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ABSTRACT Silicon nitride waveguide (Si3N4), is used as the most important sensitive device because of
its excellent high-polarizing characteristics. It has the potential to build the miniaturized, high-precision
resonant integrated optical gyroscope (RIOG) in recent years. However, the back-reflection caused by the
refractive index difference between the Si3N4 waveguide and the pigtail fiber has a non-negligible impact
on the accuracy of the gyroscope. In this paper, we propose a method to suppress the back-reflection of the
end face of the Si3N4 waveguide resonator. We use the Fimmpropmodule of the simulation software Photon
Design to simulate the relationship between the back-reflection coefficient of Si3N4 waveguide and different
tilt angles. The simulation result shows that when the end face of the Si3N4 waveguide is oblique cut by 15◦,
the back-reflection is the minimum, about -67 dB. The back-reflection obtained through the experiments
are about -65 dB, consistent with the simulation result. Together, our data suggested that the back-reflection
noise of the Si3N4 can be suppressed by the oblique cutting of the end face by 15◦. The conclusion can lay
a foundation for improving the performance of RIOG based on Si3N4 waveguide resonator.

INDEX TERMS Back-reflection, integrated optical gyroscopes, oblique cut, silicon nitride waveguides.

I. INTRODUCTION
The optical gyroscope is a type of optical sensor used to
measure the rotational angular velocity based on the optical
Sagnac effect [1]–[6]. Compared with the current mature
interferometric optical gyroscope and laser gyroscope [7],
the resonant integrated optical gyroscope (RIOG) has the
advantages of high theoretical accuracy and easy integration,
and has become a representative of a new generation of
sensors. And the RIOG based on the waveguide resonator
outrank the others in cost, volume, weight and power con-
sumption. The optical waveguide resonator uses the reso-
nance effect to achieve hundreds or even thousands of times
the equivalent optical path in a short geometric optical path,
which greatly enhances the detection sensitivity of the Sagnac
effect. Thus, high sensitivity detection of angular velocity can
be realized in a small size [8], [9].

Despite the current research passion on the RIOG based on
the silica waveguide resonator, there are a few defects of the
system. The core layer of the silica waveguide is designed to
have an approximately square structure with low polarization
sensitivity, but it could also introduce polarization noise [10].
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And the polarization performance of the waveguide resonator
is related to temperature. When the ambient temperature
changes, the birefringence difference of the waveguide fluc-
tuates. The fluctuation supports the simultaneous transmis-
sion of two polarization states in thewaveguide resonator, and
cause the energy coupling between the primary (i.e. TEmode)
and secondary polarization states (i.e. TM mode) to rapidly
deteriorate the performance of the gyroscope. This is the most
important factor affecting long-term stability of RIOG and
limits its performance. One of the most effective methods to
solve the problem is to introduce high polarization-dependent
loss to make the loss of the TM mode as large as possible.
When the external environment changes, the waveguide res-
onator can always work in high polarization mode, thereby
reducing the influence of polarization errors on the perfor-
mance of the RIOG. Si3N4 waveguide is expected to be an
effective way to solve this problem. It has ultra-low loss
and high-aspect-ratio in the core layer [11]–[14]. In the TM
polarization direction, the light confinement of the waveg-
uide core is weak, so a slight bend could produce a huge
transmission loss. But the waveguide core is capable to con-
fine light in the TE polarization direction. Since the surface
roughness of the waveguide core is very low, theoretically the
Si3N4waveguide can achieve lower transmission loss than the
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silica waveguide. Therefore, Si3N4 waveguide could produce
waveguide resonators with high fineness and polarization.

However, the back-reflection noise is the most important
factor affecting the short-term performance of the RIOG
[15], limits the short-term performance of the RIOG, so it
cannot meet the requirements of current high-performance
tactical applications [16], [17]. The back-reflection discussed
occurs in the medium interface outside the waveguide res-
onator, such as the end faces of waveguides. The interfer-
ence between the signal and the back-reflection can cause
zero-bias fluctuation [7]. It is particularly important to evalu-
ate and eliminate the back-reflection noise when designing a
RIOG with high performance [18].

Many research has been done on the influence of the back-
reflection outside the waveguide resonator on the RIOG.
Takahashi et al, for the first time, theoretically and experi-
mentally analyzed the effects of out-cavity back-reflections
on the drift characteristics of the resonant fiber optical gyro-
scope (RFOG) [19]. They proved that the back-reflection
signal outside the resonator deteriorates the asymmetry of
the resonant curve and thus results in the drift of the RFOG
output signal. Feng et al. proposed a hybrid phase-modulation
technology (HPT) to suppress back-reflection noise, and
proved the effectiveness of this technology [5]. The group
also proposed the use of phase difference traversal (PDT)
method to reduce the back-reflection noise in the hybrid
RIOG [7]. With the phase difference between the CW and
CCW input light-waves forced to traverse the interval [0],
[2π ] repeatedly and rapidly, the fluctuation will be low-pass
filtered. Therefore, the back-reflection noise of waveguide
end face can be effectively suppressed. However, there are
few reports on RIOG based on Si3N4 waveguide resonators,
and no studies are on methods to suppress the back-reflection
noise caused by the end faces of Si3N4 from the Si3N4
waveguide resonator itself.

In this paper, the end face of the Si3N4 waveguide res-
onator is oblique cut to suppress the back-reflection noise
caused by the waveguide end faces. We model and analyze
the influence of back-reflection for gyroscope bias stability.
And we use the Fimmprop module of the simulation soft-
ware Photon Design to simulate the relationship between the
back-reflection coefficient and the different tilt angles with
different treatment methods. The simulation results show
that the end face back-reflection able to achieve maximum
suppression when the end face of the Si3N4 waveguide is
oblique cut by 15◦, about -67 dB. According to the simulation
results, we conduct a comparative experiment. The Si3N4
waveguide was obliquely cut or polished by 15◦, respectively.
The measured minimum back-reflection coefficient is about
-65 dB, consistent with the theoretical simulation.

II. THE BACK-REFLECTION IN RIOG
The RIOG uses high coherence narrow linewidth laser as the
light source, and its coherence length can reach tens or even
hundreds of kilometers. Therefore, any two beams of light
with the same direction of propagation and polarization in

FIGURE 1. Schematic diagram of generating back-reflection noise.

the optical path can be considered completely coherent. The
back-reflection light in RIOG optical path is coherent with
the signal light, which will affect the resonance curve of the
waveguide resonator.

The back-reflection in the optical path of the RIOG based
on the Si3N4 waveguide resonator mainly comes from the
Fresnel back-reflection at the end face of the waveguide
resonator and the end face of the optical fiber. At the coupling
end face, the effective refractive index of the waveguide mis-
matches, producing the Fresnel back-reflection phenomenon.
The schematic diagram of signal light and back-reflection
transmission is shown in Fig. 1. The back-reflection occurs at
the coupling points A, B, C and D between the optical fiber
and the Si3N4 waveguide. For the CW direction, EA enters
the waveguide resonator along the CW direction and outputs
from the C port, which is the expected signal light shown in
the blue dashed arrow. In the CCW direction, the yellow and
green dashed arrows indicate that the incident light has back-
reflection at point A and point D, which eventually will be
output along the C port. The back-reflection interferes with
the signal light, and causes changes in the amplitude of the
detection signal. The influence of back-reflection must be
restrained to improve the accuracy of RIOG.

The light beams between the reflection points of the light
path are reflected back and forth, forming a multi-beam inter-
ference effect. Since the higher-order reflection has relatively
small influence, only the influence of the primary reflection
is considered in this study.

During the transmission of the back-reflection light,
it passes through the transmission end, and its electric field
amplitude transfer function is:
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√
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The light also passes through the reflection end, with the
amplitude transfer function:
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kC is the coupling coefficient of the waveguide coupler, αC is
the additional loss of the coupler, αL is the transmission loss
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of the waveguide, andτ is the time for light to travel around a
resonator. We assume that the parameters of the two couplers
used in the waveguide resonator are the same, so the transfer
function is applicable to both couplers. Assuming that the
reflectivity of point A and point D is rA and rD, the transfer
function of the path B→D→C in Fig. 1 is:

H (ω) = T (ω) ·
√
rD · T ′ (ω) · e−iωτ

′

(3)

where τ ’ is the transmission time of the beam from the
coupling end face of the WRR to the coupler. Similarly,
the transfer function of the path B→A→C is:

H ′ (ω) = T ′ (ω) ·
√
rA · T (ω) · e−iωτ

′′

(4)

The incident light can be treated as a series of light super-
position of equally spaced frequency components after phase
modulation. If the same modulation frequency is used in the
CWandCCWdirections, the electric field amplitude entering
the phase modulator is E0, which is expanded according to
the Bessel formulawith the high-order frequency components
ignored. In Fig. 1, the emitted electric field at end C along the
path B→D→C is:

EBDC = E0

{
∞∑

n=−∞

[
inJn (β) ei(ωt+n�t)

]}
· H (ω + n�)(5)

Similarly, the output electric field at end C along the
B→A→C and A→C path are:

EBAC = E0

{
∞∑
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[
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]}
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Finally, the total electric field output at the C terminal is:
EC = EAC + EBDC + EBAC

= E0
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Then the output optical power Pout can be expressed as:
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(9)

FIGURE 2. The influence of back-reflection noise on the resonance peak.

FIGURE 3. The influence of back-reflection noise on the zero-bias.

The above function established thehe above function
established the relationship between back-reflection coef-
ficient and gyroscope output. When the incident light
is not phase modulated and the light intensities of CW
and CCW are the same, we assume that the output
time from each end face reflection point to the cou-
pler is equal. The influence of back-reflection on the
resonance peak is shown in Fig. 2. We can see that
back-reflection will change the height of the resonance
peak.

The phase difference between the back-reflection light and
the signal light at the detection point C also changes with
fluctuation in the external environment. Figure. 3 shows the
zero bias change corresponding to the change of the reso-
nance point when the back-reflection coefficient is -40 dB,
-50 dB and -60 dB, respectively. The trend of changing is
close to a sinusoidal curve. The greater the back-reflection
noise, the worse the accuracy of the corresponding RIOG.
If the RIOG is working in a large temperature range, even
a back-reflection light with a small reflectivity will seriously
deteriorate the bias stability of the device. Hence, suppressing
the back-reflection light is of great significance to the study
of high-precision RIOG.
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FIGURE 4. Schematic diagram of oblique cutting and oblique
polishing of Si3N4 waveguide end face, (a) oblique cutting,
(b) oblique polishing.

III. BACK-REFLECTION SUPPRESSION METHOD
In order to suppress the back-reflection without weakening
the transmission coupling efficiency [20], the end face of the
waveguide is usually oblique cut or oblique polished at a
suitable angle and aligned according to the refractive index.
But for the different waveguide materials, the treatment of
the end face is different. Figure 4 are the schematic dia-
gram of Si3N4 waveguide end face under oblique cutting
(a) and oblique polishing (b). And most of the back-reflected
light from the end face leaks into the substrate and can-
not form a guided mode to continue transmission in the
waveguide.

When the polarization maintaining fiber (PMF) is coupled
with the end face of the waveguide, the angle of oblique
cutting or oblique polishing is determined according to the
following equation:

nPMF sinα = nSi3N4 sin θ (10)

where nPMFandnSi3N4are the effective refractive indexes of
the PMF and the Si3N4 waveguide, respectively. αandθ are
the tilt angles of the PMF and Si3N4 waveguide end faces,
respectively. AndnPMF is 1.454, nSi3N4 is 1.447. The difference
between the two is very small, so, when the end faces are
coupled, the same tilt angle is used. In addition, the selec-
tion of the tilt angle is particularly important. We used the
Fimmprop module of the simulation software Photon Design
to simulate the back-reflection coefficient under different tilt
angles.

Figure 5 shows the simulation results of the end face back-
reflection coefficient of the Si3N4 waveguide at different tilt
angles, when the end face is processed by oblique cutting or
oblique polishing. With the oblique polishing method is used,
the minimum back-reflection coefficient is about -55 dB.
When the end face of the Si3N4 waveguide is obliquely
cut, the back-reflection coefficient is generally smaller and
the minimum coefficient about -67 dB, is reached at the
tilt angle of 15◦. Through simulation, we see that the back-
reflection noise can be effectively reduced when the end face
of the Si3N4 waveguide is processed by the oblique cutting
method. The method is promising to reduce the influence
of the back-reflection noise and improve the performance
of RIOG.

FIGURE 5. The back-reflection coefficient at different tilt angles.

FIGURE 6. The back-reflection coefficient of Si3N4 waveguide test system
device. ISO: isolator, EDFA: erbium doped optical fiber amplifier, OC:
optical circulator, WG: waveguide.

IV. EXPERIMENTAL RESULTS
We further verified the simulation results by experiments.
Figure 6 shows the test device diagram for measuring the
end face back-reflection coefficient of the Si3N4 waveguide.
It is mainly composed of a laser, an erbium doped optical
fiber amplifier (EDFA), two optical isolators (ISO), an opti-
cal circulator (OC), the Si3N4 waveguide and optical power
meter.

Laser is amplified by the EDFA and input to the OC
through ISO1, which is used to prevent the reflected light
from affecting the stability of the laser. Then the light enters
the waveguide through the OC. The light wave is transmitted
in the waveguide, and output through the ISO2. An opti-
cal power meter records the output light power value. The
reflected light is output through the reflecting end of the OC
(i.e. the back-reflected light), with its power value is recorded
beingmeasured by second optical powermeter. Assuming the
output power of the laser is P1 and the reflected light is P2,
the back-reflection coefficient of the waveguide end face can
be calculated from the equation −10 log(P2/P1).
Three Si3N4 straight waveguides with different treatment

methods were used in the experiment. i) The end face of the
waveguide was directly coupled to the PMF at 0◦. ii) The end
face of the Si3N4 was obliquely polished at 15◦. iii) The end
face was obliquely cut at 15◦. Six replicates were conducted
for each method. And the six groups of experiments were
conducted for each method.

For each condition, 500 groups of data were collected and
the averaged value was taken as the end face back-reflection
noise value. Figure 7 shows the back-reflection coefficient
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FIGURE 7. The back-reflection coefficient of the end face of the Si3N4
waveguide when the end face is directly coupled.

FIGURE 8. The back-reflection coefficient of the Si3N4 waveguide when
the end face is oblique polished by 15◦.

values of the six straight waveguides when they were directly
coupled with the PMF at 0◦. The back-reflection coefficients
are -38.345 dB, -38.541 dB, -39.001 dB, -36.864 dB, -
39.650 dB and -36.255 dB from (a) to (f). The test result
of oblique polishing at 15◦ is shown in Fig. 8 and the
back-reflection coefficients are -51.403 dB, -52.548 dB,
-52.608 dB, -52.385 dB, -52.305 dB and -52.136 dB,
respectively.

When the end face of the Si3N4 waveguide is oblique
cut by 15◦, the back-reflection coefficients are -65.134 dB,
-62.974 dB, -65.835 dB, -65.845 dB, -63.417 dB and
-63.612 dB, respectively. The test result is shown in
Fig. 9(a)-(f). Through the above comparison experiments,
we found that the maximum suppression of the end face
back-reflection can be achieved by obliquely cutting the end

FIGURE 9. The back-reflection coefficient of the Si3N4 waveguide when
the end face is when the end is face oblique cut by 15◦.

face at 15◦ for the Si3N4 waveguide. The experimental results
are consistent with the simulation.

V. DISCUSSIONS
As in all RIOG setups, the back-reflection noise is one of the
most important factors affecting its performance, hindering
the construction of high-precision RIOGs. Multiple meth-
ods for suppressing the back-reflection noise were proposed,
such as carrier-suppression with double phase modulation
technique (DPMT) [21], technology of HPT and PDT [5],
[6], and a three-laser scheme in which two laser frequencies
are locked onto third laser [22]. These methods can achieve
exceptionally good carrier suppression, so the RIOG could
work under non-optimal phase modulation amplitudes and
instable ambient temperatures [19]. However, the drift caused
by the multi-reflections between the two entrances of the res-
onator cannot be suppressed by the carrier-suppressed PMT
described above [21].

At present, we are the first to study the back-reflection
suppression at the end face of a Si3N4 waveguide res-
onator. We found, through simulations and experiments, a
15◦ oblique cutting at the end face of a Si3N4 waveguide
can effectively suppress the back-reflection. This method
only processes the waveguide and is easy to implement.
However, the method has higher requirements on the cutting
and the coupling process. If there is an angular deviation
during the cutting and coupling alignment, the waveguide
resonator will have residual back-reflection. And in actual
operations, the angle deviations often exist. The entire RIOG
system includes optical components such as lithium niobate
phasemodulators, the coupling between PMFswill also cause
back-reflection noise, which will affect the performance of
the gyroscope. Therefore, the above carrier suppressionmeth-
ods are also applicable to RIOG based on Si3N4 waveg-
uides. In the next step, we will combine the two methods to
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effectively eliminate the residual back-reflection caused by
process errors, looking to obtaining a Si3N4 waveguide based
RIOG with higher precision.

VI. CONCLUSION
The Si3N4 waveguides have excellent high polarization,
so the RIOG based on Si3N4 waveguide resonators have
received more attention currently. However, the back-
reflection caused by the end faces of Si3N4 waveguides
seriously affect the performance of RIOG and becomes an
immediate issue to be solved. but the back-reflection caused
by the end faces of Si3N4 waveguides seriously affect the
performance of RIOG. In this paper, we proposed that oblique
cutting and oblique polishing can successfully suppress the
back-reflection noise of Si3N4 waveguide resonator. Both the
theoretical simulations and the on-site experiments showed
that the back-reflection noise is minimum when the end face
of the Si3N4 waveguide was obliquely cut by 15◦. Under
this condition, the back-reflection coefficient measured by
the theoretical simulation and the experiment are about -
67 dB and -65 dB, respectively. This is better than the
back-reflection coefficient of -52 dB with oblique polish-
ing by 15◦. The experimental and simulation results are
highly consistent. This finding lays a foundation for improv-
ing the performance of RIOG based on Si3N4 waveguide
resonators.
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