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Abstract—The paper presents an effective method for scale-
factor stabilization and modulation depth control in a low-
cost all-fiber interferometric gyroscope utilizing a piezoelectric
phase modulator to perform modulation for biasing as well as
compensation of the Sagnac phase shift in a closed-loop. The
technique uses a virtual-sensor approach consisting in deriving
the actual compensation shift from comparison of the real
and the modeled gyroscope output intensity signals. The first
experimental results are provided, suggesting that the model-
base approach can decrease the scale-factor drift by more than
one order of magnitude to reduce significantly the effect of the
modulator parameter instability.

Index Terms—fiber-optic gyroscope; all-fiber; piezoelectric
phase modulator; closed-loop configuration; single mode

I. INTRODUCTION

Interferometric fiber-optic gyroscopes (IFOGs) facilitate
high-end angular velocity sensing. Thus, the sensors have
found application in, for example, inertial navigation, aircraft
and space guidance, submarines, and guided missiles, and they
are expanding into other emerging fields of use, including
autonomous cars, robots, and the manufacturing industry in
general. During the recent decades, IFOGs have been refined
extensively to become the most accurate angular velocity sen-
sors [1]–[3]; however, cost reduction still remains a important
issue [4], [5]. A relevant solution may then lie in using the
single-mode fiber and the all-fiber optical setup [5], [6].

In this paper, we build upon the all-fiber IFOG structure
with the ordinary single-mode fiber (SMF) and depolarized
light [6], [7], implementing a novel modulation and signal
processing method to enable stable closed-loop operation. All-
fiber IFOGs usually employ a piezo-electric modulator (PEM),
which performs harmonic biasing phase modulation to allow
the sensors to normally operate as open-loop [8].
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Our recent research [9], [10] produced a simple method
for PEM-based closed-loop operation, with the Sagnac phase
shift compensation accomplished by another sine modulation
(added to the biasing) and synchronous sampling. The advan-
tages of the closed loop approach are offset by the drawbacks
of the PEM; these comprise, above all, the limited temperature
stability of the piezoelectric coefficients, hysteresis, voltage
linearity, and aging, i.e., aspects which may impact the total
linearity and stability of the IFOG [11].

In the discussed context, we propose a method for detect-
ing the PEM transmission factor and executing the actual
modulation depth control. The method exploits digital signal
processing and does not require additional sensors. Finally,
the initial experimental results show that the technique im-
proved the overall scale-factor stability and temperature drift
compensation.

II. METHODS

A. Closed-loop modulation scheme with the PEM

Compared to electro-optical modulators (realized as IOCs),
the PEM exhibits an uneven frequency response due to its
mechanical properties and cannot transfer broadband signals,
such as ramp modulation, to compensate for the Sagnac phase
shift. Thus, it is not possible to introduce a truly nonreciprocal
phase difference, as applied in closed-loop IFOGs [3]. Instead,
the compensation phase shift may be accomplished by a
single frequency signal and proper sampling (Fig. 1). The
deliberate undersampling causes spectrum flipping, yielding
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ΔΦc
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analog signal spectrumdigital signal spectrum

freq.0

Sagnac phase shift
compensation

Fig. 1: The effect of the Sagnac phase shift compensation via
sine modulation and proper sampling in the frequency domain:
(∆φs - the Sagnac phase shift; ∆Φc - the compensation mod-
ulation amplitude; ∆Φb - the biasing modulation amplitude;
τ - the fiber coil light transit time).



a virtual nonreciprocal phase shift at zero frequency in the
digitized signal. The described method assumes an infinitely
short sampling instant, which, however, is practically unfea-
sible. Compared to the original method described in [10], we
therefore modify the modulation scheme by adding higher har-
monic components to the signal; the biasing and compensation
modulations are defined in (1) and (2), respectively1. We have

∆φb(t) = ∆Φb(1h) sin (ωbt) + ∆Φb(3h) sin (3ωbt) , (1)

∆φc(t) = ∆Φc(1h) sin
(
2
3ωbt− π

2

)
+

+ ∆Φc(5h) sin
(
10
3 ωbt+ π

2

)
,

(2)

where ωb = π/τ is the biasing modulation angular frequency
and τ denotes the light transit time along the sensing fiber
coil. The overall phase shift introduced by the PEM then is

∆φ(t) = ∆φb(t) + ∆φc(t), (3)

as shown in Fig. 2 (with/without the higher harmonics). It can
be proved that if

∆Φb(1h) : ∆Φb(3h) = 9 : 1, (4)

∆Φc(1h) : ∆Φc(5h) = 25 : 1, (5)

the 2nd derivative is zero at the sampling times. At the
compensation depth of 1 rad, the region for a 0.1% level drop
is broadened more than sixfold, allowing an AD converter with
a longer settle time (such as the SAR) and thus lower noise.

(a) (b)

Fig. 2: The phase modulation for the compensation depth of
1 rad, with (a) and without (b) the higher harmonics.

B. Scale-factor stability limitations of the closed-loop system

It was demonstrated above that the closed-loop IFOG has
several advantages over the open-loop option [10], including
linearity, an improved Allan variance at non-zero rotation, and
reduced temperature dependence. In any closed-loop system,
the quality of the output is nevertheless determined by the
quality of the sensing, control, and actuator. Considering the
all-fiber closed-loop IFOG, the actuator is embodied in a PEM,
which transfers the driving voltage to the phase shift. The
transfer factor KPEM [rad/V] is affected by many aspects,
such as the fiber stretching linearity, piezoelectric material

1The 3rd harmonic of the compensation modulation would be canceled out
due to the transit time τ ; thus, we use the 5th harmonic.

hysteresis, and electro-mechanical coefficients; the last of
these items is influenced by further effects, temperature and
aging in particular. To utilize the PEM as an accurate closed-
loop element, we need to know the KPEM precisely.

Several approaches are available to resolve this task: (I)
correction with a temperature sensor; (II) measuring the actual
movement of the PEM; and (III) measuring the direct phase
shift from the optical signal. As the temperature dependence
is the most impacting factor in the majority of practical
conditions, monitoring the PEM temperature (I) constitutes
the simplest and most straightforward method. The technique,
however, features several drawbacks, such as that the piezo-
electric temperature dependence is difficult to track due to
its hysteresis, as illustrated in Fig. 3 on soft and hard PZT
materials2 used for PEM manufacturing. Further, the approach
does not reflect either the aging or the stretching hysteresis.
Another option consists in PEM movement sensing (II) by
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Fig. 3: The measured temperature dependence of the static
piezoelectric coefficient in different PZT materials.

means of, e.g., a strain gauge sensor. Accurate movement
sensing presumably overcomes the above-outlined problems
but, as measuring in the orders of 105 is required, may also
cause difficulties with the strain gauge sensor. Conversely,
a piezoelectric sensor would make it problematic to avoid
correlation with the PEM itself. The last procedure (III) is
based on the fact that the information about the actual phase
shift modulation signal ∆φ(t) is included in the analog inten-
sity signal I(t). Once we are able to extract the information,
we can determine the actual modulation depth and, thus, the
factor KPEM. Promisingly, this approach does not employ any
intermediate elements in the PEM performance detection, and
no additional sensors are required. By contrast, more complex
signal processing and inspection of the output intensity signal
are necessary.

C. Model-based stability control

Assuming a reciprocal IFOG configuration, the output inten-
sity signal given by the interference of the counterpropagating
beams can be expressed as

I(t) = I0 + I1 · cos (∆φs + ∆φ(t)) , (6)

2The measurement was performed via the frequency method, described
extensively in [12].



where ∆φs is the Sagnac phase shift and ∆φ(t) denotes the
total phase difference introduced by the modulation defined
in (1) to (3). It is obvious that the direct calculation of
∆Φ∗ coefficients by taking an inverse function cos−1(I(t))
would lead to difficulties, especially due to the unknown I1
intensity and function periodicity, causing fading precision of
the calculated modulation depths. Thus, we apply the reverse
approach by calculating the estimated IFOG output intensity

I ′(t) = I0 + I1 · cos (∆φs + ∆φ′b(t) + ∆φ′c(t)) , (7)

where

∆φ′b(t) = 9
8∆Φb sin (ωbt) + 1

8∆Φb sin (3ωbt) , (8)

∆φ′c(t) = 25
24∆Φc sin

(
2
3ωbt− π

2

)
+

+ 1
24∆Φc sin

(
10
3 ωbt+ π

2

)
,

(9)

based on the presumption that −∆φs = ∆Φc is ensured by the
closed-loop compensation mechanism. The aim is to minimize
the error function given as

E(I0, I1,∆Φb,∆Φc) =

∫ t0+6τ

t0

(I(t) − I ′(t))
2 dt (10)

to obtain the parameters that specify the IFOG model, formally
described in (7) to (9). The output of the model then tracks
the output intensity signal via repeated updating of the above-
mentioned parameters. This “modeling” control loop requires
a theoretical rate corresponding to the PEM parameters’ drift,
which ranges between 101–102 s, depending on the opera-
tional conditions. At this point then lies the difference from
the closed-loop measurement, whose rate must be markedly
faster to ensure a wide bandwidth of the angular velocity
measurement.

Hence, the most important model parameter is ∆Φc, as it
presents the actual value of the compensation phase shift,
i.e., also the Sagnac phase shift. Since the direct output of
the measuring closed loop rests in the driving voltage of
the compensation modulation Vc, we can derive the PEM
transfer coefficient as KPEM = ∆Φc/Vc. Both the 1st and
the 5th harmonic components of the compensation modulation
are maintained, by another control loop, to observe the ratio
expressed in (5); thus, it is not necessary to calculate the
KPEM factor at both of these frequencies. The signal processing
and control functions (Fig. 4) ensuring the above-mentioned
procedure may be separated into two parts: a real-time one

Nelder-Mead
fitting 

Eq. (10)

PI controller
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Fig. 4: The PEM-based IFOG closed-loop technique with
modulation stability control.

(performing the closed-loop measurement, which must follow
the fast angular velocity changes), and a non-real time one
(where the slow changes of the PEM parameters are tracked
and the transfer coefficient is KPEM adjusted). The modula-
tion synthesis block also utilizes signals I(t) and I ′(t) to
ensure proper synchronization of all modulation frequency
components and to maintain the correct proportion between
the higher harmonics and their base components, as defined
by (4) and (5).

III. IMPLEMENTATION

A. Optical setup
The proposed methods were tested with an all-fiber IFOG

setup (a more detailed description is outlined in [10]). The
sensing coil has a total fiber length of 770 m, yielding the
transit time τ = 3.78 µs; the corresponding modulation
frequencies then equal fb(1h) = 132 kHz, fb(3h) = 396 kHz,
fc(1h) = 88 kHz, and fc(5h) = 440 kHz. We use a hard-
ceramics tube PEM (NCE40, OD = 25.4 mm, H = 12.7
mm, WT = 3.15 mm), whose simulated radial displacement
is shown in Fig. 5. Importantly, the modulation frequencies
must not coincide with the PEM resonance ones, as such
a problem could reduce the PEM behavior stability under
different conditions, thus affecting also the KPEM factor.
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Fig. 5: The simulated frequency dependence of the radial
displacement of the tested PEM.

B. Electronic setup
To evaluate the performance of the proposed signal pro-

cessing and compensation method, which is schematically
described in Fig. 4, we use an NI PXI system. The real-
time part of the design requires high synchronization and is
implemented by using an FPGA module. Consequently, the
measured angular velocity bandwidth is >103 Hz, allowing
the detection of very fast changes. The non-real-time part,
ensuring the IFOG signal modeling, estimation of the model
parameters, and real IFOG output signal analysis, requires
more complex processing and is therefore implemented via
the PXI processor unit. With this setup, the bandwidth of this
procedure was established to be in the orders of 101 Hz. To
acquire the IFOG analog output signal, we used an inbuilt
16-bit SAR A/D converter for the synchronous sampling at
Fs = 88 kS/s and employed an external 16-bit pipelined A/D
converter to perform the fast data acquisition, the sample rate
of 40 MS/s being sufficient to cover the bandwidth of the
analog signal.



IV. RESULTS AND DISCUSSION

To verify the performance of the proposed stability control
technique, we compared the direct closed-loop IFOG output
(where the KPEM is static) with the ∆Φc value computed by
the model. The angular velocity value (Ω) was obtained as
Ω = ∆Φc · KIFOG, where the KIFOG is the constant of the
IFOG. The Allan deviation of both values is shown in Fig.
6(a) for stable conditions and in Fig. 6(b–c) for temperature
sweep with a ramp profile (10 and 40 min period). The results
relating to the stable temperature indicate that the direct output
scale factor stability decreases with higher ∆Φc; this condition
arises from the role of the PZT nonlinearity and hysteresis
and is apparent especially at higher driving voltages. The

(a)

(b)

(c)

Fig. 6: The Allan deviation of the direct (uncorrected) closed-
loop signal vs. the correction from the model-based estimation,
both represented at the stable temperature of 25 ◦C (a) and
a ramp-sweep temperature of 20–40 ◦C within the periods of
10 min (b) and 40 min (c).

model-based method for estimating the actual ∆Φc thus brings
notable improvement exclusively at higher rotation rates. The
swept temperature results reveal a stability enhanced by about
one order if the model-based data are considered.

By extension, the proposed method enabled us to observe
the temperature-induced scale factor drift decrease by more
than 20 times (measured in the range 5–40 ◦C).

Although the first tests were performed within a limited
temperature range, the piezoelectric coefficient experienced
only moderate temperature-related changes (Fig. 3), meaning
that, theoretically, the method does not constitute a limiting
factor. The angular velocity range is limited only by the
maximum driving voltage of the PEM, which, in our case,
is ±10 V (∼ ±150 ◦/s) and may be easily extended by
amplification or via further wraps on the PEM.

V. CONCLUSION

We described a novel technique for enhancing the perfor-
mance of the all-fiber IFOG. This method embodies a cost-
efficient solution for applications that require not only optical
gyro accuracy but also a simple technology and reasonable
price. The applied virtual-sensor approach relying on fully
digital signal processing combining the FPGA and CPU does
not necessitate modifications of the IFOG optical architecture.

REFERENCES
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and Z. Havránek, “Measurement of thermal depolarization effects in
piezoelectric coefficients of soft PZT ceramics via the frequency and
direct methods,” Journal of the European Ceramic Society, vol. 36, no.
11, pp. 2727-2738, 2016.


	9430458.pdf
	2021021125.pdf

