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Abstract

Fibre-optic gyro is an inertial rotation sensor, thus, which determines the rate-of-
turn based on the well-known Sagnac-effect. The attainment of inertial grade
performance mainly concentrates on an Interferometric Fibre-optic Gyro with the
closed-loop operation, but there are several drawbacks existing in the analogue
interferometric fibre-optic gyro system. Consider, the Digital Closed-loop
Interferometric Fibre-optic Gyro system is mainly engaged with the biasing
signal frequency and the ramp signal that is V2 voltage of the multi-functional
integrated optic chip. The feedback signal uses a digital phase ramp voltage to
neutralize the gyro output. The peak-to-peak voltage of the biasing signal that
can be Vz/2 is equal to one-fourth of the 2z, peak-to-peak voltage of the ramp
signal inclines to multi-functional integrated optic chip for intensity modulation.
If there is a slight difference occurred in the ramp and biasing voltages, then there
is a change found in the performance of gyro. This paper addresses the
comparative exploration made on gyro performance by evaluating its parameters
in the following three cases: (i) Vz/2 kept stable and 2z changed, (ii) V2z kept
stable and VVz/2 changed, (iii) Change both V27 and V#/2 simultaneously. The
performance of gyro was explained from the obtained result concerning with
bias-stability and scale-factor linearity.

Keywords: Digital Closed-Loop Interferometric Fibre-Optic Gyro (DCLIFOG),
Multi-functional Integrated Optic Chip (MIOC), Peak-to-peak voltage of
the ramp signal (V2r), Peak-to-peak voltage of biasing signal (Vz/2).
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1. Introduction

From the last four decades, the major concentration is in interferometric fibre-
optic gyro (IFOG) an alternative to traditional spinning mass gyros due to the
lack of moving parts, small dimensions, large dynamicrange, high reliability
and accuracy, power-consumption is small, very thin and cheap. The main
importance in FOG situated IMU’s (Inertial Measurement Units) is inherently
to maintain the bias stability and scale-factor linearity. Based on a study by Yin
et al. [1], commercially, a reasonable best-effort available in the progress of
navigation-grade gyros for space, aircraft and missile applications with a small
bias-drift! (<0.001°/hr) and scale-factor? (<10 ppm). Nowadays, interferometric
fibre-optic gyros (IFOG’s) are the best economical solutions for different
inertial navigation applications.

The IFOG working principle depends on the light interference, which transits
through a fibre coil to obtain the high resolution. Hence, it uses a highly sensitive
optical interferometer to generate a change in Sagnac phase across the two counter-
propagating beams within the closed path of an optical fibre, by experiencing the
angular rotation in plane-wave propagation by Prasad and Nayak [2]. The advanced
IFOG utilizes several methods and different procedures proposed for minimizing
the errors in gyro performance by including optical reciprocity®. According to
Sireesha and Murthy [3], perhaps, IFOG’s further designed as an open-loop and
closed-loop.

Sireesha and Murthy [3] and Sireesha and Ravi [4] reported that in open loop
IFOG obtains the angular rate-of-turn sense with a straightforward assessment,
which will affect as an error in the photo-detector output. This is a dominant pitfall
in open-loop design because of having a nonlinear response, limited dynamic range,
low accuracy and less sensitivity. A closed-loop design is preferred with various
fulfilments for solving most of the above-mentioned issues. Babu et al. [5]
proposed that the different closed-loop approaches primarily differ in the method
used to produce the rotation induced non-reciprocal Sagnac phase deviation, which
is equal to its significance and sign inversion.

This CLIFOG establishes a very high performance by eliminating the
dependency of light intensity and these are very attractive due to the increase in
scale-factor (SF) stability* and linearity. The fulfilment of navigation-grade
performance mainly focuses on a closed-loop design with MIOC, (also known as
I0C) and its operation of closed-loop is more feasible with 10C due to
availability of an integrated-optic phase modulator. Such high-speed components
are sufficient for yielding the effective phase modulation for calibrating rotation
rates in the prescribed dynamic range. On the other hand, the feedback loop
cannot maintain stability at certain rotation rates due to voltage-dependent errors
in feedback signal, phase-servo, or electrical cross-coupling etc. The two
approaches that exist in the CLIFOG system are: analogue and digital.

1. The proper polarization alignment is required in IFOG with respect to its principal axis within the inertial frame of reference; otherwise

it causes a bias-drift.

2. Scale-Factor (SF) is a proportionality constant defines with a ratio of gyro output per unit rate-of-turn and its measurement unit is ppm
(parts per million). And also, SF is supposed to be ideally constant, which is characterized by the real rotation rate of gyro between the
input-axis sensitivity and the specified gyro output.

. Reciprocity means the two light beams propagate in opposite directions travel exactly with same paths.

. If the gyro signal is increased linearly with rotation rate, then the system can realize with scale-factor stability.

s w
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In analogue based CLIFOG system, the interference channel develops a
onlinear response due to sinusoidal biasing signal modulation. However, this
analogue system (established with phase ramp and sinusoidal biasing signals
modulation), does not produce a sufficient result on account of unstable output
against the environment, to conquer this problem by designing a digital closed-loop
Interferometric fibre-optic gyro (DCLIFOG).The DCLIFOG system constructs the
digital feedback- phase ramp (staircase) signal and a square-wave biasing signal
modulation to eliminate the error close to zero points. This is the main advantage
for estimating the rate-of-turn in DCLIFOG and unsusceptible with optical power,
electrical-gain, or any other circumstances against the environment, especially
against vibration. However, by maintaining the linear characteristic, scale-factor
(SF) stability and good accuracy, provides a great improvement with this
DCLIFOG system.

2. Basic Concept of Closed-Loop Interferometric Fibre-Optic Gyro

The basic idea exists in a closed-loop approach by adopting a phase compensating
feedback signal. This signal generates a proper value to remove the rotation induced
Sagnac phase shift from the differential phase shift, which is directly proportional
to detected rate-of-turn®. Nayak [6] proposed that this is not extremely convenient
result for maintaining reciprocity. It is not so simple to maintain reciprocity on an
adequate range to establish a convenient gyro operation. For these devices, the
Sagnac effect was relativistic as well as demoralized and must be limited to avoid
undesired impacts.

According to Prasad and Nayak [2], if the system is in a continuous medium,
constant time and away from magnetic fields, the CW and CCW optical path lengths
are interchangeable then the arrival of two waves to the detector are entirely in phase,
except for Sagnac shift. In the CLIFOG design, the phase deviation was ensuing
through the repeated usage of Sagnac loop by injecting output signal as feedback to
input again. Nasiri-Avanaki et al. [7] mentioned that the phase shift among CW and
CCW paths in the entire line containing direct feedback lines is determined as Sagnac
phase deviation.

In optoelectronics, the CLIFOG suffers from a problem of lockup near-zero or
close to low rotation rates (i.e., insensitive to angular motion), which results in a
dead band, dead zone, or an uncertainty region. It is a field of rates on which the
sensation of the gyro weakens to zero and cannot sense the rate-of-turn. Chen [8]
and Gu et al. [9] proposed that instead of linear response to an input angular rate,
the transfer curve may exhibit a flat zone until it exceeds some undefined threshold.
It would, therefore, be highly desirable to produce a gyro® that exhibits a linear
response to any applied angular rate. In CLIFOG system, the output of the detector
demodulates at the frequency of phase modulation, which treats as a glitch signal.
Khoshki and Ganesan [10] proposed that this loop offers a contained load of
unequal phase deviation among the two-counter propagating optical signals for
rectifying the rate-of-turn actuated Sagnac phase deviation.

5. Rate-of-turn is defined as rotational rate velocity, since gyro measures the rotational velocity rate along with its predetermined axis
analogous to inertial space.

6. In 1852, a French scientist Leon Foucault was first coined the word gyroscope commonly called a "gyro" and the Greek word, “gyro”
means revolution and "skopien," means “to view”.
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Thus, the final phase variation must be within two interference signals to control
the rate-of-turn at zero and recommends a non-reciprocal phase shift as gyro output.
Itis nearly relevant to rate-of-turn, i.e., it is returned back to the CLIFOG setup and
further reproduces feedback phase A¢r, and that is inversed to the Sagnac phase
Ags. Therefore,

Aggy, = —Ad, 1)

2.1. Digital closed-loop interferometric fibre-optic gyro

Figure 1 shows the proposed circuit design of DCLIFOG. In this given digital
system, the construction of feedback loop with various functional units such as
signal conditioning amplifier, digital phase estimator cardboard and output
differential driver is shown. The purpose of phase modulator (also acts as non-
reciprocal phase shift generator) is to adopt the effective bias, but it needs a laser
light emission to hold reset signal that happens quickly at each cycle. By using this
digitized feedback signal, the error in the lock-in amplifier output retains nearly
zero through the process of sampling and quantization. However, the frequency of
sampling signal reciprocates to the emitted transit time ¢ as the prescribed
readjustment of the staircase and biasing signals.
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Fig. 1. Signal processing scheme of proposed digital
closed-loop interferometric fibre-optic gyro (DCLIFOG).
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Proceedings take off against the glitch signal” then guided to the phase
modulator by a controller and to reproduce the amplitude of phase steps is adequate
to the Sagnac phase deviation and transit time t. The DAC systematically generates
a staircase reset signal by virtue of its redundancy. Nayak [6] stated that the step of
the reset signal resembles a phase shift of 2z radians, constantly to receive proper
Sagnac phase shift. The system accomplishes the rate-of-turn arrangement by the
direct measurement of the error signal in a digital pattern. Meanwhile, this
DCLIFOG system controls the constant phase while retrieving the signal. The
FPGA board, if the filtering and amplification development performs the correct
regulation then its feedback loop will fine-tune the feedback phase. According to
Sun et al. [11], this phase is approximately equal to a reverse Sagnac phase by
considering entirely with a stable input rate-of-turns.

2.2. Signal processing scheme of DCLIFOG

The signal-processing design by Ji et al. [12] of DCLIFOG succeeds through DPEC
board consists of ADC, temperature sensor, FPGA, and DAC, etc., which is shown
in Fig. 1. Here, the DPEC is a signal-processing board that develops the rate-of-
turn measurement in DCLIFOG system. In order to achieve the closed-loop
functionality, this DPEC board serves as a signal-processing and data acquisition
unit. The suggested way can develop the feedback signal for adjusting the phase
deviation of DCLIFOG setup. The DCLIFOG system tilts with a square-wave
biasing signal and its duration is adequate to the transit time z. However, for light
intensity modulation®, a square wave bias® signal modulation adapts the raise in
sensitiveness and indication of sign to the rate-of-turn. The optic strength of the
signal (coming from PINFET photo-detector) converted into an electrical signal,
which is gyro output as a square-wave modulated cosine wave. However, based on
studies by Sireesha and Murthy [3] and Sireesha and Ravi [4], this design receives
modulated Sagnac phase deviation. The DPEC board consists of 16-bit ADC,
which (is in parallel interface with FPGA) gets the PINFET data through SCA and
transmits this data to FPGA.

Then FPGA processes this data to load the digital output with the frequency
of sampling signal, which develops into transit gyro frequency. Here, the data
samples (1 sample per 7) and demodulates synchronously. Anuhya and
Venkatram [13] proposed that the obtained demodulated signal is familiar with
the Sagnac phase deviation that exists in the detector result and this error
traverses into a moving average (FIR) filter. This outcome amplifies with the gain
factor (received through UART). The dead-zone difficulty and whatever the
existed spike signals that are compensated by the dead band compensator and this
compensation signal also receive through UART. This system integrates the error
signals against z in the phase integral controller to receive the final step-height.
Subsequently, the integrated error signal from the integrator induces to a digital
ramp signal generator, which generates the ramp signal with constant voltage (V2z
of MIOC) and that is precisely equivalent to source wavelength.

7. Glitch signal (or phase modulation error) occurs due to non-linearity because of optical phase shift responds non-linearly with the
applied voltage of the phase modulator.

8. Intensity modulation obtained by applying the square-wave bias signal of +z/2 to 10C, but it provides time varying phase and
attenuation to the optical signals in the phase modulator.

9. Even in the absence of rotation rate, the gyro specifies with a finite rotation rate, then it is said to have a ‘bias offset’ or simply ‘bias’.
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Therefore, the operation of an integral controller with an unpredictable gain
revokes the rate-of-turn actuated Sagnac phase deviation of the gyro by virtue of a
ramp generator. To accomplish the closed-loop performance of a system, the
staircase ramp signal operates as a feedback compensated phase deviation signal to
restrict the rate-of-turn actuated phase variation; this approach is known as “digital
serrodyne modulation technique”. The feedback phase compensating signal (V2x)
and the biasing square-wave signal (Vz/2) are used as control signals for
DCLIFOG. Finally, on-board 16-bit DAC receives these control signals and gives
to the phase modulator MIOC of the gyro. The DPEC board substitutes the output
of phase integrator for every 2.5ms and temperature data to the PC (sent via UART
to PC) by nullifying the temperature-induced-bias-errors at the time of
synchronization pulse request.

3. Results

In closed-loop operation, the results are explained without and with calibrations
and its oscilloscope observations of the output of closed-loop design is as displayed
in Fig. 2. In Figs. 2(a) and (b), three waveforms represent the gyro output, ramp
and square wave biasing signals. Figure2 is the oscilloscope observations to check
the FPGA board outputs through DAC1 and DAC2 after implementing the closed-
loop operation.

Using this experimental setup (as shown in Fig. 1) various tests were performed
to measure the DCLIFOG parameters and their results in MATLAB outputs are as
displayed in Figs. 3 to 6. From Figs. 3 to 6, the test results reveal that the DCLIFOG
parameters maintained the bias and scale-factor stability, linear response and sense
for lower rotations by eliminating the dead band error.

@) (b)

Fig. 3. Bias test result from gyro.
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Fig. 6. Linearity test results from gyro.
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Comparison of DCLIFOG parameters

Now the comparison made on DCLIFOG parameters by considering the peak-to-
peak voltage of the ramp signal (and/or biasing signal) increasing from 1% to 10%
and decreasing to 10% to 1%. The comparative results were observed in three cases
are shown below: (i)Vz/2 kept stable and changed V2z, (ii) V2x kept stable and
changed Vz/2, and (iii) Changing both V27 and Vz/2 at the same time.

e Bias

The bias-test is performed in all cases and the bias values for the above three cases
are displayed in the Figs. 7(a) to (c). The second case (i.e., Fig. 7(b)) is the best
case because of maintaining bias stability when compared to other cases.
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Fig. 7. Estimation of bias test values for three cases.
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e Scale-factor

The Scale-Factor-test is performed in all cases, and comparisons are made in terms
of its scale-factor for three cases in Figs. 8(a) to (c) and estimated the interrelated-
offset in counts. The scale-factor value is calculated for three cases at zero points,
while rotating £10°/s positive and negative rotations.
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Fig. 8. Estimation of scale-factor values for three cases.

o Linearity

The linearity-test is performed in all cases, and the comparison made on linearity
between input rotation rate and obtained rotation rate for three cases are displayed
in Figs. 9(a) to (c) and noted the resultant maximum and minimum nonlinearity
values. The second case (i.e., Fig. 9(b)) is the best case due to maintaining the linear
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relationship between the obtained rotation rate for a given input rotation rate by
effective removal of dead band error.

Therefore, more stable linearity output was observed in Fig. 9(b) for an
increment of 1% to 10% and decrement of 10% to 1% of percentage error.
However, Egorov [14] mentioned that in remaining two cases (i.e., Figs. 9(a)
and(c)) there exist dead zone and cannot maintain the linearity in the output due to
variation in V2x voltage. Therefore, it was observed from the system that the ramp
voltage must be exactly fixed with V2z range (which is also equivalent to phase
shift range). The system requires the correct value of V2z that limits the voltage
range applied to the modulator for phase controlling in the gyro and need not

require threshold testing.
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Fig. 9. Estimation of linearity values for three cases.
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The percentage error is also examined with a given rate-of-turn in three cases
by an increment of 1% to 10% and decrement of 10% to 1% in ramp voltage is
displayed in Figs. 10(a) to (c) and Figs. 11(a) to (c). From Figs. 10 and 11, the
second case (i.e., Figs. 10(b) and 11(b)) has minimum percentage error when
compared to remaining other cases because they cannot sense properly for a given
rate-of-turn and obtained large percentage error.
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Fig. 10. Estimation of % error increases from 1% to 10% for three cases.
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Fig. 11. Estimation of % error decreases from 10% to 1% for three cases.

4. Discussion

In the result analysis, the discussion started with the closed-loop operation of
DCLIFOG system with rotations and also described its parameters such as bias-
stability, scale-factor, threshold and linearity. From the above three cases, it was
noticed from the system that: (i) When Vz/2 kept stable and changes the 2z,
then the scale-factor difference increases regarding the increase in error voltage,
the system results with high percentage error and the output remains non-linear.
(ii) Although V27 kept stable and changes the Vz/2, then the system has very less
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effect and results in the scale-factor linearity with very low percentage error. (iii)
Meanwhile changing both V2z and Vz/2 (ramp and square-wave biasing
voltages) at the same time, then the equipment does not respond correctly (i.e.,
the rotations cannot sense) due to the increase in error and because the scale-
factor range was exceeded.

As a result, V2z “resets” known to those familiar in the art of digital closed-
loop interferometric fibre-optic gyros (DCLIFOG) occur naturally and
automatically to maintain the stability and linearity in the gyro output. Therefore,
the system needs a proper ramp reset voltage (V2r) to reduce the non-linearity and
instabilities present in the gyro output. Due to this reason, in DCLIFOG system the
comparison is made in three cases, and the parameter values are tabulated as shown
in Table 1.

Table 1. Calibrated Value of DCLIFOG Parameters

DCLIFOG parameters Gyro output
Ramp voltage V2« 8.75V, 200 kHz
Square wave bias signal voltage Va/2 2.18 V, 100 kHz
Bias 160 degree/hour
Scale-factor -210683 counts
Offset 0.045 counts
Threshold range + 0.005 degree/seconds
Linearity range * 400 degree/seconds
Maximum non-linearity 1313.60 counts
Minimum non-linearity -1290.10 counts
Percentage error +10%

5. Conclusion

In this paper, the rotation rate measurement in DCLIFOG system was studied
theoretically and observed its performance by evaluating the gyro parameters. By
changing these parameter values, different tests are done for three cases: (i)Vz/2
kept stable and changed V2z, (ii) V2z kept stable and changed Vz/2, and (iii)
Changing both V27 and V=z/2 at the same time. Hence, the comparison is made
between three cases from all the obtained test results with respect to bias, scale-
factor, threshold and linearity.

The gyro performance is susceptible against the change in ramp 2z voltage and
results in the percentage error of 10% in gyro output, but the effect in the system is
precise due to change in Vz/2 square-wave biasing signal voltage when V2z voltage
kept stable. The DCLIFOG system performance was extremely sensitive against V2z
variations. Therefore, the appropriate reset ramp voltage of V2z is measured to
protect the gyro output from irregularities and inconstancies.

Nomenclatures

C Speed of light in vacuum, m/s

D Coil Diameter (D = 2R), cm

I orlyq Intensity of photodetector, amp/m?
lo Mean value of the intensity, amp/m?
L Length of optical fibre, m
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R Radius of sensor coil, cm

Greek Symbols

A Feedback phase shift, rad

Apn Modulation phase shift, rad

Aps Sagnac phase shift, rad

Y Light wavelength, nm

Q Rotation rate, rad/seconds, or, degree/seconds
Abbreviations

ADC Analogueue to Digital Converter

ccw Counter Clock-Wise

CLFOG Closed Loop Fibre Optic Gyroscope
CWwW Clock-Wise

DAC Digital to Analogue Converter

D

FOG Fibre Optic Gyroscope

FPGA Field Programmable Gate Array

IFOG Interferometric Fibre Optic Gyroscope

I0C Integrated Optic Chip

PINFET P Intrinsic Field Effect Transistor

RFOG Resonant Fibre Optic Gyroscope

SLD Super Luminescent Diode

UART Universal Asynchronous Receiver Transmitter

PEC Digital Phase Estimator Card
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