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The process of a γ-irradiation experiment of fibre optical gyroscope (FOG) control circuit was described, in which

it is demonstrated that the FOG control circuit, except for D/A converter, could endure the dose of 10krad with the

protection of cabin material. The distortion and drift in D/A converter due to radiation, which affect the performance

of FOG seriously, was indicated based on the elemental analysis. Finally, a compensation network based on adaptive

neuro-fuzzy inference system is proposed and its function is verified by simulation.
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1. Introduction

Owing to the particular advantages for space ap-

plications, the fibre optical gyroscope (FOG) technol-

ogy has been used widely in satellites and spacecrafts.

This comes from its very high performance: it has no

moving parts, but has a very high angular resolution,

long lifetime and high reliability, and good behaviour

in vacuum as well. Products of FOG can be easily

adapted to different performance targets; and its cost

is competitive.[1]

Space is a complex and dynamic environment,

and FOG is affected by orbital location, time, solar

activity, and geomagnetic field strength. Space ra-

diation environment has serious effects on spacecraft

electronics. And the failure of satellite electronic com-

ponents due to the natural space radiation has been

a hot point since the early 1960s when high altitude

nuclear tests increased the radiation levels in the Van

Allen belts. Of primary concern in spacecraft design is

the analysis of these encounters during a FOG lifetime,

evaluating their impact on the reliability of parts and

materials for spacecraft.[2] Many space application re-

searches have explored the optical part of FOG. From

the experiments, many data had been obtained.[3]

This paper is composed of six sections. In section

2, space radiation environment is generally described.

In section 3, result of a γ-ray radiation experiment

is shown in detail. There is an analysis of the D/A

converter distortion and drift in section 4. A D/A

converter distortion and drift compensation network

(DADDCN) based on adaptive neuro-fuzzy inference

system (ANFIS) are proposed with the basic archi-

tecture included in section 5, and finally conclusion is

given in section 6.

2. An overview of space radiation

environment

The near-earth space environment has three ma-

jor components: a) trapped radiation belts contain-

ing electrons and protons, b) transient radiation from

solar flare activity, and c) cosmic rays from deep

space.[4] The trapped charge radiation belts, called

Van Allen belts, consist primarily of electrons and

protons trapped by the magnetic field lines around

the earth.[5] The trapped radiation belts consist of

inner and outer zones which are separated at a dis-

tance of 21 earth radii near the equator. The flux in

the outer zone is about an order of magnitude greater

than that of the inner zone and the electron energies

are higher. At about 3 earth radii, the proton energy

is about 40MeV and at 4 earth radii about 8MeV.[5]

The most intense radiation environment in low earth

orbit is called the South Atlantic Anomaly (SAA). Be-

cause of the inverse altitude relation for proton energy,

the protons in the SAA are of higher flux and energy.
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For a satellite in low earth orbit with an inclination

that passes through the SAA, nearly all the accumu-

lated dose is received during the short transit period

through the SAA,[6] which will cause a severe damage

to the semiconductor devices in a satellite.

Due to the spacecraft electronics, the accumu-

lated dose damage from electron and proton exposure

will limit the system endurance. There are generally

three important aspects: displacement effect, ioniza-

tion effect and surface effect. Failure mainly results

from the displacement effect caused by ionization ra-

diation, which can make the degradation of bipolar

transistor current gain.[1] The ionization radiation can

disrupt system operation, perhaps irreversibly.[7]

At present, as a main method of space radi-

ation simulation, γ-rays are widely used to simu-

late the total dose space radiation effect, which in-

cludes the electron belts ionization radiation, elec-

trons, protons and the high-energy particle accumu-

lation radiations.[8−10]

3. The γ-ray irradiation experi-

ment on FOG control circuit

A FOG control circuit (FOGCC) radiation test

was made to examine the radiation effect on electronic

device performance. The γ-rays of 1.20MeV were gen-

erated by a Co60 source to simulate space radiation

environment, the total γ-ray dose equals the dose in-

side the satellite cabin on the orbit for 2 years, which

is 10krad, and dose rate is 1.5 rad/s.

There are four main parts in the experimental

system: analogue amplifying block, digital signal pro-

cessing (DSP) block, power supply block and signal

sampling block. The analogue amplifying block and

DSP block were irradiated by γ-rays. For the purpose

of imitating the satellite cabin, an aluminium board

was provided to protect the electron board from ir-

radiation source. The power supply block, protected

by a thick leaden carapace, was not irradiated by γ-

rays to guarantee the good performance of the above

two blocks. The signal sampling block was designed

to sample the data from irradiated blocks through the

anti-radiation cable, and located out of the radiation

area. The experimental circuit structure is shown in

Fig.1.

Fig.1. Experimental circuit structure.

A data frame of 80 minutes was sampled before

the radiation experiment for comparing with the data

during the radiation process. The waveform of the

frame is shown in Fig.2. A data frame composed of

two parts was sampled during irradiation process; the

first part was obtained in first 5krad dose, and the

second part was sampled between 5 and 10krad, and

the waveforms of the two parts are shown in Fig.3. In

the dose of 5krad, a power down and reset test was

launched and then the system reworked normally. In

the whole process, the increase of system noise could

be accepted. There was no obvious degradation in

FOGCC under an irradiation dose of 7.5krad, at a

rate of 1.5rad/s, but the output distortion and drift

were more prominent when the total dose was above

7.5krad. Another data frame of 60minutes after irra-

diation was sampled, as shown in Fig.4. No obvious

distortion is found in step wave but there is a distinct

drift compared with the waveform before irradiation.

Fig.2. Data frame before irradiation.
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Fig.3. Data frame during irradiation.

Fig.4. Data frame after irradiation.

The result obtained from decomposing test after

experiment showed that the D/A converter had been

affected seriously, which can lead to a large distor-

tion and drift in FOG’s waveform. Furthermore, per-

formance of operational amplifying can be accepted

through a simple analogue filter to guarantee that it

does not affect the performance of FOG, although the

noise of it is twice that of the data before irradia-

tion and degradation occur. For other devices, such

as DSP processor, A/D converter, voltage reference,

linear regulator, programmable read-only memory and

passive devices, γ-rays made little effect on them. This

partly can be attributed to the shelter under the alu-

minium board. It is indicated that FOGCC can en-

dure γ-rays radiation dose of 10krad, which is the

whole radiation dose received in satellite during its

lifetime of 2 years, under the protection of cabin ma-

terial, except the D/A converter.

4. Elemental analysis for D/A

converter distortion and drift

(DADD)

The relative accuracy, differential nonlinearity

and gain error of D/A converter have no obvious

change with the increase of radiation dose, from the

analysis of experimental data. However, the offset er-

ror, which can displace the output voltage drift curve,

has a negative variation with the increase of total dose.

The offset error of D/A converter, independent of

input digital data, arises from the zero-drift of junc-

tion field-effect transistor (JFET) input op-amplifier

block. From the above study, we know that it is due

to the drift of the emitter current of the input sub-

strate PNP transistor under the total radiation dose

when the D/A converter are irradiated by γ-rays. Al-

though many new linear designs use a compensated

input stage, it still has highly nonlinear response to

total dose in the circuits. Owing to the limitation

of research scope, there is not a reasonable model to

describe the radiation dose effect on the integrated

op-amplifier.

The radiation dose effect on the JFET input op-

amplifier has been described in detail in Ref.[11], in

which the displacement effect on the linear IC devices

was also analysed.

There are two ways to reduce the distortion and

drift of D/A converter in radiation environment. One

is to increase shielding material, which would make an

increase of weight and reduce heat elimination perfor-

mance; the other way is to propose a model for DADD

and then the compensation in D/A converter output

can be achieved for further application.

5. DADD compensation network

constructed based on ANFIS

With the inference capability of fuzzy logic (FL)

and the learning capability of neural networks (NN),

the neuro-fuzzy network (NFN) is more flexible and

has a preferable capability in fitting a linear or non-

linear function.12] These merits make it very suitable

for DADD, which is a nonlinear data fitting applica-

tion.

An ANFIS[12] based on the utilization of first-

order Sugeno model[13] constitutes the main part of

the DADD compensation network (DADDCN), and
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the output signal of the D/A converter mixed with

radiation distortion and drift can be expressed as

D(n) = DS(n) + DW(n), (1)

where original input of D/A converter is DS(n).

DW(n) is a distortion value due to the radiation dose

rk(n) through an unknown nonlinear dynamic trans-

formation fW(•), the function of which is given by

DW(n) = fW(rk(n), rk(n − 1), rk(n − 2) · · · ). (2)

The structure of DADDCN is shown in Fig.5,

where DW(n) is immeasurable, DS(n) is measurable

and rk(n) can be measured by a radiometer; D̂W(n) is

the ANFIS approximation of distortion value DW(n),

the function can be shown to be

D̂W(n) = f̂(rk(n), rk(n − 1), rk(n − 2) · · · ), (3)

where f̂(•) is the function which is implemented by

ANFIS. D̂S(n) is the result of DADDCN, the equa-

tion is shown to be

D̂S(n) = D(n) − D̂W(n). (4)

Fig.5. Structure of DADDCN.

Input signals in the ANFIS model are radiation

dose rk(n) and D/A converter original output DS(n).

The output signal is an ANFIS approximation of dis-

tortion value D̂W(n). Considering the approximation,

we can divide the input dose rk(n) and D/A converter

original output DS(n) into 4 parts on average and a

bell-shaped function is used as the membership func-

tion of a network fuzzy set, which is defined as follows:

µ(x) =
1
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, (5)

where x is the input variable, and a, b and c are

premise parameters.

There are 5 layer nodes and 16 fuzzy if-then rules

in the structure of ANFIS, in which 16 membership

functions and 24 premise parameters are for layer 1,

and 48 consequent parameters are for layer 4. There

are totally 864 fitting parameters needed in the con-

ventional ANFIS structure.

The compensation ANFIS should be trained by

training data, so it is necessary to know the total ra-

diation dose Rtotal and the dose rate Pr in practical ap-

plication for ANFIS training. The distortion character

of the D/A converter V (n) can be obtained through

a ground irradiation test based on Rtotal and Pr. The

ANFIS was trained to minimize E(δ2), and the func-

tion
⌢

f (•) was changed to approach f(•) by least-

square approximation and channel dynamic charac-

ters. For achieving this, the error mean-square esti-

mation should be least,[14] and the equation used is as

follows:

||δ(n)||2 = min(||DS(n) − D̂S(n)||2). (6)

A mixture algorithm has been used to train pa-

rameters of ANFIS for quickly identifying parameters.

The training data is brought to the inputs, the premise

parameters are assumed to be fixed and the optimal

consequent parameters are estimated by an iterative

least mean square procedure in the forward pass. In

the reverse pass, the patterns are propagated again,

but this time the consequent parameters are assumed

to be fixed, and the back-propagation is used to mod-

ify the premise parameters.[13] The iteration training

number of the ANFIS model is 1000; the minimum

square estimation (MSE) between the practical sys-

tem output and the model output is used as a network

training index.

When using DADDCN in space radiation envi-

ronment after the training process, the compensa-

tion value D̂W(n) will be calculated by ANFIS net-

work. The output of D/A converter D̂S(n) is D̂S(n) =

D(n)−D̂W(n) after the compensation. Take D̂S(n) as

the D/A converter output and convert it to the ana-

logue voltage, which is approximate to the analogue

voltage of DS(n) in non-radiation environment.
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As the DADDCN was tested in a radiation en-

vironment as above, we have the relationship be-

tween radiation dose rk(n) and discrete time n as

rk(n) = n×1.5, at a dose rate 1.5rad/s, with the D/A

converter original input data DS(n) being the height of

step wave, as has been shown in Fig.3. The distortion

curve of D/A converter output is shown in Fig.6. The

distortion curve with compensation is shown by Line

1, compared with the distortion curve without com-

pensation as shown by Line 2. The maximal residual

of DADD compensation is 11.97mV in this test, while

the total range is 4V. It is improved obviously as com-

pared with the maximal residual of 3.72V at 10krad

before compensation.

Fig.6. Distortion curve with compensation and curve

without compensation.

6. Conclusion

The space radiation environment, which is a chal-

lenge for FOG space application, is full of various

types of radiation sources. The performance degrada-

tion of FOGCC could be precisely confirmed only by

sufficient experiments and tests,[15,16] which are the

necessary passport to assure the reliability and life-

time of FOG.

The result of γ-ray radiation experiment was in-

troduced, and it is demonstrated that the devices

involved in FOGCC could endure the radiation of

10krad except for D/A converter and the degradation

of D/A converter only made a negative variation of

offset error due to the zero-drift of JFET input of op-

amplifier block in D/A converter with the elemental

analysis.

If there is ample time and outlay, the dose rate

in γ-ray radiation experiment should be made with

the radiation dose rate in the real space orbit, so that

it will be more meaningful in studying the dose rate

effect. The compensation network based on ANFIS

proposed in this paper can only provide a simple com-

pensation mode without the ability of self-adapting.

A self-adapting block will be studied next, which can

adapt the compensation parameters of ANFIS based

on different dose rates to provide the best capability

of compensation.
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