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We present a near-navigation-grade interferometric fiber optic gyroscope (IFOG) based on an integrated optical
chip. The chip comprises a light source, a photodiode, and a 3 dB coupler within an area of 48 mm®. By inter-
rogating with an integrated optical modulator and a small-diameter sensing coil, the IFOG is realized. This
allows for a significant reduction in size, weight, power consumption, and cost. Preliminary performance data
of a gyro prototype exhibits 0.018 deg/h bias instability.

Keywords: gyroscopes; fiber optics; fiber optics sensors; integrated optics.

doi: 10.3788/COL202018.120601.

Interferometric fiber optic gyroscopes (IFOGs) were de-
veloped for decades before their performance became suf-
ficient for commercial usel . Today, IFOGs are rapidly
increasing in performance while having reduced size,
weight, and cost??. An IFOG is comprised of a passive
sensing coil, discrete optical components [superlumines-
cent diode (SLD), photodiode (PD), coupler, polarizer,
Y-junction, phase modulator (PM)] packaged with fiber
pigtails, and a signal processing circuit. This not only re-
sults in a large footprint but also degrades the IFOG’s per-
formance due to reflection and polarization misalignments
at the connection points.

Multi-functional integrated optical modulator chips
(IOMCs), which include a polarizer, Y-junction, and
PM for closed-loop operation, have been widely used in
IFOGsY, To reduce the size of the sensing coil, it can
be integrated into an optics chip by ultra-low-loss wave-
guide coil technology222. However, the precision current
of IFOGs is usually too low to meet high-performance re-
quirements. To maintain high sensitivity over long fiber
lengths and improve the performance of miniaturized
IFOGs, thin, small-diameter, polarization-maintaining
fiber technology has been developed™!. Cladding fibers
have been reduced to ~100 pm diameters, and mini-coil
diameters are now as small as 20 mm’2. Even the use
of photonic crystal fibers can significantly reduce the size
of the sensing coil’. Moreover, in order to miniaturize
the signal processing circuit, an analog-to-digital con-
verter (ADC), digital-to-analog converter (DAC), and
field-programmable gate array (FPGA) can be integrated
into a chip™, However, other discrete optical compo-
nents, like SLDs, PDs, and couplers, have not been sim-
ilarly miniaturized.

Using discrete optical components not only increases
the size of IFOGs but also results in parasitic reflections,
which increase insertion losses at fusing points™. The idea
of integrating discrete optical components into an optical
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chip for use in an IFOG was introduced early in 1990 and
can be called an “optical engine”. With the development
of monolithically integrated optical components and
waveguide circuit techniques, many researchers have
integrated discrete optical components into integrated op-
tical chips (IOCs). These IOCs have some outstanding
size, weight, power consumption, and cost (SWaP-C)
characteristics and are used in sensors?, optical commu-
nications?), and ultra-stable atomic clocks??. Hybrid inte-
gration of IFOG was proposed by Bischel for use in harsh
environmentsZ; however, the IOCs are too large for use in
compact IFOGs. Tran et al. reported the first chip-scale
I0C comprised of a light source, three PDs, two PMs,
and two 3 dB couplers based on photonics integration
technology. It fit within an area of 4.5mm?, but the
precision of the IFOG was very low at roughly 2 deg/s in
rotational measurement?, In 2019, a polarizer and two
Y-branches were integrated in an IOC to reduce the cost
of an open-loop IFOGZ. Tt obtained a bias drift of
0.048 deg/h. However, major discrete optical components,
such as the SLD and PD, were not integrated into
the TIOC.

An 10C integrating an SLD, PD, and coupler is pro-
posed for IFOG application in this work. We describe
the design of the IOC, sample fabrication, and testing
of the optical power, linewidth, and central wavelength.
An TFOG prototype based on IOC was assembled, and
the bias instability and scale factor were tested under
coils of different length. The bias instability was low at
0.018 deg/h, which demonstrates that the primary perfor-
mance of the IOC can satisfy the requirements of a near-
navigation-grade IFOG.

The schematic configuration of the IFOG based on IOC
is shown in Fig. 1. The IOC includes the following compo-
nents: (1) an incoherent light source SLD; (2) a photo-
detector PD; (3) a Y-branch Y1. Due to the serious
impact of asymmetric spatial modes on the IFOG’s
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Fig. 1. (a) Schematic illustration of the IFOG based on an IOC.
10C, integrated optical chip; IOMC, integrated optical modula-
tor chip; SDC, signal detection circuit; SLD, superluminescent
diode; PD, photodiode; Y1/Y2, Y-branch; P, polarizer; PM,
phase modulator; ADC/DAC, analog-to-digital/digital-to-
analog converter; FPGA, field-programmable gate array.
(b) Configuration of the IOC layout and (c) I0C package
structure.

performance, an IOMC circuit was adopted, which in-
cludes the following components: (1) a polarizer to mini-
mize polarization drift; (2) a Y-branch Y2 to divide the
wave into clockwise (CW) and counter-CW (CCW)
travel; and (3) a PM to achieve closed-loop operation.
The fiber coil in Fig. 1 is typically a coil of thin-cladding
polarization-maintaining fiber, which has a length of hun-
dreds of meters to ensure the IFOG’s accuracy. A signal
detection circuit (SDC) based on ADC, DAC, and FPGA
is used to realize high-resolution analog/digital measure-
ment of the rotation rate, as well as to act as the driver and
temperature control for the SLD.

To improve the manufacturability and performance of
the IFOG while reducing its cost, a multiple optical com-
ponent packaging technology was used to provide electri-
cal interconnection and light coupling between the optical
components to ensure that the optical device operates op-
timally. In addition, a thermo-electric cooler (TEC) was
used to maintain efficient thermal expansion between
the SLD and submounts, which can result in significantly
increased lifetime.

An epoxy attachment is generally considered the
lowest-cost attachment process for building photonic de-
vices. It is commonly used in photonic device proof-of-
concept demonstration builds and early prototype builds
because of its ease of use, low cost, and availability. Here,
all of the optical components, including the TEC, SLD,
field effect transistor (FET), and PD were attached by ep-
oxy to the substrate to ensure the module’s performance
and reliability. The configuration layout of the I0C is
illustrated in Fig. 1(b).

By designing a large-pitch silicon dioxide planar optical
waveguide circuit (PLC)-type Y-branch chip, sufficient
space is provided for the integration of the SLD and

PD. The SLD is suitable for use with gyroscopes due to
its large operational bandwidth. To expand its bandwidth,
we adopted the dual quantum well design to expand the
bandwidth of the III-V gain medium. An optical surface-
matching SLD chip was mounted into a PLC through
chip-to-chip coupling techniques. The main aim is to real-
ize low-loss, high-integration coupling between the SLD
chip and Y-branch chip. To increase the coupling effi-
ciency and improve the signal-to-noise ratio (SNR) of the
IFOG, a tapered mode conversion waveguide was opti-
mized, and high-precision passive alignment was used.
The process tolerance requirements are all within 1 pm
because the sizes of the chip waveguide end-faces are all
in the order of micrometers.

The next chip in the IOC is the PD chip. InGaAs was
bonded to an InP substrate by a wafer bonding process
with low dark current, high responsivity, and high reliabil-
ity. The p-n junction in the positive-intrinsic-negative
(PIN) structure converts photons into current. The ab-
sorbed photons make electron-hole pairs in the depletion
region, which is one of the key subcomponent technologies
required to manufacture etched metalized micro-mirrors
that redirect light out of the waveguide and into the
surface-mounted PD chip. Moreover, an FET circuit is
used to convert the photo-current to voltage.

The Y-branch Y1 is a 3 dB passive waveguide coupler
made with doped SiO,, which is used to direct 50% of the
light propagating in the waveguide into the SLD and PD
arrays that are surface mounted on the chip. Non-equal
splitting of the coupler can cause increased backscattering
and Kerr noiseZ2), For Y-branch structures manufac-
tured by doping with SiO,, the Y-branch structure simu-
lation design, process parameter exploration, and chip
end-face coupling analysis are required to achieve high
uniformity of the splitting ratio.

The IOC also contains a coupling-out structure, which
provides light coupling into and out of the sensing coil.
A semi-automated pigtailing process for the PM fiber
was developed that uses a micro-machined polish-cut
process with a dicing saw to fabricate the end-face. Then,
automatic coupling alignment was realized to improve the
coupling efficiency between the fiber and the IOC wave-
guide. In order to suppress back-reflection noise, the sur-
face of the waveguide was optimized to a tilted angle.
Eventually, suitable curing glue was used to strengthen
the coupling package structure, significantly improving
the strength and reliability of the IOC.

The I0C, with a small size of 8mm x 6 mm, was
mounted on a TEC to maintain an emission wavelength
sufficient for proper operation. All these components
stand within a 26 mm x 12mm metallic package, which
is interfaced and wire-bonded to allow electrical contact
with 14 electrical pins and a fiber pigtail that isolates
the package from external interference. The package
structure of the IOC is shown in Fig. 1(c).

Another key enabling component for an IFOG is the
IOMC, which has multiple functions and is typically
fabricated from lithium niobate. The lithium niobate
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Fig. 2. IFOG prototype based on an I0C.

quad-PM array chip uses previously developed state-of-
the-art IOC chip design and fabrication techniques, pri-
marily inductively coupled plasma (ICP) etching, proton
exchange, and annealing. Polarizer P filters out cross-
coupled erroneous signals in the light returning from
the sensing coil by eliminating the transverse magnetic
(TM) mode with a high polarization extinction ratio
(PER). Y-branch Y2 is a 3 dB passive waveguide coupler
based on a common substrate of lithium niobate. The
physical size of the packaged IOMC is 20 mm x 10 mm.

Because of the limited rejection of the common base
waveguide that acts as the spatial filter in the IOMC,
a single-mode fiber (that can be seen as an absorber or
a filter) is used to eliminate the anti-symmetrical mode
radiating from the Y-junction, thereby ensuring optic reci-
procity and improving the IFOG’s performance.

According to the integrated optical design and fabrica-
tion techniques shown in Fig. 2, an IOC with an effective
package was successfully processed. An experiment was
set up to test the IOC, which was driven at a constant
100 mA current and a controlled constant temperature.
The properties of optical power, central wavelength, line-
width, extinction ratio, responsivity, 3 dB bandwidth,
noise voltage, and power consumption (—40°C-60°C)
were measured and are listed in Table 1.

An TFOG prototype based on the pigtailed IOC was
successfully fabricated, as shown in Fig. 2. The sensitive
head consisted of an IOMC and a fiber coil, which was

Table 1. Measured Results of the IOC

10C Performances Values
SLD Optical power (pW) 149
Central wavelength (nm) 1300.21
Linewidth (nm) 41
Extinction ratio (dB) 0.3
PD Respounsivity (A/W) 0.88
3 dB bandwidth (MHz) 6
Noise voltage (mV) 0.49
Coupler Splitting ratio 50.6:49.4
Power consumption (W, —40°C to 60°C) 1.26

Table 2. Measured Results of the IFOGs Based on
an I0C

IFOG #1 #2 #3
Average diameter (cm) 3.8 4.5 4.5
Fiber length (m) 270 500 500
Measured scale factor 17,000 37,000 37,000
Measured in-run bias 0.13 0.018 0.0073
instability (deg/h)

ARW (deg/h'/?) 0.1 0.014 0.0033

placed inside magnetic shields to reduce the ambient mag-
netic field. The IOC and SDC were assembled into a de-
signed base structure and connected to the sensitive head
by a single-mode fiber and a modulation signal cable.

To compare IOC performances for IFOG application,
sensing coils with different lengths and diameters were
made of thin-clad polarization-maintaining fiber with di-
mensions of 80/135 pm. The detailed configurations of the
two IFOGs are listed in Table 2. Note that IFOG #2 has a
larger scale factor than IFOG #1. This resulted in
better performance for IFOG #2. Also listed in Table 2
are the measured performance attributes of the
two IFOGs.

The scale factor of the IFOGs was calibrated on a
precision rate table at room temperature. The in-run bias
instability of the two IFOGs was obtained via Allan vari-
ance analyses of the noise data collected, as shown in
Fig. 3. Bias instability of IFOG #2 with a 500 m fiber coil
and an IOC was 0.018 deg/h, and the angular random
walk (ARW) was estimated to be 0.014 deg/h'/2. To com-
pare the performances, an IFOG with discrete optical
components (IFOG #3) and the same size and length
of fiber loops as IFOG #2 was built; the detailed configu-
ration is given in Table 2. The static test results are shown
in Fig. 3. The bias instability and ARW of IFOG #3 were
0.0073 deg/h and 0.0033 deg/h'/?, respectively, which are
both obviously better than those of IFOG #2.

The biases of the IFOGs with IOC and discrete optical
components were measured over a temperature range of
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Fig. 3. Bias instabilities of IFOGs with IOC and discrete optical
components.
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Fig. 4. IFOG bias versus temperature.

—40°C to 60°C at a change rate of 1°C/ min. The test re-
sults in relation to temperature are shown in Fig. 4.

As can be seen from Fig. 4, the background noise of
IFOG #2 was obviously greater than that of IFOG #3,
leading to greater bias instability and ARW. However, as
the temperature changed, the bias-drift characteristic of
the IFOG with IOC was the same as the one with discrete
optical components and was caused by the temperature-
related Shupe effect. Furthermore, the same warpages oc-
curred when the temperature change was non-uniform.
By sampling ambient temperature changes and perform-
ing gyro zero-drift compensation, the IFOG’s output drift
can be significantly reduced. The related compensation
technology is very mature in IFOG signal processing.

The test results were fully comparatively analyzed.
The performance of the IFOG with IOC was mainly lim-
ited by photon, electron, and magnetic cross-coupling due
to the chip-scale size, which caused a low SNR and poor
accuracy.

In conclusion, we have proposed and demonstrated a
near-navigation-grade IFOG based on IOC. It allows
for a reduction in the SWaP-C of navigation-grade gyros
used for engineering. Future work will conduct more char-
acterization of the circuit design to suppress noise and lim-
itations, which will be beneficial for improving the next
generation of IFOGs. Furthermore, with proper integra-
tion modifications, an IOC and an IOMC will be inte-
grated into a single chip. Technologies that eliminate
the anti-symmetrical mode radiating from the Y-branch
should be considered to ensure reciprocity and improve
IFOG performance. We will report the results of this on-
going work in a future publication.

The authors gratefully acknowledge the useful sugges-

tions given by Daoxin Dai, Yaocheng Shi, and Ming
Zhang of Zhejiang University.
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