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We present how the laser diode (LD) current tuning induced intensity
modulation affects the performance of an open-loop resonator fibre optic
gyro (R-FOG) with sinusoidal wave modulation. The expression for the
demodulation curve under intensity modulation caused by the dynamic
input rotation angular rate and varied environmental factors induced reso-
nance frequency drift is provided. Numerical investigation shows that
under the intensity modulation effect due to dynamic input rotation angu-
lar rate, which results in a bending trend for the linear part of demodula-
tion curve, the linearity of R-FOG system is deteriorated, and the scale
factor nonlinearity of gyro output increases as the frequency-intensity con-
version coefficient of the LD increases. By simulating the demodulation
curve with different amount of resonance frequency drift due to varied
environmental factors, the slope of the linear part is found to fluctuate
under the resonance frequency drift induced intensity modulation, and it
causes the scale factor of the practical R-FOG system to fluctuates. This
scale factor fluctuation results in a system measurement error, which is
proven to increase as the amount of resonance frequency drift or input
rotation angular rate increases, and numerical calculation result shows this
large system error should be counted for an open-loop R-FOG system.
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1 INTRODUCTION

The resonator fibber optic gyro (R-FOG) has potential to be used as a high
accuracy inertial rotation sensor based on the Sagnac effect [1-5]. It has been
theoretically proven that an R-FOG could achieve similar shot noise limited
performance as an interferometric fibber optic gyro (I-FOG) but requires a
shorter length of fibber [2], which is significant in reducing gyro’s size and
cost. Differing from the I-FOG, the R-FOG needs a highly coherent laser to
achieve high finesse resonance [6]. In order to satisfy this requirement,
Nd:YAG lasers, He-Ne lasers and fibber lasers have been chosen as the laser
source to setup the R-FOG system [7-9]; however, these laser sources gener-
ally have large size that gets in the way of the miniaturization for the R-FOG
system. Compared with the laser sources mentioned above, semiconductor
lasers are more compact and has much smaller size [10]. And with the devel-
opment of opto-electronic technology, highly coherent laser diodes (LD)
instead of those lasers mentioned above have been applied in the R-FOG
system to greatly minimize the size of the R-FOG system [11-14].

The frequency of the light wave emitted from the LD could be easily
modulated by tuning the injection current directly [15-16]. And using this
injection current tuning method, it could be realized to lock the laser central
frequency to the resonance frequency of the fibber ring resonator (FRR) of
an R-FOG system with the laser source of LD, which is a critical signal
processing technique for accomplishing the rotation angular rate detection
[14]; however, when the injection current of the LD is tuned, accompanying
intensity modulation would also be induced, which affects the performance
of the R-FOG system [17]. Through numerical simulation and experimental
investigations, Ma et al [17, 18] and Lei et al [19, 20] have showed that the
intensity modulation caused by the triangle wave current modulation would
lead to the attenuation distortion of the resonance curve of the gyro; how-
ever, in-depth analysis of how the intensity modulation, especially caused by
the dynamic input rotation angular rate and varied environmental factors
induced resonance frequency drift, takes influence on the performance of the
R-FOG with sinusoidal phase modulation has not been done. In R-FOG
practical applications the resonance frequency of FRR is generally not fixed
because it varies with the dynamic input rotation angular rate [4] and some
environmental factors, such as temperature [2, 21]. As mentioned above, the
frequency of the laser always tracks the varied resonance frequency in the
R-FOG system, which is realized by tuning the injection current of the LDs;
therefore, the resonance frequency fluctuation would lead to an intensity
modulation, and finally exerts an influence on the performance of the R-FOG
system.

This paper explores the effect of LD’s accompanying intensity modulation
on the performance of an open-loop R-FOG with sinusoidal phase modula-
tion, and we focus here our analysis on the characteristics of the demodula-
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tion curve affected by the dynamic input rotation angular rate and resonance
frequency drift induced accompanying intensity modulation. We provide the
expression for the demodulation curve under the LD’s accompanying inten-
sity modulation. By numerical simulation, how the accompanying intensity
modulation due to the dynamic input rotation angular rate affects the demod-
ulation curve and scale factor nonlinearity of the gyro output is discussed.
Apart from that, how the resonance frequency drift induced intensity modula-
tion affect the slope of the demodulation curve’s linear part and the scale
factor of the gyro system is studied, and the system measurement error due to
this accompanying intensity modulation is calculated.

2 THEORETICAL FORMULATION

Figure 1 illustrates the system configuration of the open-loop R-FOG system
with sinusoidal phase modulation [14, 22]. All the fibres are polarization pre-
serving. The laser source employed in this system is LD. The central wave-
length and linewidth of the LD is 1550 nm and 5kHz, respectively. The laser
is equally divided into two beams by coupler CO and each beam is sinusoidal
wave phase modulated by the LiNbO; phase modulators PM1 and PM2,
respectively. And then, the two beams are injected into the FRR in the clock-
wise (CW) and counter clockwise (CCW) directions. The CW and CCW
beams output from FRR are sensed by the InGaAs PIN photodetectors PD1
and PD2, respectively. The CCW signal is demodulated by the digital lock-
in-amplifier LIA2, and then through the servo controller, the central fre-
quency of the laser is locked to the CCW resonance of FRR by modulating
the LD’s injection current directly. The CW signal is demodulated by the
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Driven by SITIUSOIdd]k_J LIA2
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voltage signal

FIGURE 1

System configuration of the open-loop R-FOG with sinusoidal phase modulation. CW: clock-
wise; CCW: counter clockwise; LD: laser diode; CO-C2: couplers; PD1, PD2: photodetectors;
PM1, PM2: phase modulators.
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digital lock-in-amplifier LIA1 and the demodulated signal is proportional to
the rotation rate [5].
The output electric field of the LD can be expressed as [23]

E, () = Eyexp| j(2nft +0,) ] (1)

where E| is the amplitude of the electric field of the laser light, f; is the central
frequency of the laser and @ is the initial phase. The laser’s central frequency
Jo tracks the resonance frequency fi ccw of the FRR in CCW direction to
make the operating point for the CCW beam always be fixed at the resonance
[24]; therefore, Eq. (1) also can be written as

E () =E, exp[j(ZnﬁLCCWt +0, )] (2)

Using the Bessel function, the sinusoidal wave phase modulated electric field
after PM1 can be written as [5, 25]

EM_CW(t) = EO\/kCO (1 - OCCO)(I - OCPMI)
- 2
3 7, (Myexpl j(2nf,1+9,) ]

where ko and O are the intensity coupling coefficient and fractional
intensity loss of coupler CO, respectively; olpyy is the fractional insertion
loss of PM1; M is phase modulation index, which is set as 2.405 rad in this
paper for suppressing the carrier component [5, 26-28]; and fin=fg
cew + nFcw, Fow is the phase modulation frequency. Employing the field
overlapping method [23, 29], the output field at E1 in Figure 1 can be writ-
ten as

Eo,cw(t) = Eo\/kco (1 - 0cco)(l - aPMl)
(3)

>, 7, (Myexpl j(2nf,1+0,)]-h, exp (o, )

n=—oo

where
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and

T = 1=k J1=key /1= 0 /1= 0,
Q:\/kclkcz\/l_aa\/l_(xcz’R:\/l_auz

(40)

where k¢ and k¢, are the intensity coupling coefficients of couplers C1 and
C2, respectively; o,y and 0, are the fractional insertion loss of couplers C1
and C2, respectively; o is the fractional intensity loss for semi-loop of the
FRR; Afrgs =fr ccw—fr_cw is the resonance frequency difference between
the CCW and CW propagating beams; fz ¢y is the resonance frequency of the
FRR in CW direction; F'SR = c¢/(n,L) is the free spectral range; L is the length
of FRR; n, is the refractive index of fibber and ¢ is the light velocity in vac-
uum. Equation (4a) and Equation (4b) are the amplitude and phase of the
FRR'’s transfer function in CW direction, respectively. According to Equation
(4) the output signal of the photodetector PD1 can be written as

Voo ew GPIZ z J.( M)exp[ j(n—n")2mF,t]
)

hh,exp j(0,-9,)]

where G| = k(1 — 0lco)(1 — 0lpyp1), P is the photoelectric conversion coef-
ficient of photodetector PD1 and 7 is the output intensity of LD. After demod-
ulation with respect to the first harmonic, all the terms in Equation (5) are
eliminated except those satisfying the condition n” = n * 1, then the demodu-
lation signal output from LIA1 can be written as [25, 30]

‘/d CW G PADII 2 ‘]n‘ln+1hnhn+l Sln(¢n+l - (I)n) (6)

n=—
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where Ap, is the gain of lock-in-amplifier LIAT.

In the practical situation, the CCW resonance frequency fz ccw varies with
resonance frequency difference Afpgg proportional to input rotation angular
rate and some environmental factors, such as temperature. Since the fre-
quency of the LD always tracks the varied CCW resonance frequency fz ccw
by tuning LD’s injection current as mentioned above, the LD’s output inten-
sity, which is proportional to the injection current [17-20], would be modu-
lated, and it would affect the characteristics of the gyro system. When this
intensity modulation is considered, Equation (6) can be written as

A, A 12
Vi cow =—GPAp, [Io —k - k.LJ

k. "k

@)

Z JanthhnH Sin(q)nﬂ - (])n)

where Af, is the frequency drift of fz ccw due to environmental factors;
Afges/2 is the change of fz ccw because of the varied input rotation angular
rate based on the Sagnac effect [4, 31]; krand k; are respectively the frequency
and intensity modulation coefficients of LD, and here we set k = ki/kf- as the
frequency-intensity conversion coefficient; and [ is the LD’s output intensity
when the gyro is at rest. According to Equation (7) and the Sagnac effect [4,
31], the demodulation signal can be expressed as a function of input rotation
angular rate by

ni

r

VdfCW (Q) = VdﬁCW (AfRES = D_QJ (®

where Q is the rotation angular rate, D is the diameter of FRR, and A is the
central wavelength of laser. According to Equation (7) and Equation (8), it is
found that both the resonance frequency drift and input rotation angular rate
decides the demodulation signal, which would finally affect the performance
of the gyro system.

3 SIMULATION AND DISCUSSION

Based on Equation (8) the numerical simulation on the performance of
R-FOG under LD intensity modulation is carried out. Figure 2 shows the
calculated demodulation curve near Q=0 with k=0, 3 x 10™, and
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5x 10" mW/Hz. In order to show the difference between the demodulation
curves with and without intensity modulation more clearly, the values for £
we set in this numerical simulation is much larger than the practical value of
the LD we used in the system, which is actually in the order of 10~ to 1078
mW/Hz. Here, the environmental factors induced resonance frequency drift
is firstly not considered for simplicity; therefore, Af, is fixed at 0, and in this
case, the LD intensity modulation is only induced by the dynamic input rota-
tion rate. The length, L, and diameter, D, of the FRR, respectively, are 12.00
and 0.14 m, the modulation frequency for CW loopis fixed at FCW = 101 kHz,
the refractive index of the fibber nr is 1.455, all the fractional intensity loss
O, Oc7 and O, for couplers CO, C1 and C2 respectively are 0.0228, the
fractional insertion loss 0.py,; of PM1 is 0.5, the intensity coupling coefficient
k¢ of coupler CO is 0.5, both the intensity coupling coefficients k¢; and k¢
for couplers C1 and C2 respectively are designed as 0.03, the fractional
intensity loss oy, for semi-loop of the FRR is 0.00035, the photoelectric
conversion coefficient P, of PD1 is 0.5V/mW, the output intensity /0 of LD
is assumed to be 3mW, and the gain Ap; of lock-in-amplifier LIA1 is 1. As
can be seen in Figure 2, when the frequency-intensity conversion coefficient
k is O that the LD intensity modulation is not considered, the demodulation
curve is relatively straight and centrosymmetric; however, when the LD
intensity modulation is considered that k is not 0, the demodulation curve
gradually deviates from that without intensity modulation as the input rota-
tion angular rate increases, and trends to be bent and non-centrosymmetric as
shown in Figure 2. That would affect the linearity of the gyro system [27].
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FIGURE 2
Demodulation curve with different values of k.



128 D. YING et al.
In order to further analyse how the intensity modulation affects the linear-

ity of the gyro system, we use the least square method to fit the demodulation
curve as [32-33]

View=KQ+F )

where
N 1 N N
ZQU VJ_N]QUZV/
Jj= Jj= Jj=
K= TE > (9a)
Q- —— Q.
; L] N ; L]
and
K&
F=—YV-—YQ. (%9b)
A

where K is the scale factor, F is the fitting zero offset, Q,-j is the jth input rota-
tion angular rate, V; is the gyro output corresponding to the jth input rotation
angular rate €, and N is the number of the input rotation angular rate.
According to Equation (9), the scale factor nonlinearity could be calculated
by [33]

Vd_CW B V,

K =
V.|

n

(10)

max

where |V,,| is the maximum absolute value of the gyro output with maximum
input rotation angular rate. According to Equation (9) and Equation (10), the
theoretical scale factor nonlinearity could be predicted. Figure 3 shows the
relationship between scale factor nonlinearity K, and LD’s frequency-inten-
sity k. As can be seen in Figure 3, the scale factor nonlinearity K, is only
about 22.8 ppm in the ideal condition that k = 0. And as k increases, the scale
factor nonlinearity also increases. Taking k = 5 x 10 mW/Hz as an example,
the scale factor nonlinearity is increased to about 26.1 ppm, which would
worsen the performance of the gyro system.

In addition to the dynamic input rotation angular rate, the environmental
factors induced resonance frequency drift Af, also causes LD’s intensity mod-
ulation. In order to discuss how this resonance frequency drift induced inten-
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FIGURE 3
Graph showing the relationship between K, and the value of k for the LD.

sity modulation affect the performance of the gyro system, we calculated the
demodulation curve near Q = 0 with Af, =0, 5FSR, and 10FSR shown in Fig-
ure 4. The LD’s frequency-intensity conversion coefficient k is 5 x 10~ mW/
Hz. Other parameters are the same as aforementioned. In Figure 4, the demod-
ulation curve with Af, =0 corresponds to the gyro system at its initial state
without resonance frequency drift. But, in the practical situation the resonance
frequency generally drifts from its initial value for even many FSRs due to the
change of environmental factors, such as temperature. As can be seen in Fig-
ure 4, when the resonance frequency drifts from its initial value for SFSR or
10FSR, which corresponds to the curve with Af, = SFSR or 10FSR, the slope
of the demodulation curve is changed. That means the gyro system’s scale fac-
tor actually varies with environmental factors. Nevertheless, in practice we use
a fixed value for the scale factor, which is measured under a certain environ-
ment in advance, to convert the gyro’s output values to rotation angular rate
[34], which affects the measurement accuracy of the gyro system.

In order to analyse the characteristics of the scale factor under LD inten-
sity modulation, the theoretically predicted scale factor K is calculated by
Equation (9a). Figure 5 shows the relationship between the scale factor K and
the resonance frequency drift, Af,. It can be found that the scale factor
decreases as resonance frequency drift increases. For example, when the res-
onance frequency drifts for 10FSR, the scale factor will be decreased from
about —1.1 x 107 V/deg/s to —7.8 x 107 V/deg/s. This would induce mea-
surement error for gyro system.
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Demodulation curve with different values of Af,.
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Graph showing the relationship between K and Af,.

According to Equations (7) to (9), the angular rate measurement error due
to the scale factor drift could be expressed as

Vd_CW (Afe,Q) B E)
K

0

-Q an

Q=0,-Q=
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Relationship between Q, and Q with different Af,.

where QM is the measured value of input rotation angular rate, and K, and F|,
are respectively the scale factor and fitting zero offset when Af, = 0. Figure 6
shows the relationship between the angular rate measurement error €2, and
the actual angular rate Q@ with Af, =0, SFSR and 10FSR . The other param-
eters are the same as aforementioned. As can be seen from Figure 6, when the
resonance frequency drift Af, is 0, the measurement error is very small that
could not be obviously observed in Figure 6; however, the measurement error
is largely increased as the resonance frequency drift increases to SFSR or
10FSR, which is because of the actual scale factor being changed from its
initial value. In addition, it is found that a larger input angular rate corre-
sponds to a larger measurement error. Taking the situation with Af, = SFSR as
an example, the measurement error would be about —0.14 and —0.29 deg/s for
input angular rate being 1.00 and 2.00 deg/s, respectively. This large error
would seriously affect the accuracy of the gyro system.

4 CONCLUSIONS

The characteristics of and open-loop resonator fibre optic gyro (R-FOG)
under laser diode (LD) accompanying intensity modulation caused by the
dynamic input rotation angular rate and varied environmental factors induced
resonance frequency drift has been looked into in detail. It is concluded that
under the accompanying intensity modulation effect due to the dynamic input
rotation angular rate, the linearity of the R-FOG system would be worsened
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since the linear part of the demodulation curve trends to be bent and non-
centrosymmetric, and simulation result shows that the scale factor nonlinear-
ity of the gyro output increases as the LD’s frequency-intensity conversion
coefficient increases.

It is also found that the scale factor of the R-FOG system fluctuates under
the resonance frequency drift induced accompanying intensity modulation.
This scale factor fluctuation, which is found to increase as the resonance fre-
quency drift or input rotation angular rate increases, would induce a system
measurement error, and the numerical calculation result shows that the sys-
tem measurement error would be as large as 0.29 deg/s with resonance fre-
quency drift and input rotation angular rate being SFSR and 2.00 deg/s,
respectively, which should be counted for an open-loop R-FOG system.

These theoretical results are helpful to optimize and predict the perfor-
mance of the R-FOG under intensity modulation. Besides, it is noted that
when we design an R-FOG system employing an LD as the laser source, the
injection current tuning induced intensity modulation effect should not be
neglected, and adopting some appropriate methods, such as using a subtrac-
tion circuit [19-20], to eliminate this effect is necessary for realizing a high
accuracy R-FOG.
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