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The phase modulation and the closed-loop controller can generate electrical crosstalk-coupling in digital closed-

loop fibre optic gyro. Four electrical cross-coupling paths are verified by the open-loop testing approach. It is found

the variation of ramp amplitude will lead to the alternation of gyro bias. The amplitude and the phase parameters of

the electrical crosstalk signal are measured by lock-in amplifier, and the variation of gyro bias is confirmed to be caused

by the alternation of phase according to the amplitude of the ramp. A digital closed-loop fibre optic gyro electrical

crosstalk-coupling model is built by approximating the electrical cross-coupling paths as a proportion and integration

segment. The results of simulation and experiment show that the modulation signal electrical crosstalk-coupling can

cause the dead zone of the gyro when a small angular velocity is inputted, and it could also lead to a periodic vibration

of the bias error of the gyro when a large angular velocity is inputted.
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1. Introduction

Two technologies are crucial to the digital closed

loop fibre optic gyro (DCL-FOG), namely signal mod-

ulation and closed-loop feedback control. Signal

modulation is important for improving the accuracy

and the anti-interference performance of DCL-FOG;

closed-loop feedback control is functional in dynamic

range extension and scale factor linearity amelioration

of DCL-FOG.[1,2] However, these two technologies are

far from flawless. Electrical crosstalk-coupling (ECC)

of modulation signal could even lead to bias, dead-

zone and periodic vibration of DCL-FOG.[3,4]

Research on the ECC of the modulation signal is

currently concentrating on inhibiting method and ex-

perimental verification. However, it has neither scru-

tinised the principle of ECC propagation nor anal-

ysed the effect of ECC on DCL-FOG. As proposed in

Refs. [1], [3] and [4], the ECC between the phase mod-

ulation signal and detector output signal would cause

a dead-zone. In Ref. [3], the dead-zone generation con-

dition in specialized modulation was pointed out, and

a dead-zone elimination algorithm, which was named

as periodic phase bias compensation, was described.

The dead-zone phenomena proposed in Refs. [1] and

[3] were verified experimentally in Ref. [5]. An ECC

elimination algorithm, which is based on correlation

and random modulation, is proposed in Refs. [4] and

[6].

By open loop testing, four ECC paths are verified

to exist in DCL-FOG, and the ECC induced variation

of open loop bias, which is related to ramp amplitude,

is confirmed to be induced by the variation of differ-

ence in the phase between demodulation signal and

crosstalk signal. By the model analysis and the mea-

surement, it is verified that this open loop bias causes

the dead-zone and the periodic vibration in DCL-FOG

as well.

2. Modulation signal crosstalk

measurements and analysis

Based on the fundamental principle of DCL-FOG

modulation and demodulation,[1] the modulation sig-

nal is a combination of analog square wave and ramp

wave and the demodulation signal is digital square

wave, which should have the same frequency as that of

the modulation wave. A bias error would be generated

in DCL-FOG if some harmonic wave of the modula-

tion square wave conducts a crosstalk coupling in the

front circuit, which is located before the demodulator.
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Signal Sc(t) is expressed as the crosstalk signal

caused by the coupling of modulation square in the

front circuit before the demodulator, and Sd(t) is

also expressed as the demodulation square. They are

shown as follows:

Sc(t) = Ac cos[(2n− 1)(ωt+ θc)], (1)

Sd(t) =
4

π

∞∑
m=1

(−1)m−1

2m− 1
cos[(2m− 1)(ωt+ θd)]. (2)

After the demodulation and an adequate long pe-

riod integration, the ECC caused bias in DCL-FOG

output is expressed as[1,7]

Edc = Sd ∗ Sc =
2Ac(−1)n−1

π(2n− 1)
cos[(2n− 1)(θd − θc)],

(3)

where Ac is the amplitude of crosstalk signal, ω is the

basic frequency of modulation square wave, θc is the

initial phase of crosstalk signal, and θd is the initial

phase of demodulation square wave.

Fig. 1. Typical structure of DCL-FOG and ECC paths.

The typical structure of DCL-FOG is shown in

Fig. 1.[1,2,4,8,9] Since the modulator driver and the

modulation signal could hardly be segregated physi-

cally in circuit design, the modulation crosstalk is in-

evitable. As shown by dash lines in Fig. 1, the possible

ECC paths have four types:

I: the electrical cross-coupling path from the mod-

ulator driver to the source driver;

II: the electrical cross-coupling path from the

modulator driver to the detector;

III: the electrical cross-coupling path from the

modulator driver to the preamp;

IV: the electrical cross-coupling path from the

modulator driver to the A/D converter.

The effects of four ECC paths on the FOG out-

put bias are verified via an open loop testing, and the

configuration of the testing system is shown in Fig. 1.

The light source drive current was set to be 100 mA,

and the light power arriving at the detector was about

300 µW. A ramp wave, which was a combination of

square wave and fixed step wave was used as a modu-

lation wave. The modulator driver and the modulator

were isolated. The amplitude of square wave was 2 V,

the frequency was 200 kHz, the amplitude of ramp was

8 V, the period was 580 s and the output integration

time was 1 s. The test scheme is listed in Table 1, and

the test results are shown in Figs. 2 and 3. In the case

where the modulation signal is the square wave only,

the results in Fig. 2 show that the bias error caused

by the ECC path I is 4.15 ◦/h, the bias error caused

by ECC path II is 3.9 ◦/h, the bias error caused by

ECC path III is 0.55 ◦/h and the bias error caused by

ECC path IV is 0.25 ◦/h. In the case where the mod-

ulation signal is the ramp signal composed of square

wave and fixed step wave, the bias error caused by

modulation signal crosstalk coupling is a value vary-

ing with the amplitude of ramp, the results in Fig. 3

show that the bias error variation caused by ECC path

I is 3.49 ◦/h, the bias error variation caused by ECC

path II is 1.2 ◦/h, the bias error variation caused by

ECC path III is 0.4 ◦/h and the bias error caused by

ECC path IV is not observable.

Table 1. Modulation signal ECC test scheme.

modulation wave connection type of FOG electronic component included ECC path bias error curve

square wave modulator driver and modulator disconnected I II III IV A

light source and source driver disconnected II III IV B

detector and preamp disconnected III IV C

preamp and A/D converter disconnected IV D

square wave and modulator driver and modulator disconnected I II III IV E

ramp wave light source and source driver disconnected II III IV F

detector and preamp disconnected III IV G

preamp and A/D converter disconnected IV H
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Fig. 2. Open loop bias testing graph generated by elec-

trical cross-coupling under square modulation.

Fig. 3. Open loop bias testing graph generated by electri-

cal cross-coupling under square and ramp combined mod-

ulation.

The crosstalk signal from modulation square wave

was a periodic signal with the same frequency as that

of the modulation square wave. Known from polyno-

mial (3), the modulation signal ECC related to bias

Edc is determined by the amplitude Ac of crosstalk

signal and the difference in phase between demodula-

tion signal and crosstalk signal, θd − θc. Hence, the

variation of bias error with ramp amplitude is also de-

termined by the variation of parameter Ac or θd − θc

with the ramp amplitude.

The variation of parameters Ac and θd − θc with

ramp amplitude was measured by a lock-in amplifier,

and the output bias error of FOG was detected via the

open loop testing simultaneously. Two probes of the

lock-in amplifier were connected with the output ter-

minal of square wave and the analog input terminal of

A/D converter separately. For the circuit connection

of FOG, the modulator diver and the modulator were

disconnected. The parameters of source driver, square

wave and the ramp wave were set as before. The test-

ing scenario is shown in Fig. 4, and the testing results

are shown in Fig. 5. The amplitude of ramp wave

was varied by 8 V, and the amplitude Ac of crosstalk

signal was 37.65 µV, which could hardly be found to

have any change with the variation of ramp wave am-

plitude. Meanwhile, the difference in phase between

demodulation signal and crosstalk signal, θd−θc, var-

ied from 84.7◦ to 91.5◦; The variation of bias error is

3.49◦/h. These results show that the variation of bias

error with ramp wave amplitude is caused by the vari-

ation of parameter θd−θc with ramp wave amplitude.

Fig. 4. Testing scenario of crosstalk parameters.

Fig. 5. Testing results of crosstalk parameters.
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The variations of θd−θc, Ac and bias error at dif-

ferent temperatures were also measured in the same

way, the relevant results are listed in Table 2. The re-

sults follow that ECC paths and the crosstalk coupling

are unstable and vulnerable by ambience.

Table 2. Crosstalk couplings at different temperatures.

temperature

/◦C

variationof

θd − θc/(◦)
Ac/µV

variation of bias

/(◦/h)

–40 13.8 40.59 5.12

25 6.8 37.65 3.49

60 3.4 35.13 1.84

3. Effect of ECC on DCL-FOG

As demonstrated by testing results in the previous

section, the difference in phase between modulation

signal and crosstalk signal, θd − θc, was located near

the 90 ◦ point. From polynomial (3), it follows that

there exists a linear relationship between bias errorEdc

and phase difference θd − θc, and the correlation fac-

tor of θd − θc and amplitude of ramp wave was 0.9,

which is also close to the linear relationship.[10] A sim-

plified DCL-FOG phase model is shown in Fig. 6,[8,11]

in which the relationship between ramp wave ampli-

tude and ECC caused bias error is presented approx-

imately as a linear relationship. So, the modulation

signal ECC path could be equivalent to a partial in-

tegration component and a gain component, which is

shown as the dash line in Fig. 6. Only a typical ECC

path is imported for the convenience of analysis, which

is the ECC path from modulator driver to detector,

and the effects of other ECC paths on DCL-FOG are

the same as that of this path.

Fig. 6. ECC model of DCL-FOG.

From Fig. 6, it follows that the input–output

model equation and the modulated ramp wave voltage

equation may be given as follows:

Ωo =
ΩINK0Kf1Kf2 − VrampKcKf2

KmKmdKdaKf1Kf2 + (1− Z−1)
, (4)

Vramp =
ΩINK0Kf1Kf2KmdKdaH(T )

KmKmdKdaKf1Kf2[1−H(T )Z−1] +H(T )KmdKdaKcKf2 + (1− Z−1)[1−H(T )Z−1]
, (5)

where K0 = 2πld/λc, ΩIN is the input angular veloc-

ity, Ωo is the output angular velocity, l is the length

of fibre, d is the diameter of fibre coil, λ is the wave-

length of light and c is the light speed in vacuum.

Parameter Kf1 is related to source output power, op-

tical loss and detector responsivity, Kf2 is dependent

on preamp gain factor, A/D converter gain factor and

demodulation gain factor, Km is the modulator effi-

ciency, Kda is the D/A converter gain factor, Kmd is

the modulator driver gain factor, and Kc is the ECC

path gain factor.

H(T ) =

 1, |Vramp| ≤ T,

0, |Vramp| > T,
(T > 0),

where T is the threshold voltage, which is also the

ramp reset voltage.

If ΩIN is a small constant value, and the ramp

voltage satisfies |Vramp| ≤ T , then H(T ) = 1, a steady

value obtained from Eq. (5) is shown as follow:

Vramp =
ΩINK0Kf1

Kc
, (|Vramp| ≤ T ). (6)

Substituting Eq. (6) into Eq. (4) yields ΩO = 0,

and DCL-FOG is in dead-zone at this time.

The dead-zone generation condition of DCL-FOG

could be deduced from Eq. (6), and it is expressed as

|ΩIN| ≤
KcT

K0Kf1
. (7)

When ΩIN is set to be a large constant. If the gyro

is still out of dead-zone and the ramp voltage satisfies

|Vramp| = T , then the ramp should be reset. Substi-

tuting the values of |Vramp| = T and Vramp = 0 into

polynomial (4) yields the approximated steady out-

put signals during ramp reset time and after the reset
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time, respectively, as follows:

Ω1
o =

ΩINK0

KmKmdKda
± TKc

KmKmdKdaKf1
, (8)

Ω0
o =

ΩINK0

KmKmdKda
. (9)

The output of gyro vibrated periodically is in

a range [Ω0
o , Ω1

o ], and the vibration amplitude is∣∣∣∣ TKc

KmKmdKdaKf1

∣∣∣∣.
A simulation on FOG dead-zone and periodically

vibration is launched based on the ECC model of

DCL-FOG, which is shown in Fig. 6 and Eq. (4). The

relevant parameters are listed in Table 3.

Table 3. Simulation parameters.

parameters l/m d/m λ/µm C/(m/s) Kf2 T/V Kmd Kda/V Km/(rad/V) Kf1 Kc

values 300 0.04 1.3 3× 108 106 4 100 0.08/216 1.57 0.02 10−2

Set ΩIN to be a constant of 0.29 ◦/h, and the sim-

ulation results are shown in Fig. 7(a). The ramp volt-

age Vramp rises with the accumulation of integration

time, which leads to an augment of crosstalk-coupling

in closed loop of FOG, and also causes a decrement of

Ωo. FOG will be in dead-zone in the case where Ωo

decreases to 0 ◦/h before Vramp achieves the threshold

value T .

Fig. 7. Simulations of ramp voltage and output angular

velocity for dead-zone (a) and vibration (b).

Set ΩIN to be a constant of 2.73 ◦/h, and the sim-

ulation results are shown in Fig. 7(b). With the accu-

mulation of the integration time, the rising of Vramp

increases the crosstalk-coupling of FOG, and causes

an offset of Ωo from the ideal value. The signal Vramp

is reset to be zero and Ωo is reset to be an ideal value

if Vramp achieves the threshold T before Ωo decreases

to 0 ◦/h. A periodical vibration is generated when the

above process is repeated.

The testing of dead-zone and periodic vibration

was conducted on DCL-FOG, which included the

modulation signal ECC, and for the testing method

we referred to that in Refs. [12] and [13]. When the

parameters of FOG in the setting are in Table 3, the

testing results are shown in Fig. 8. The dead-zone of

the tested FOG is 1.4 ◦/h; the bias stability, which

includes the periodic vibration, is 0.72 ◦/h; the bias

stability, which has filtered the periodic vibration off,

is 0.28 ◦/h. Additionally, there appears an appar-

ent nonlinearity of the gyro output, which is near the

dead-zone.

Fig. 8. Testing results of gyroscope dead-zone and peri-

odic vibration.
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From the analysis of Eq. (7), dead-zone is in-

versely proportional to parameters K0 and Kf1. As

described in Ref. [1], the accuracy of DCL-FOG is

proportional to K0 and Kf1. For the bias stability

and the dead-zone test, the measurement results are

listed in Table 4. Four fibre coils with the different set-

tings were connected on to the tested FOG, and other

parameters of optical and electronic components were

kept fixed in the experiment. It can be observed that

the dead-zone decreases with FOG accuracy increas-

ing.

Table 4. Deadzone test results for different FOG ac-

curacies.

l/m d/m bias stability/(◦/h) dead-zone/(◦/h)

300 0.04 0.32 1.4

500 0.06 0.12 0.51

800 0.08 0.07 0.24

1000 0.1 0.5 0.14

There are two approaches to the attenuation of

the ECC effect.

(i) An appropriate arrangement of electronic cir-

cuit position and a large printed circuit board area

designed could segregate the modulation signal from

the signal transmission channel, and further impair

the ECC effect.

(ii) Random modulation could be utilised to elim-

inate the cross correlation between modulation signal

and demodulation signal, which also conduces to ECC

effect mitigation.[4,6]

However, none of these two approaches are ex-

cellent in practice. The first approach relies on the

electronic circuit design and precision of manufacture,

which makes quantitative analysis difficult. The sec-

ond approach is hard to be utilised in high precision

DCL-FOG, as it is affected by the linearity of mod-

ulator efficiency, and might bring an additional noise

into FOG.[6]

4. Conclusion

The essential phase modulation and feedback con-

troller might cause the ECC effect in DCL-FOG,

which is discussed and verified in this paper. Several

conclusions are summarised as follows:

(i) Four ECCs exist in the electronic structure

of DCL-FOG, i.e. the ECC between the modulator

driver and the source driver, the ECC between the

modulator driver and the detector, the ECC between

the modulator driver and the preamp and the ECC

between the modulator driver and the A/D converter.

(ii) The open loop bias error that is generated by

the ECC is a constant value if it is only a square wave

modulation, and it would vary with the amplitude of

ramp wave only when the modulation is a combination

of the square wave and the ramp wave.

(iii) The difference in phase between demodula-

tion signal and crosstalk signal varies with the am-

plitude of ramp, which leads to a variation of ECC

generated open loop bias error.

(iv) The ECC of modulation signal might cause a

dead-zone when a small angular velocity is inputted,

and it might also lead to a periodic vibration of the

bias error of gyro when a big angular velocity is in-

puted.
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