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Online RWE Monitoring Based on Cross-Correlation Method for
IFOGs in Space Applications”
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Abstract: Random Walk Error (RWE) is one of the most sensitive errors in interference fiber optic gyroscopes (IF-
OGs) for space applications. Based on the optical component parameters that degrade in space irradiation environment
and the IFOG physical model, forward path gain (FPG) is confirmed as the feature characterizing deterioration of RWE.
According to the cross-correlation identification theory, an online FPG extraction method with pseudo random binary sig-
nals(PRBS) injection is proposed. The correlativity between the forward path output, square-wave reference signal and
square-wave modulated PRBS are analyzed, and the results show that the extraction process can identify the FPG effec-
tively without disturbing IFOGs’ normal working cycles. The prerequisite of the method is discussed and the hardware
realization in IFOG is introduced. An IFOG gamma ray radiation experiment was carried out to verify the method and the
results shows that the FPG identification process can reveal 75% deterioration of RWE.
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Benefited from the particular advantages of the In-
terference Fiber Optic Gyroscope (IFOG) , it has been
applied widely in space explorations. The well-known
example is the application of LN-200 in “Clementine”
in 19941 which was the first IFOG utilization in aer-
ospace navigation. Astrix serials TFOGs of Ixspace co.
have been used in space exploration projects such as
PLEIADES, AEOLUS, and PLANCK'*.

Bias, random walk error (RWE) and scale factor
are the most important characteristics of IFOGs'*!. Bi-

as is a long-period random process, RWE is a short-
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period fluctuation, and scale factor is a proportional
coefficient that relates the input and the output signal.
They are also very susceptible to space radiation envi-

! and the deterioration of these character-

ronment'* =
istics may cause failures of IFOGs.

The on-line calibration of bias and scale factor is a
most mature procedure at NASA’s Goddard Space Flight
Center'”'. Nevertheless, the on-line monitoring of RWE
requires special tools of analysis, and the on-orbit RWE
is an important factor that influences the performance of

gyro-based attitude determination systems'®'.
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The basic noise sensitivity of an IFOG is specified by
the RWE performance, which is a rate angle white noise
spectral density usually given in deg/h"”. RWE is an im-
portant parameter that characterizes the optical gyros'”.

Generally, Allan Variance method is used to model
the error components of inertial sensors including random
walk error'”. By its very nature, the Allan Variance is
an off-line method and the precondition for the method is

that the handled noise should be stationary'®’.

In recent
years , methods and procedures were brought out to realize
the on-orbit RWE, characterization for gyros during the
Post Launch Test (PLT) period'""’. A state-space based
computation method was also advanced to model on-line

RWE!".

noise from the viewpoint of data. And the prerequisite of

Most of those methods focus on analyzing the

these methods is that the angular rate should first be re-
moved from the IFOGs’ output. In this way, other sen-
sors such as star trackers on the spaceships are used as a
reference, and their precision and working stability play a
key role to these methods.

In the present work, we propose a novel method to
monitor the on-line RWE performance. This paper be-
gins with the analysis of space environment sensitive
component parameters, and confirms that the forward
path gain ( FPG) is the feature to characterize the
RWE. And the cross-correlation method is brought out
for the on-line FPG estimation in section two. In sec-
tion three hardware realization is discussed. An irradi-
ation experiment is used to validate the method in sec-
tion four. Finally, the conclusions and discussion are

presented in section five.

1 Feature of RWE in Space Environ-
ment

The basic noise sensitivity of an IFOG is specified
by the RWE performance, which is a rate angle noise
spectral density usually given in deg/h"”. In a radia-
tion-free environment, coniributions to the RWE in-
clude photon shot noise, excess intensity noise in the
source, detector and electronics noise, and quantiza-
tion noise of the D/A converter in the closed-loop sys-
tem. While in space applications, the most significant
effect of radiation is an increase in photon shot noise
due to a decrease in the transmission of the fiber resul-

ting in less power on the detector. A falloff of the

source power or detector sensitivity also increases the
shot noise. A listing of the most sensitive degraded
physical parameters that affect RWE performance in an
IFOG is in table I'*).

Table 1 IFOG space sensitive component parameters
Component Degraded Parameter
Source Output power
Fiber Attenuation
Detector Responsivity

All those radiation-affected parameters can be re-
flected in the model of IFOGs"*’ as shown in Fig. 1.

Forward path

Fig.1 IFOGs dynamic model
. 27LD .
Where, K, is the Sagnac scale factor, 7;7, Lis
c

the fiber length , D is the diameter of the fiber coil and
A is the wavelength; ) is the input angular rate; P, is
the light power from the source; K, is the gain of the
optical transmission system, including the fiber coil,
integrate optic circuit, and coupler; K, is the respons-
ivity of the detector; K, is the gain of the pre-amplifier
circuit; D(z) is the square-wave demodulation block ;
D, is the IFOG’s output. K, is the feedback gain.

The radiation-relevant parameters listed in table 1
are included in the forward path of the closed-loop sys-
tem, which is enclosed in the dashed in figure 1. And
the forward path gain is defined as,

FPG =P, x K, x K, x K, (1)

If the FPG decreases, the RWE deteriorates cor-
respondingly and it is the main reason for the deteriora-
tion. The FPG can be viewed as the feature of RWE in

the space environments.

2 Feature Extraction Based on Cross-
Correlation Method

2.1 Cross-correlation ethod'"’
For single input and single output systems ( SI-
SO), its

described as,

dynamic attribute in time domain is

y(1) = [g(o)x(i=0) do 2)

Where g (o) is the impulse response function of the
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system, x(¢) and y(¢) are the input and the output of
the system separately.
The cross-correlation of x (¢) and y (¢) can be

written as,

R,(7) = [g(@R (r-a)de  (3)

If the input x(t) is the white noise, and its cross-

correlation can be expressed as,

1 7=0
R (r-0) = 4
w7 =) {() TH#O )
Then the formula(3) can be rewritten as,
R, (7) =Kg(7) (5)

Where K is the intensity of the signal x(z).

That is, if the input of the SISO system is white
noise, and then the cross-correlation of the input and the
output signals give the impulse response of the system.

This theoretical result requires the ability to gener-
ate white noise as an input perturbation to the system.
A simple compromise is to approximate white noise
through use of pseudo random binary signal ( PRBS)
perturbations. And the PRBS can be easily generated
but is periodic and deterministic. The data length for
one period of an n-bit maximum length PRBS is given
by M =2" —1, and the signal itself has only two possi-
ble values: =ze.

2.2 Forward Path Gain Extraction via Cross-
correlation

As Fig. 2 is shown, the forward path in the solid
lines and the forward path gain identification process is
in the dashed lines. The forward path can be viewed as
an SISO unit and the PRBS identification signal is in-
jected to the feedback path combined with the normal
working signals. The forward path gain identification is
accomplished via the cross-correlation between the
square-wave modulated PRBS signal and the forward

path output signal.

Forward path
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Fig.2 FPG estimation schematic

The feedback signal ¢, can be expressed as,

¢y (n7) =K, x[D,,(n7) +m(nr) ] (6)
Where 7 is the transit time of the fiber coil, D,
(n7) is the closed-loop feedback digital values at the
nr time, m(nr) is the PRBS signal, and n=1,2,---.

The signal P is expressed as'* |

P(nr) =FPG xsin[ ¢(nr) + @, (n7) +@y(n7) ]

(7)
For square wave modulation,
+§ n =2k
qDM(nT): k:1’2)”' (8)
-5 n=2k-1
So P can be rewritten as,
FPG xsin[ g5 (n7) +¢;, (n7) | n =2k
P(nt) = .
- FPG xsin[ ¢4 (n7) +goﬂ)(m')] n=2k-1
(9)

Ideally, for stable closed-loop IFOGs, the value
of [@,(nT) +K,xD
PRBS decides the linearity of the sin function, and

) 1s zero and the intensity of the
here we suppose that the identification process does not
ruin the linearity. Then the above formula can be re-
written as,

FPG x [, (n1) +K, x

D, (nt) +K, xm(nr)] n=2k
P = ’
U7 =9 RRG x [, (nr) K, %
Dout(nT) +fom(n7'):| n=2k-1
(10)

The forward path output P is a composite of nor-
mal working signals, which is demodulated with the
square-wave reference signal, and FPG identification
signal , which is demodulated with square-wave modula-
ted PRBS. So the correlativity between the square-
wave reference signal, square-wave modulated PRBS
decides the feasibility of the method.

The correlativity analysis is shown in figure 3 and
the period of PRBS is 15. Fig. 3-a shows that the cor-
relativity of square-wave reference signal and square-
wave modulated PRBS is about 0. 03, Fig. 3-b reveals
that the cross-correlation between square-wave modula-
ted PRBS and forward path output is correlated as
white noise. So the FPG can be identified online via

the correlation method without disturb the normal work-

ing cycles of IFOGs.
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2.3 Prerequisite of the Method

From formula(10) we can see that the result of

the cross-correlation method is expressed as,
FPG,, =P, xK, xK, xK; xK, (11)
That is the identified FPG includes the feedback
path gain K, which will disturb the identification result
if it is not constant. For high performance IFOGs spe-
cial techniques have been used to stabilize Kf[m. Un-
der such conditions, the identified result only reflects

changes from forward path.

3 Hardware Realization

Our proposed procedure for FPG identification in
hardware is summarized in Fig. 4, which is realized in
FPGA. The solid lines show the normal working flows
of IFOGs and the dashed lines show how the identifica-
tion works. An 1023 period PRBS is generated in the
PRBS generator block and injected to the feedback
path combined with the normal working signals. The
output of forward path is shifted to FPGA and directed
to two blocks, one is square-wave demodulation block
with angular rate as its output and the other is cross-
correlation block with FPG gain as its result. In the
cross-correlation block, the generated PRBS is firstly
modulated by the square-wave signal and cross-correla-

tion is calculated with the forward path output.

An IFOG with a superfluorescent light source
(SFS) irradiation experiment was carried out to verify
the cross-correlation method. The experiment radiation
source is gamma ray under the condition of 0.1 rad/s
and accumulative dose 20 krad. The experiment setup
is shown in Fig. 5, and digital output of the [FOG and
the FPG identification result were collected. Optical
Power from the light source was monitored by the Opti-
cal Power Meter.

Radiation
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Fig.5 Radiation experiment setup

The results of the experiment were shown in Fig. 6.
Fig. 6-a shows the IFOG noise output, and figure 6-b re-
veals the optical power attenuation from SFS light source
was about 3.5 dB. RWE degraded from 0.02°/h*’ to
0.17°/h". and the identified FPG changed from 0. 74
V10 0.12 V. RWE deteriorated about 8 times and the
FPG identified result decreased about 6 times which
could reflect about 75% deterioration of RWE, and the
remained RWE deterioration resulted from other irradia-
ted-induced noise sources'”’. The lines in fig. 6-b and
fig. 6-d were closely correlated indicating that a falloff of
the optical power possibly was the main factor responsi-
ble for the RWE deterioration.
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Fig.6 Gamma radiation experiment and identification results

5 Conclusion and discussion

The present paper deals with the on-line RWE
monitoring of IFOGs in space applications. The conclu-
sion is that FPG is the feature of RWE deterioration in
space applications and the cross-correlation method can
online identify the feature of RWE deterioration based
on theoretical analysis. And the experiment result
shows that the identified FPG can reveal about 75%
deterioration of RWE.

As shown in Fig. 3, the cross-correlation is non-
zero and small disturbance will be brought to the IFOG
output during the identification process, which need

further research.
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