accuracy than the single
system.
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