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By using PVA (Position Velocity Acceleration)
model, the dynamic vehicle can be simulated.
Differential GPS algorithms play the roles of the
measurement equations in the recursive processes
of Kalman Filter. Besides this, we combine the
forward filter and backward filter to be the
smoother in order to achieve the higher precision.
Then we use MMSE (Minimum Mean Square
Error) to integrate different smoothing resuits from
different reference stations for reducing positioning
error. Finally we construct the hardware and the
software of the system. Also, we check the
smoothed results from mult reference stations to
confirm our algorithm.
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ABSTRACT

The availability of GLOMNASS system is sensitive to
visible satellites. In light of the apparent lack of financial
support to maintain the system through new launches, the
GLONASS system users rmust make the best possible use
of the resources. In this paper, we present a method for
that the
carrier-phase measurements. By modeling the benavior of

detecting cycle-slip can reducs redundant
the local oscillator, receiver’s clock error can be predicted.
The predictable clock error will be used to monitor
conventional positioning
algorithms, there are 4 unknown vanables, x, 3. z and

receiver clock error. Hence, at least 4 GLONASS satellite

cycle-slip occumrence. In

measurements are needed for position fixing. At least 5
and & visible satellite measurements are needed for
detection and identification of single fault satellite,
respectively. By the help of predicted receiver clock error,
the unknown variables become 3. In our algorithms, the
needed numbers of visible sateflites for fault detection and
identification are 4 and 5, respectively. The experimental
results are provided to verify our methods.

INTRODUCTION

The global navigation satellite svstem (GLONASS) is a
space-based, worldwide and the clock
navigation system. The satellite constellation and the
signal structure are simiiarly to those of global positioning
systern {GPS). Their major differences are the reference
frame, the systemn time and the frequencies of the satellite
signals.

Conceprually, GLONASS operates on the principle of
tilateration. The accuracy of the positioning results

around
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heavily depends on the precision of the measursd
distances from the user to visible sateilites. There are two
observables being used to calculate the distances:
code-phase and carmier-phase. The former one represents
the radio signal travelling length from the satellite to the
receiver. The code-phase can provide the range data witha
coarse resolution (several metersy. The later one is caused
by the Doppler shift, which is proportional to the relative
velocity between the satellite and the receiver. The
carrier-phase can provide the range rate data with a fine
resolution (one-half centimeter). In some algorithms, such
as CSC (Carrier Smooth Cede), these two data are
integrated to obtain a balance solution. In other algorithms,
such as real time kinematics (RTK), the carrier-phase data
are used alone for positioning once the ambiguity values
been resolved by search method. If the code-phase signal
is lose track, the receiver will disconnect the associated
information. However, even if the carrier-phase signal is
lose track, the receiver still provides the abnormal data
without any warning. Hence, for detecting and identifying

the abnormal carrier-phase data are tmportant.

GLONASS CARRIER-PHASE
OBSERVABLES

The GLONASS carrier-phase observables count the beat
phase, ie., the difference between the L,-band carrier
wave from a satellite and the reference signal generated by
the receiver. It can be modeled as

gl =pl=eldt! ~dT )}V + XN ~d. +d]  +€]
(1)
where :pj is the carrier-phase measurements of the

receiver 4 from the j-th GLONASS satellite; p j is the

true distance berween the receiver 4 and the j-th satellite; ¢



is the speed of light; N/ denotes the inital phase integer
d:, . df

ins Gioprand €5 are the ionospheric delay,

ambiguity;
the tropospheric delay and the unmodeled errors,
respectively; dt’ is the clock error of the j-th satellite, and

4T, denotes the clock error of the receiver 4. A7 =¢/ £/,
J'is the frequency of satellite . Because the GLONASS

is emploved the technique of frequency division multiple
access (FDMA) two distinguish the signals from the
differeat satellites, each satellite uses common PRN code
but different carrier frequencies. The frequency offset
between satellites in the L, band is 562.5 kHz

/¥ =1602 MHz + j x0.5625 MHz,

where j is the channe] namber.

If the distance from the mobile receiver A and the
reference station B is short, the effects of the propagation
delay will be nearly same. Then, by forming the phase
difference between the mobile user and the referencs
and

station, the common error factor &/, &7, o 10
{1} can be eliminated. Furthermore, forming the phase
difference from one epoch to the next, the initial phase
integer ambiguity can be eliminared. One advantageous
model, namely rteceiver-time double difference, is to
perform the change from one epoch to the next and to
obtain the difference between receivers for the same
sateilite. The equation in receiver-time double difference

is expressed as

A BAgL, =BApI, —clAdT  +8AE 1, (2

where the convention SA*/ = (% —*1) . — (%5 -
* Depocwt 15 used, and the asterisk may be replaced by

 p cdTand &

With » satellites ( # 2 4 ) being observed at the same time,
the matrix form (2) is written as
Shg,, =H-u+dAe 5 {3)

where 8A¢,, 5 an o-tuple vector; the j-th element
isA’8agi, . H(nx4,n24) is the cbservation matrix,
the j-th row of His [} 1], e denotes the line-of-sight
(unit) vector from user 4 to satellite j. ¥ is 2 4-tuple stare
u=[8 & & cdAdT,;]" . denoting the
displacement and the difference in clock error berween
receiver A and B. The least square solution of (3} is

veclor
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G=(HH'H . 8Ad,,, (4)

where # is the estimation of the true state .

THE PREDICTION OF CLOCK ERROR

some rzceivers employ high precision, oven-controlled,
quartz crystal oscillators. These oscillators are small,
light-weight, consume little power and are relatively
inexpensive. They have sufficient short-term stability to
add negligible noise to code tracking loops and their
long-term drift can be measured and medeled using the
GLONASS signals themselves.

In {1) the clock emor 47, is caused by the stability of
receiver local frequency. This error can be eliminated by
double difference-method berween satellites and receivers.
However, by exploiting the short-term stability of receiver
quaniz oscillator, the clock error can be modeied and
predicted. The used model is [1]:

dar ()=a, +b xt+ Dr, x%ﬁ-qo_{(r],

, (5)
where 4&7,(1) is the receiver A's clock ervor that is
related to its nominal standard clock; a4 and &, are clock
bias and clock drift, Dr, denctes the clock drift rate, and
,(z) isthe andom part.

Substintes (3) into (2), the difference of receiver cliock
error becomes

‘Sadr.‘zs =AdT (¢ epochd )— Mru {z pochl )
= a5 +b,T +%Dr.wrz TE,

&)

where a,{=a, —a,)is the difference of clock bias,
by (= bg-b,)and Dr,; (= Dry -~ Dr,) are the difference
of clock dnift and drift rate between the receiver 4 and B,
and T denotes the fixed time interval from one epoch to
the next. Figure 1 shows the clock behavior of reference
receiver and user receiver. Because the nominal clock of
rac recsivers is unique, the difference of clock error
SA4T,, is equal to the difference of the two receiver’s

clock.
Referencm
clock

User
clock

Cloek Eeror

Difference  sadTasi1h AAAT a8 (%)

AadAT at (73
FIG. | The Difference of Clock Error Betwesn Reference
Receiver and User Receiver



Assume that we had observed N { ¥ 23) continuous
GLONASS measurements and computed ¥ 8AdT . 5, (6)

can than be written in the form:

1 4 T
AT, 5(n) =a‘43+bﬂ‘r-n+-£D:;wr‘-n‘+£,{n) ,

(7}

for n=1,2,--, N . Let's define the martrices:

[ 8AGT (1)
88dT 5(2)

X= , (8a)

| AT 5 (N}

=|
i

(8b)

=
]
o
o "o
o o

]
H

(8d)

ti‘ Dr s

From these definitions, equation (6} can be rewritten in the
matrix form:

X=NTB+g, (9}

and the coefficients, B, which minimize the squared
errors are given by

a1g”

of 0AdT,,

x . computed from (4) :

_“ .,L!l |

et u.;,l[ l '

FIG. 2 Clock Errors Between Computed and Predicted
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a
B = 543 =f"[;§rﬁ)_lf\_’rf

(10}

1 =
-'?—D?'_‘B

- -

If B is obtained, it is easy to predict the difference of

clock error between receiver 4 and B at epoch A+1. The
predicted eguation is givea by

BT, (N +1)=d g+ 5, - (N-]) +é B2 (VT (11)

Figure 2 shows the clock emors of computed value and
predicted value that they are observed from four visible
satellites without cycle-slip.

DETECTION OF CYCLE-SLIP

Suppose
Ay Ay Ay Ay
A A, A, .
a=ETEy 2|t de e gy
Ap Ay Ay Ay
‘A-ﬂ ‘441 A-IS A-H-

where A is the observation matrix, then the time dilution
of precision (TDOP) is

TDOP = [4,, . (12b)

As shown in (4), receivers can update or reset their
internal clocks to standard time by solving the clock error
from the pseudo-range or carrier-phase measurements. The
clock error depends on oscillator stability and the variance
o ? is related to carrier phase residual error variance. If

the computation of clock error was accomplished through
four or more satellites, than

6, = TDOPX0,, (14)

where o2 is the measured carrier-phase residual error

variance. If the measurerpent was accomplished by
tracking a single satellite from an exactly known location,
then G, = . [n general, the measursments coatain all

visible satellite’s signals.

To detect the cycle-slip in carrier-phase measurements, by
applied relationship in (14}, we can make the decision
strategy for the detection threshold to monitor the
difference of clock error. Figure 3 and figure 4 show the
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differences of receiver clock errors. In statc test, the
obvious abrupt changes in both 8¢/, and SAdT,, are
observed. In dynamic test, the abrupt changes of §AdT
is also obviously indicated. Because it is difficult to
distinguish the phase changes berween cycle-slip and
receiver mation, the abrupt changes of JA¢7, zan not be

observed clearly. The difference of receiver clock errors
8AdT 5 is a significant signal to make the decision for

cycle-slip detection

FAULT IDENTIFICATION-PARITY SPACE
METHOD

As show in (3}, there are 4 unknowns, &, dy,8 and
¢SAdT,; to be determined from the measurements. In

conventional positioning algorithms, it needs at least four
visible satellites. For detecting any single fault satellites,
measurements from 5 satellites is the minimal requirement.
For identifying which satellite is abnormal, measurements

from & satellites is the minimal requirement. In this paper,
OAAT , can be predicted as expressed in (11). Hence, the

dx,éy, & . For
identifying the abnorma! satellite, oniy 5 GLONASS
satetlites will be enough. The parity space method can be
used to identify the wrong satellite. This algorithm is
described in the following,

number of unknowns decreases o 3, ie.

Substituting the difference of predicted clock error that we
obtained in (11) into (2), then we have

AP =G-G-e, (15)

where G is the first three columms of & in (3), and
za=[& & &) of user
receiver, A®, =8A¢!, —cdAdT,, , and e = Ae ;. The

least square sojution of (15) is

denotes the displacement

7 =(G"GY'GT- A, . (16)

For explaining the concept of the parity space, we assume
the measurements are obtazined from 35 GLONASS
satellites. In other word, the dimension of G matrix in (13)
is 3 by 3. Applying the Gram-Schmidt process on the
columns of G, and adding 2 more orthonormal columns,
an orthogonal matrix (7, with the following properties:

Q'Q0=00"=Iand Q-G being the upper triangular



matnix with last 2 rows being zeros. Let the matrix ¢ be
pattitioned into two parts, Q;and@p. Q; is the first 3
rows of &, 0, is the last 2 rows of 0. The parity vector
is defined as (0, - A®; , which can be used to identify the

fault satellite. The reasons will be derived in the following.

Both sides of (15} are muitiplied by 0. Then the left side
becomes

O - AD,
AD, = . 17
2 T {QP AD, (17a}
The right side becomes
(Ga+
Q-(GE+e)=[Qs (Ga 8)}. (17b)
Zee
Since G=0 , this implies Ga=0 also.
Cornparing the 2nd block of {172} and (17b), we have
gad, =0, 2. {18

The parity space are colurmns of (2, . In this case, let

o =[Pn Pli}. (19)
Pay Pas

Pis
P

P
Pau

Py
Pz
Then [pu pzl.]r, fori=1,---,5, are parity space. Without

loss of generality, we assume there is a big abrupt change
£, due to a failure in satellite 3, then e can be

approximated as [0 0 £, O 0] . Substitute e and (19}
into {18),
P

l:dx ]zl:ﬂ I
d, Py P
Py
= ‘£
[PJ ’

where

(pl1,pi1)
0.8
Qs
0.«

D
P

P

p”]-[o 0 e 0 of
P

P
® (202)

phd,p24)

P2t

FIG. 5 Parity Space and Parity Vector Associated to
the Failure of Satellite.
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d,

=0, AD, (20b)
d‘l
is the panty wvector, Figure 5 illustrates the two
dimensional parify space associated with 5 satellites. The
parity vector [b, b, [ indicates the direction of the

corresponding failure in abnermal channe!.

EXPERIMENTAL RESULTS

To wverify pur algorithms for cvcle-slip derection in
GLONASS camier-phase measurements, one pair of
GLONASS receivers, 3§ Navigation GNSS-300 had been
used. The reference station at Talpei was located at
longitude 121.4138° (East), latimde 25.0215° (Morth),
and height 50m. The tested time is set as 01:30 am~02:00
am, 22 Oct. 1999, in UTC (USNO) time. During this time
interval, five GLONASS satellites (SVN &, 7, 9, 10, 16)
were observed. Among those, four satellites (SVN 6, 7, 9
and 16} were seiected as the “base” satellites in the fault
detection tests. The satellite 3VN 10 was associated as
“redundant™ satellite in the fault identification tests. The
data rate is | Hz.

Fig. 6 shows the parity space algorithm is performed. The
error circle centered at the ongin represents the normal

condition error dispersion. The single chanpe! fault
signarures are indicated in the figure.
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FIG. & Abnormmal Satellite Identification
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TABLE 1. Detection and Identification Statistics Biases-Calibration =~ Methods  and  Feasibility,
Sat. | Cycle-Slip {Numbers of|  Fault Fault Proceedings of [ON GPS-99, Nashville, TN,
Case |3WN.| (Cycles) | Cyele-Slip | Detection | Idemtification September 14-17, 1999, pp 329-318.
Test (4 sawllites) (3 satellites] [4] B. W. Parkinson and J. J. Spilker, Global Positioning
L| d 1 100 100% L00% Svstem: Theory and Applications, Val. I and II, ATA A,
2 B ] 100 100% 1080% washing ton D.C., 1996
3 [ s i 100 | 100% 100% {5] B. S. Pervan, D. G. Lawrence and B. W. Parkinson,
4 |16 ! 00| 100% 100% Autonomous Fault Detection and Removai Using GPS
3 3 -4 100 | 100% 100% Carrier-phase, [EEE Trams. of dAerospace and
I3 H -1 e 100% 100% Electronic Systems, vol. 34, No, 3, July 1998, pp.
719 -l 00 100% 100% 897-906
g |18 -1 00 00% 100% §6] E. Rooney and A. Last, GLONASS: As Good As It
Should Be?, Proceedings of ION GPS5-99, Nashviile, .

TN, September 14-17, 1999, pp 1363-1368.
considered. All the experiment data are real measured but 7] M" A. Sturga, Navigation System Integrity Monitoring .
Using Redundant Measurements, Navigation, Journal
of the Institute of navigation, Vol. 35, No. 34, Winter

1988-1989, pp. 483-501

Table 1 shows the various situations of cvcle-slip being

the cyele-ship are anificially generated in post-processing.

CONCLUSION

This paper presents a method to detect the cycle-slip of
GLONASS carrier-phase measurements by monitoring the
receiver clock behavior. The method reduces the minimal
requirements of redundant measurements for the cycle-slip
detection and identification. DBecause of practcal
limitations, the cycle-slip detsction experiment had t
generate failures by artificially post-processing of
previously recorded GLONASS carTier-phase
measurements, As show in this paper, even one cycle-slip
occurrence can be exact detected in the proposed method.
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