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The miniaturization of the gyroscope is critical for spacecrafts, drones, wellbore surveys, etc. The resonant fiber-
optic gyroscope (RFOG) is a competitive candidate due to its potential in both miniaturization and high res-
olution, while its actual performance is well below expectation because of laser-induced noise and complexity.
Here we report the first navigation grade RFOG with a bias instability of 0.009°/h and an angle random walk of
0.0093°/

���

h
p

. The results are realized using a fiber resonator with finesse of 63 containing 100-m long fiber.
Compared with the traditional RFOGs using narrow-linewidth lasers, the key feature of the proposed RFOG
is that it is driven with a broadband light source. A white-light multibeam interference method is proposed
to detect the Sagnac effect, representing the simplest scheme of RFOG to date. The complexity caused by multiple
feedback loops and coherent noise suppression in traditional RFOG scheme is avoided. The minimal scheme and
simple modulation algorithm will also promote the on-chip waveguide gyroscope. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.443496

1. INTRODUCTION

The fiber-optic gyroscope (FOG) utilizes the Sagnac effect be-
tween the two counterpropagating light beams for rotation
measurement. As the core device in inertial navigation systems,
FOG is indispensably adopted under many extreme environ-
ments like aerospace, drones, and wellbore surveys [1,2].
Those applications have a strong demand for the reliability
and miniaturization of the gyroscope. The interferometric
FOG (IFOG) is the first generation and the only mature type
of FOG, in which the Sagnac effect behaves as the phase shift
between the two counterpropagating light beams, and the
phase shift is detected by the interference of a low-coherence
light. The IFOG has a very simple structure known as a “min-
imal scheme” [3,4], which brings superiority in cost, system
simplicity, robustness, and portability over the ring laser gyro-
scope [5,6] and the advantage of much higher resolution over
the microelectromechanical system gyroscope [7,8].

In spite of their great success, high-resolution IFOGs usually
employ kilometer-level fiber coil to enlarge the phase shift
caused by rotation. The long fiber coil, however, intensifies
the thermal ununiformity and leads to the Shupe effect, which
would degrade the resolution [9]. By redirecting the light beam
into the fiber coil, re-entrant FOG has been proposed as a

size-reduced IFOG configuration to relieve the Shupe effect
[10,11]. However, the re-entrant FOG is not a very effective
option because its actual performance is limited by the optical
power loss and the complicated demodulation method. The
miniaturization of IFOG remains very challenging.

As the second generation of FOG, the resonant FOG
(RFOG) is another potential solution to miniaturization, which
employs a high-finesse recirculating fiber ring resonator (FRR)
to enhance the Sagnac effect [12,13]. It has the same theoretical
resolution as IFOG but with much shorter fiber length, and the
nonreciprocity noises such as the Shupe effect can be effectively
suppressed with a shorter fiber [2,14] in practice. More attrac-
tively, the technology for RFOG is also the most feasible sol-
ution to the on-chip gyroscope, in which an optical waveguide
resonator replaces the FRR [15–18].

Active research has been dedicated to RFOG [19,20] over
the past four decades, but progress has gone very slowly, and
the best-reported RFOG has not reached the navigation grade
yet [21,22]. Unlike the situation in IFOG, the Sagnac effect
in RFOG behaves as the resonant frequency shift of FRR,
so, up to date, all the RFOGs use narrow-linewidth lasers to
detect the resonant frequency deviation, which introduces seri-
ous parasitic noises including backscattering, backreflection,
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polarization cross talk, nonlinear Kerr effect, and laser fre-
quency noise [13]. In addition, at least two independent optical
frequency locking loops are required to lock the laser to FRR
resonances in both clockwise (CW) and counterclockwise
(CCW) directions [23]. The extra elements for frequency lock-
ing further deteriorate the parasitic noises. In general, the cur-
rent RFOG technologies lose the simplicity of IFOG, and the
complicated system setup results in extra noises and fragility.

Here we have developed a new RFOG readout technique, in
which the multibeam interferometry of the low-coherence
white-light source is proposed to detect the resonant frequency
deviation caused by Sagnac effect. It inherits the simplicity of
IFOG with the same “minimal scheme,” and the two main
problems of traditional RFOGs are avoided. A navigation-grade
bias instability (BI) of 0.009°/h and an angle random walk
(ARW) of 0.0093°/

ffiffiffi
h

p
are obtained with a 100-m fiber length

in the demonstrational experiment, which is the first report, we
believe, of the RFOG.

2. GYRO PRINCIPLE

A. White-Light Multibeam Interferometry
The setup of the RFOG is shown in Fig. 1. According to multi-
beam interference, the transmission light electric field (E) of the
add-drop FRR has the expression [24]

ECW� FCWE0 �
�1 − R�ei

2πυCW
ΔυFSR

·12

1 − R · ei
2πυCW
ΔυFSR

E0,

ECCW� FCCWE0 �
�1 − R�ei

2πυCCW
ΔυFSR

·12

1 − R · ei
2πυCCW
ΔυFSR

E0: (1)

Here the subscripts CW and CCW, respectively, denote the
clockwise and counterclockwise directions of the FRR. R is
the light-splitting ratio of the fiber couplers, E0 is the input
light electric field, F is the transmission function, υ is the
optical frequency, and ΔυFSR is the free spectral
range. Due to the Sagnac effect, rotation rate (Ω)
will introduce a Sagnac frequency shift (f sag) between FCW

and FCCW , which can be expressed as FCCW�υ� �
FCW�υ� f sag�. f sag has the expression [25]

f sag �
D
nλ0

Ω, (2)

where D is the diameter of the gyro coil and λ0 is the central
wavelength of the light source. Equation (2) means that f sag is
a linear indicator to Ω. It is measured by the white-light
multibeam interferometry in this paper, as illustrated in the
following.

For two counterpropagating single-frequency laser beams
(ECW and ECCW), their interferometric signal at the photo-
detector (PD) is jECW � ECCWj2∕2. Considering the low-
coherence white-light source as the combination of numerous
lasers operating at different frequences, its multibeam interfero-
metric signal (PPD) is the integration of all the frequency com-
ponents and is expressed as [26]

PPD �
Z jECW � ECCWj2

2
dυ

�
Z �jECWj2 � jECCWj2

2
� Re�ECWE�

CCW�
�
dυ

�
Z

jE0j2
�jFCWj2 � jFCCWj2

2
� Re�FCWF�

CCW�
�
dυ:

(3)

Here, the power spectral density of the white light has the ex-
pression jE0�υ�j2 � P inS�υ�. P in is the total input power and
S�υ� is the normalized spectral profile [

R
S�υ�dυ � 1]. Using

K to denote the transmission loss when the white light passes
through the FRR, K can be given as K � R

SjFCWj2dυ �R
SjFCCW j2dυ � Re�R SFCWF�

CWdυ�. It is a constant only re-
lated to the finesse and the cavity loss of the FRR. Therefore,
Eq. (3) can be simplified as

PPD � K Pin�1� R�f sag��,

R�f sag��
def Re�

R
SFCWF�

CCWdυ�
K

: (4)

Here, the R�f sag� is a normalized function, denoting the cor-
relation between FCW and FCCW . If the RFOG is static, FCW

and FCCW overlap exactly in the spectrum, and the correlation
function R�f sag� reaches its maximum of 1. If the RFOG ro-
tates, FCW and FCCW are mismatched, and R�f sag� decreases.
The combination of Eqs. (2) and (4) directly links the multi-
beam interference PPD with f sag and Ω, and it is the basic
working scheme of the proposed RFOG.

Fig. 1. RFOG setup. ASE, amplified spontaneous emission; PD, photodetector; FPGA, field programmable gate array; MIOC, multifunction
integrated-optics chip; FRR, fiber ring resonator; CW, clockwise; CCW, counterclockwise; AD, analog-to-digital; DA, digital-to-analog. Different
from traditional IFOGs based on the minimal scheme, the long fiber coil is replaced with a high-finesse FRR. A photograph of the RFOG setup is
also provided in Fig. 8 in Appendix A.
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B. Simulation and Experiment Demonstration
In the simulation, the spectral profile S�υ� is assumed to be
rectangular for simplicity. The spectral bandwidth is set to
4 THz, centering at 193 THz, much larger than the ΔυFSR
of the FRR. Under several values of finesse (F ), the relationship
curves between the normalized PPD and the f sag are computed,
as plotted in Fig. 2(a). The simulation curve appears as a
Lorentzian resonance, and it is the result of the proposed
white-light multibeam interferometry. It has to be pointed
out that it is not the actual resonance of FRR. Despite the sim-
ilar appearance, its finesse is found to be a half of the actual
FRR finesse (F ). Because of only focusing on a small range
of f sag [jf sagj < ΔυFSR ≪ bandwidth of S�υ� ], it is found that
the simulated curves are not affected by the spectral profile and
bandwidth of the light source.

Afterwards, an experiment is carried out to demonstrate the
proposed white-light multibeam interferometry. In the experi-
ment, the FRR in Fig. 1 is composed of two 98:2 couplers and a
fiber coil. The fiber length and diameter of the coil are ∼100 m
and 140 mm, respectively. The round-trip loss of the cavity is
measured to be 0.268 dB. The RFOG is based on panda-type
polarization-maintaining (PM) fiber to minimize polarization-
related noises. By using an acousto-optic frequency shifter and a
narrow-linewidth laser to scan the FRR spectrum, the full
width at half-maximum (FWHM) and the ΔυFSR of the
FRR resonance are measured to be 30.5 kHz and 1.918 MHz,
respectively, corresponding to a finesse of 63.

A multifunction integrated-optics chip (MIOC) is adopted
here for light splitting and combining, polarization filtering,
and phase modulation. The MIOC is based on LiNbO3,

and its half-wave voltage (V π) is 3.99 V. The light source
of the system is an amplified spontaneous emission (ASE)
source based on erbium-doped fiber. Its bandwidth is
∼35 nm, centering at 1550 nm. Its power is set to
100 mW in the following experiments. In navigation-grade
IFOGs, it is a most commonly used source because of its high
stability and power. The PD (Thorlabs, PDA10CS-EC) is
based on InGaAs and is working at the C band. Its bandwidth
ranges from 0 Hz to 1 MHz, and it has adjustable gain.

By driving the MIOC with opposite sawtooth waveforms at
its two arms, an equivalent f sag can be introduced between the
CW and CCW directions (more details on the f sag introducing
scheme can be found in Appendix A). Therefore, an experimen-
tal curve of Eq. (4) can be obtained by setting the f sag at a series
of discrete values and acquiring the corresponding PPD, as
shown by the red dots in Fig. 2(b). The blue curve connects
the adjacent dots and outlines the curve profile. Its FWHM is
60.9 kHz, corresponding to a halved finesse of 31.5 versus the
real FRR finesse. The experiment and the simulation results are
in good accordance.

According to the results in Figs. 2(a) and 2(b), the PD re-
ceives maximal power PPD if no rotation is applied to the FRR,
and it declines sharply if the FRR rotates. The curve in Fig. 2(b)
is defined as the response curve of the RFOG. Different from
traditional RFOGs, where CW and CCW directions need in-
dependent and complicated interrogation systems, the pro-
posed RFOG has a much simpler working scheme. Also
unlike the cosine response curve of IFOG [2], the response
curve of the RFOG appears as a sharp peak due to multibeam
interference, and thus it has improved sensitivity to rotation.

C. RFOG Modulation and Demodulation
The RFOG readout is based on utilizing the property of the
response curve in Fig. 2(b). Because of the symmetry of the
response curve, modulation techniques are necessary to dis-
criminate between the positive/negative f sag, so as to distin-
guish the rotation direction. The details of the modulation
process are shown in Fig. 3. If there is no modulation and ro-
tation, PPD�f sag� � PPD�0� ≈ 20 μW, corresponding to the
peak value of the response curve in Fig. 2(b). Because the fre-
quency is the derivative of the phase with time, if the MIOC is
driven with upward sawtooth wave (frequency, 21 kHz; peak
amplitude, V π) at the CW arm and the opposite at the CCW
arm, a positive frequency bias (f mod � 21 kHz) is introduced
to the f sag, and the output of the PD decreases to PPD�f mod�.
Afterwards, opposite sawtooth waves are applied to introduce a
negative frequency bias −f mod and the output of the PD be-
comes PPD�−f mod�.

In the modulation, the f mod alternately changes between
	21 kHz with a rate of 500 Hz. The variation of PPD during
the f mod switching is defined as the error signal
e � PPD�f mod� − PPD�−f mod�. If there is no rotation, consid-
ering the axial symmetry of PPD, e is equal to 0. If a rotation
rate is applied and an f sag is introduced, the error signal
becomes

e � PPD�f mod � f sag� − PPD�−f mod � f sag�
� PPD�f mod � f sag� − PPD�f mod − f sag�: (5)

(a)

(b)

Fig. 2. (a) Simulation analysis and (b) experimental demonstration
of Eq. (4). They are the outputs of the proposed white-light multi-
beam interferometry and are defined as the response curves of the
proposed RFOG.
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In the gyro uses, rotation-induced f sag is usually very small
(f sag ≪ FWHM). Therefore, Eq. (5) can be simplified as

e � 2�P 0
PDjf mod

�f sag � 2K P in�R 0jf mod
�f sag, f sag ≈ 0,

(6)

where P 0
PDjf mod

and R 0jf mod
denote the derivative of PPD�f sag�

and R�f sag� at the point f sag � f mod, respectively.
Equation (6) indicates that error signal e is a linear indicator
to f sag and Ω. To maximize the e-to-f sag coefficient and to
improve the RFOG sensitivity, f mod should be tuned at the
steepest edges of the response curve.

A field programmable gate array (FPGA, NI 7855R) mod-
ule with integrated analog-to-digital (AD) and digital-to-analog
(DA) converters is adopted for PPD acquisition, f sag modula-
tion, and e calculation, as shown in Figs. 1 and 4(a). The FPGA
multiplies the PPD and the modulation square (	f mod) with a
mixer. The mixer output passes through a low-pass filter

(LPF, 20 Hz), and the error signal e is generated referenced
to the average input power Pin. After these algorithm opera-
tions, e is irrelevant to the power level, and it has no unit.
Similar to Fig. 2(b), at some discrete values of f sag, e is re-
corded, as shown by the red dots in Fig. 4(b). This curve
is antisymmetric and it crosses zero if no rotation exists, so
the rotation direction can be distinguished. At the central re-
gion, e is proportional to f sag, with an e-to-f sag coefficient of
1/(7600 Hz). By using a high-precision rotating platform, the
Ω-to-f sag coefficient is tested to be 3.4°/(h · Hz). After the cal-
ibration of these scaling factors, the rotation signal can be suc-
cessfully recovered from PPD, and the RFOG gets ready for
measurement.

3. GYRO TEST

The proposed RFOG is first adopted for the rotation test with
the high-resolution rotating platform (TD-320), whose nomi-
nal rotation resolution and range are 0.0001°/s and >500°/s,
respectively. A sinusoidal rotation rate (10°/h, 0.01 Hz) is ap-
plied to the RFOG. At the same time, the FPGA records the
error signal and recovers the rotation. The rotation data are
downsampled to 1 Sa/s via averaging and are plotted in
Fig. 5(a), where the sine rotation rate is well recovered. Then
the rotation rate is decreased to 1°/h, and Fig. 5(b) is obtained.
The recovered sinusoidal curves prove that the resolution of the
proposed RFOG is better than 1°/h in the bandwidth of 1 Hz.

The RFOG is then horizontally placed in a sealed box for a
static test, where the temperature fluctuation is about 0.4 K/h.
In this case, the RFOG is only subjected to the Earth’s rotation,
which is 7.8°/h at the testing site (Shanghai, China). The gyro
data recorded in 35,000 s are shown in Fig. 5(c). The output
has a bias around −4.5°/h, which may be attributed to the non-
reciprocity of couplers [27]. When the RFOG is turned over to
sense the opposite of the Earth’s rotation, the bias changes from
−4.5°/h to −20.1°/h. The bias difference is twice the Earth’s
rotation rate. As shown in Fig. 5(c), the dominating gyro noise
has the white-noise characteristics. After averaging with a mov-
ing window of 1000 s, the long-term bias drift emerges, as
shown in Fig. 5(d). Figure 5(e) plots the power spectral density

(b)

PPD e fsag

LPF

Pin± fmod

(a)

Fig. 4. (a) Demodulation process in the FPGA; (b) measured error
signal versus f sag. LPF, low-pass filter.

Fig. 3. Modulation signals and the corresponding PPD in different gyro states. VMIOC, voltage applied on the MIOC; V π , half-wave voltage;
f mod, modulated frequency bias.
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of the gyro data in Figs. 5(a)–5(c). The peaks correspond to the
applied rotation signals, and the noise floor is generally around
0.69°/(h · Hz0.5).

The overlapping Allan deviation of the 35,000-s gyro data
is calculated and is shown in Fig. 5(f ) [28]. An ARW of
0.0093°∕

ffiffiffi
h

p
and a BI of 0.009°/h can be read out from it,

which demonstrates that the resolution of the proposed
RFOG has reached the navigation grade. In this demo experi-
ment, the RFOG works in an open-loop configuration, so the
linear region of the error signal curve in Fig. 4(b) restrains the
measurement range of f sag to be about 	15 kHz, correspond-
ing to a rotation rate of ±14°/s. Table 1 lists all the key param-
eters of the RFOG during the test. This RFOG is also
compatible with a closed-loop operation. By adding a feedback
control loop to adjust the frequency shift of the MIOC, the
rotation-induced f sag can be well compensated so as to null
the error signal. The closed-loop configuration can further ex-
tend the measurement range and stabilize the gyro bias [29].

4. NOISE ANALYSIS

A. Shot-Noise Limited Resolution
The resolution of RFOG is ultimately limited by the shot noise
at the detector, which is given by [16,30]

Ωmin �
2λ0c

L · F · D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ec

πRDPPDτ

r
, (7)

where c is the velocity of light in vacuum, RD is the responsivity
of the PD, ec is the electron charge, and τ is the integration
time. Using the parameters listed in Table 1 and
the calculation process in Ref. [16], the shot-noise limited
resolution Ωmin of the proposed RFOG is calculated to be
0.016°/h at the integration time (τ) of 1 s. According to
Fig. 5(f ), the demonstrated rotation resolution is 0.56°/h at
1 s. Therefore, there is still ∼15 dB space for resolution
improvement.

B. RIN-Induced ARW Noise
The noises of gyros are typically classified into two types: short-
term ARW noise and long-term nonreciprocity-induced bias
drift. In Fig. 5(f ), the turning point of Allan deviation appears
at an averaging time of ∼3000 s, proving that short-term ARW
noise is dominating in this RFOG. Therefore, noise analysis on
the ARW is necessary to explore the full potential of the pro-
posed RFOG. Since the rotation signal is read from light in-
tensity at the PD, the relative intensity noise (RIN) of PPD

is the main contributor to ARW noise and is investigated.
Usually, relative to the fundamental shot noise, the RIN in-
duced by the ASE source (know/n as excess RIN) is much
higher [31].

Fig. 5. Test results of the RFOG. Gyro readout under sinusoidal rotation of (a) 10°/h, (b) 1°/h, and (c) 0°/h; (d) moving average of the static test
data in (c) with a time window of 1000 s; (e) spectral power density of the results in (a)–(c); (f ) Allan deviation of the static test data in (c).

Table 1. Parameters of the RFOG

Parameter Value Unit

BI 0.009 °/h
ARW 0.0093 °/h
Scale factor 3.4 °/(h · Hz)
Sampling rate 20 Sa/s
Measurement range 	14 °/s
Fiber length (L) ∼100 m
Diameter (D) 140 mm
Finesse (F ) 63 –
Power at detector (PPD) ∼16 μW
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In the excess RIN analysis, modulation on the MIOC is
turned off, and PPD is adjusted to 16 μW. The RIN of PPD

is recorded by the FPGA and is plotted as the red curve in
Fig. 6. The excess RIN mostly originates from the random beat
of different frequencies of the broadband light [32,33]. Because
of the spectral shaping effect of the FRR, the RIN of PPD rises
around the frequency of multiple free spectral range (such as
0 Hz and 1.918 MHz). For comparison, the blue curve depicts
the RIN of input ASE light (Pin), which has a flat noise floor
in the frequency domain. Due to the spectral shaping of the
FRR, the red curve has higher noise at low frequency and lower
noise at high frequency. At the RFOG working frequency of
21 kHz, the rising RIN floor of PPD is responsible for the
ARW noise in Fig. 5(f ) (0.0093°∕

ffiffiffi
h

p
). Since the RIN floor

of Pin (blue curve) is about 9 dB lower, a lower ARW of
0.0033°∕

ffiffiffi
h

p
can be obtained, if without the unwanted spectral

shaping effect.
On the other hand, the spectral shaping effect also has pos-

itive utilization to suppress the ARW noise [33,34]. By
inserting another fiber resonator after the ASE source to reshape
the spectra of Pin and PPD, a series of RIN notches can be in-
troduced to reduce the RIN floor at the point of working fre-
quency [33]. Except for the spectral shaping method, many
other RIN suppression techniques have been developed for
IFOG to suppress the ARW noise, such as optical or electrical
subtraction [32,35], quadrature demodulation [36], and light
depolarization before photodetection [37]. Most of them
are compatible with this novel RFOG. So, better ARW perfor-
mance can be expected to approach the shot-noise limited
resolution.

C. Nonreciprocity Noises
Other than ARW noise, nonreciprocity-induced long-term bias
drift is another important factor of BI. These nonreciprocities
originate from unwanted backreflection, backscattering, polari-
zation cross talk, the Kerr effect, the Shupe effect, etc. [13].
These nonreciprocity noises significantly degrade the perfor-
mance of traditional RFOG systems because of the employ-
ment of high-coherence lasers. However, they are well
mitigated in this paper by the use of low-coherence light source
and the minimal scheme.

The polarization cross talk in the proposed RFOG is sup-
pressed in the following actions: first, the adoption of PM fiber
minimizes the polarization fluctuations while light circulates

inside the FRR. In addition, the MIOC has integrated polar-
izers to ensure the polarization consistency between the input
and output light. The high polarization extinction ratio of the
PM fiber and the MIOCmakes the whole system operate stably
in single polarization. Further, thanks to the low-coherence
nature of the broadband light, the residual interference noise
between two orthogonal polarizations is well mitigated [38].
The efficiency of these polarization-suppression actions (polar-
izer, PM fiber, and low-coherence source) has been widely dem-
onstrated in numerous navigation-grade IFOGs.

The nonlinear Kerr effect is proportional to the intensity
imbalance between the CW and CCW light waves.
According to the analysis in Ref. [9], it can also be substantially
weakened through the utilization of a low-coherence source.

The Shupe effect originates from thermal ununiformity
along the long fiber coil. In most IFOG systems, the fiber coil
is commonly fabricated with elaborate winding and packaging
techniques to mitigate the thermal ununiformity [39,40]. The
residual Shupe effect, however, limits the further resolution im-
provement of IFOG. Here, the equivalent length of the RFOG
is quite long (∼6300 m) considering its finesse of 63. However,
the RFOG “packages” the 6300-m equivalent length into an
actual size of only ∼100 m in the way of optical recirculation
and resonance. Compared with the elaborate winding of IFOG
coil, it is obviously a more effective approach. Therefore, the
RFOG has inherent insensitivity to the thermal-related Shupe
effect due to its compact actual size.

5. CONCLUSION

In summary, we present the first navigation-grade RFOG with
the simplest readout scheme to date. As shown in Table 2, com-
pared with traditional IFOGs and RFOGs, the proposed
RFOG utilizes a low-coherence white-light source, high-finesse
FRR, and the minimal scheme. It combines the key advantages
of conventional IFOGs and RFOGs such as ultralow complex-
ity and compact size. In the experiment, an ARW of
0.0093°∕

ffiffiffi
h

p
and a BI of 0.009°∕h have been achieved with

a 100-m fiber coil. It shows great potential in both high res-
olution and on-chip integration.

APPENDIX A

The MIOC integrates two phase modulators at the CW and
CCW arms, respectively, and they are driven with opposite
voltage to work in the push–pull mode. By applying sawtooth
waveforms to the MIOC, the MIOC works as two frequency
shifters, since frequency is the derivative of phase. Figure 7(a)

Table 2. Comparison between the Proposed RFOG and
Traditional FOGs

Traditional
IFOGs

Traditional
RFOGs

Proposed
RFOG

Light source White light Laser White light
Sensing
element

Fiber coil FRR FRR

Resolution High Low Medium
Size Large Small Small
Complexity Low High Low

Fig. 6. RIN of PPD and Pin. The working frequency of the RFOG
is 21 kHz.

Research Article Vol. 10, No. 2 / February 2022 / Photonics Research 547



shows the applied sawtooth modulation waveforms. The saw-
tooth slope is V πf mod at the CW arm and −V πf mod at the
CCW arm, which would introduce 	 f mod

2 frequency shifts
at the CW and CCW arms, respectively.

The modulation process and scheme of the MIOC are
shown in Fig. 7(b). The input light electric field is E0�υ�. After
the light splitting and the CW frequency shifter (� f mod

2 ),
EA (the light electric field at point A) has the expression EA �ffiffi
2

p
2 E0�υ − f mod

2 �. Then, after passing through the FRR, EB

(the light electric field at point B) has the expression
EB � FCWEA �

ffiffi
2

p
2 FCW�υ�E0�υ − f mod

2 �. Further, EB passes

through the CCW frequency shifter (− f mod

2 ) and the light com-
biner, and the CW light field (ECW) has the expression

ECW � 1

2
FCW

�
υ� f mod

2

�
E0�υ�: (A1)

For the same reason, the CCW light field (ECCW) has the
expression

ECCW � 1

2
FCCW

�
υ −

f mod

2

�
E0�υ�: (A2)

Equations (A1) and (A2) indicate that an equivalent Sagnac
frequency f mod can be introduced between the CW and CCW
directions by driving the MIOC with the sawtooth waveform
plotted in Fig. 7(a). It is the theoretical basis of the RFOG
modulation in this paper.
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