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Abstract: We present the first chip-scale “integrated optical driver” (IOD) that can
interrogate with a sensing coil to realize an interferometric optical gyroscope. The chip
comprises a light source, three photodiodes, two phase modulators and two 3-dB couplers
within an area of 4.5 mm®. This allows for a significant reduction in size, weight, power
consumption and cost of optical gyroscopes.
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1. Introductions

The interferometric fiber optic gyroscope (IFOG) was proposed in 1968 [1] and has been
developed for decades until the technology and understanding of performance limitations has
reached sufficient levels for IFOGs to be commercially used. Today IFOG is a mature
technology that delivers high sensitivity, high stability and reliability. A modern IFOG
comprises of three main components: a passive sensing coil, a set of active optical
components and read-out electronics [2]. There has been tremendous development on
perfecting the passive sensing parts with the invention of new types of fibers, e.g. hollow-core
fibers with significantly reduced non-linear and thermal effects [3,4], high polarization
extinction ratio fibers to reduce the polarization coupled drift [5]. In addition, more complex
fiber winding techniques such as quadrupole or octupole symmetry were introduced to cancel
out non-reciprocal noise and drift due to thermal gradients and vibration [6]. Further
improvement includes using thinner claddings (80 um) or even multicore fibers to
significantly reduce the size of the sensing coil, but keep high sensitivity due to long fiber
lengths [7].

However, the optical components that generate, modulate and detect the optical signal to
drive the optical gyroscopes have not evolved comparably. Most modern IFOGs use discrete
optical components and these components are normally packaged with fiber pigtails to form
the Sagnac reciprocal interferometer optical circuit [2]. Even though using discrete parts
offers the freedom of choosing the best performing components, it can result in a number of
parasitic reflections, increased insertion losses at connection points, and environmentally
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sensitive polarization misalignments that degrade the performance. Although it is possible to
minimize these effects, for example with mode and polarization filters, careful and costly
packaging efforts are required. In addition, the use of discrete components also results in
larger size and weight.

The idea of using integrated optics in IFOGs was introduced early in literature [8§—10], but
the research results have been limited. The most widely-used implementation of integrated
optics in gyroscope technology is the so-called integrated optical chip (IOC) that integrates a
Y -junction and phase modulator using a LiNbO; waveguide [11].

In this work, we present the first fully integrated optical driver (IOD) chip that comprises
all optical active components and passive components needed for optical gyroscopes except
the sensing coil. The chip can be interfaced with a delay sensing coil, such as optic fiber or an
ultra-low loss waveguide [12—14], to form a working interferometric optical gyroscope. It can
also be readily used for current sensing and magnetometer if the delay coil is replaced by a
Tb-doped fiber [15] or hybrid Ce:YiG-SizN, waveguide [16]. The chip is designed and
fabricated using the heterogeneous I1I-V/Si photonics integration technology [17].

The paper is organized as follows. In Section 2, we first show the circuit layout of the
IOD chip with target specifications. Section 3 follows with details of each component’s
design. Details on the fabrication process are explained in Section 4. Section 5 presents the
characterization of each component and the rotation measurement of the IFOG using the
fabricated IOD. The paper concludes in Section 6 with a summary and discussion of outlook.

2. Design of the integrated optical driver for fiber optic gyroscopes

The schematic layout of the IOD chip is illustrated in Fig. 1(a). The light source is a multi-
mode Fabry-Perot laser, that can be frequency modulated to reduce its coherence length and
improve the gyroscope performance towards that of amplified spontaneous emission (ASE)
sources [18,19]. Utilization of a laser significantly reduces the power consumption over for
example a super luminescent light emitting diode (SLED) as above threshold most of the
current is converted to photons. Three photodiodes are used to detect the Sagnac signal and
provide a monitor for the laser output. Corrections to the read-out of the gyroscope or
stabilization of the laser power by an electrical feedback loop are straightforward to
implement since the control and feedback signals are available in the IOD. The phase
modulators are laid out in a push-pull configuration to reduce the half-wave voltage. The two
power splitters should ideally have 50% splitting ratio to reduce the backscattering noise and
maximize the intensity of the Sagnac signal [20] [13]. We address our coupler design in detail
in later sections. The two output waveguides are inversely tapered for mode matching with
optical fibers. We intentionally bring the two output waveguides to the opposite sides of the
chip; it is expected that having uneven distances from the 3-dB splitters to the waveguide
facets (ideally the difference between these distances should be larger than coherence length
of the light source [2] [13]) would help reduce the coherent back-reflection noise induced by
the reflections at the chip-fiber interfaces. All the active components (i.e. lasers, photodiodes
and phase modulators) are designed on the III-V/Si heterogeneous integration platform, and
we provide details in later sections. The silicon-on-insulator (SOI) wafer used has a 500 nm
thick device layer on top of 1 um buried oxide. Schematic of the cross section of
heterogeneous integrated devices is shown in Fig. 1(b).

When operating in a gyroscope system, the phase modulator will be modulated at the
proper frequency of the gyroscope, which is strictly related to the length of the sensing coil by

. e . s . .

equation f, =—— where c is the speed of light in vacuum, n,, is the effective index of the
off

propagation mode and L is the length of the coil. Depending on the performance requirements

and applications, the length of the sensing coil may vary from tens of meters to several

kilometers, resulting in the proper frequency range from hundreds of kHz to hundreds of

eff
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MHz. Different modulation signals (sinusoidal, squared, triangle wave, etc.) can be used. To
cover all potential fiber lengths with sufficient margin, we have designed both the modulators
and the detectors to have bandwidths greater than 1 GHz.
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Fig. 1. (a) 3D schematic (not to scale) of the integrated optical driver (IOD) for fiber optic
gyroscopes. (b) Cross section of III-V/Si heterogeneously integrated active components (lasers,
photodiodes and modulator).

3. Designs of components
3.1. Light source

A multi-mode Fabry-Perot laser is utilized in the IOD chip. The schematic of the laser design
is shown in Fig. 2. The III-V layer stack used as gain element for the laser has three strained
InAlGaAs quantum wells (QWs) sandwiched between two separate confinement hetero-
structure (SCH) layers, as shown in Table 1. The Si rib waveguide is 500 nm tall and 750 nm
wide, with 200 nm etched depth.

Table 1. Epitaxial ITI-V Layer Structure Used for the Lasers and Photodiodes

Layer Name Layer Composition Thickness (pm) Doping level
P-contact P-In0.53Ga0.47As 0.1 1.50E+19
Smoothing P-1 5Q Ino_sgéGa(]_zzmAS(]_gggPo_l12 0.025 3.00E+18
Smoothlng P-13Q IIl()_729Ga()_z71ASO_537P0_413 0.025 3.00E+18
P-cladding P-InP 1 1.50E+18
P-cladding P-InP 0.2 8.00E+17
P-cladding P-InP 0.25 5.00E+17
SCH N-III()V53A1()V] 83G30.237AS 0.125 1.00E+17
MQW U-3x Ino_5753A10_0(,Gao_2642AS Well (+1% CS) 3x0.006
U-4x In0_4411A10_035G30,4739AS Barrier (-06% TS) 4x 0.009
SCH N-IHOV53AIOV]83G80.237AS 0.125 1.00E+17
N-Contact N-InP 0.11 2.00E+18
Superlattice 2X N-Il’lo_g5Gao_15AS()_327P0_673 0.0075 1.00E+18
2 x N-InP 0.0075
Bonding layer N-InP 0.01 1.00E+18

The laser cavity mirrors are formed by two loop mirrors that are realized in silicon, similar
to [21]. We chose loop mirrors as they can be formed anywhere on chip (no need for facets)
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and the reflectivity can be chosen arbitrarily based on the coupling ratio of the coupler used.
When the insertion loss of the coupler is negligible, the relationship between the reflectivity
(R ) of the loop mirror and the coupling ratio (k) of the 2 x 2 coupler is given by equation
R =4k(1-k) and plotted in Fig. 3 (the derivation can be achieved using transfer matrix

method, similar to MZI modeling carried out in [22]). For the gyroscope IOD’s Fabry-Perot
laser, the mirror on one side is designed to be nearly total reflective while the other one is
70% reflective so that all the generated photons are guided towards the sensing part. The high
reflective mirror on the left hand side makes use of a 3-dB adiabatic coupler to allow a high
reflectivity over a broad optical bandwidth, whose details will be explained in Section 3.4.
The lower reflective mirror on the right hand side uses a directional coupler with 23%
designed coupling ratio.

Higher reflective ] Lower reflective
mirror Gain mirror

Fig. 2. Schematic of the Fabry-Perot laser with the gain region on III-V layer and the
integrated loop mirrors on Si. The two mirrors’ reflectivities are designed to be 100% on one
side (left) and 70% on the other side (right) to direct most of output power towards the rest of
the PIC (on the right hand side of the laser).

L

80

60

40

Loop Mirror Reflectivity (%)

20

0 0.2 04 0.6 0.8 1
Power Coupling Ratio

Fig. 3. Relation between loop mirror reflectivity versus coupling ratio of the 2 x 2 coupler
when its insertion loss is negligible, which is applicable for directional couplers. Two
highlighted points are chosen for the FP laser loop mirrors.

3.2 Photodiode

The photodiode used the identical three quantum well 1II-V stack as the gain described in
section 3.1. The device design was similar to the one demonstrated by Park et al. [23] in
which the III-V region was tilted to reduce the reflection at the waveguide transition (see Fig.
4). Along the hybrid region, the Si waveguide width was gradually tapered from 3 um to 600
nm to push the mode vertically and increase the confinement factor in the quantum well
region, thus achieving higher absorption and responsivity.
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Fig. 4. Schematic of the photodiode. The III-V layers are drawn transparent to show the change
in the width of the underneath Si waveguide.

3.3 Phase modulator

For phase modulation, we utilized the carrier depletion effect in multiple quantum wells of
AlGalnAs to realize phase modulators with broad optical bandwidth, low insertion loss and
low power consumption [24]. The III-V stack for the phase modulator was modified from the
design reported by Hui-wen et al. [25] and is shown in Table 2. The modification was
necessary to match the thicknesses of the III-V layers for lasers and photodiodes so that a
single etching process could be done simultaneously for all different I1I-V stacks. In addition,
the phase modulators were laid out in a push-pull configuration to benefit in lowering the
backscattering noise as discussed in [26]. The schematic of the push-pull modulators with the
metal-probe layout on the top is illustrated in Fig. 5(a) and the circuit driving the push-pull
operation is shown in Fig. 5(b).

Table 2. Epitaxial I1I-V Layer Structure Used for the Phase Modulators

Layer Name Layer Composition Thickness (um) Doping level
P-contact P-Ing 53Gag47AS 0.1 1.50E + 19
Smoothing P-1.5Q Ing s36Gag.414A80.835P0.112 0.025 3.00E + 18
Smoothing P-1 3Q In().729Ga().271AS().537P0‘413 0.025 3.00E + 18
P-cladding P-InP 1 1.50E + 18
P-cladding P-InP 0.25 8.00E + 17
P-cladding P-InP 0.25 S.00E + 17
SCH N-In0_5284A10_193Gao_2736AS 0.1 1.00E + 17
MQW U-15 x Ings74Alp111Gag 315As 15x0.008 1.00E + 17
U-16 x In0_458A10,217Ga0_315AS 16 x 0.005 1.00E + 17
SCH N-Ino_5284A10_193Gao_2736AS 0.05 3.00E + 18
N-Contact N-InP 0.11 3.00E + 18
Superlattice 2 x N-Ing 5Gag15A80327P0 673 0.0075 1.00E + 18

2 x N-InP 0.0075

Bonding layer N-InP 0.01 1.00E + 18

(a) (b)

— GND

Fig. 5. (a) Schematic of push-pull modulators for the IOD. (b) The circuit diagram for the
push-pull modulation operation.

3.4 Three-dB coupler

Having an exact 50% coupler over the operational wavelength range is crucial for the
gyroscope IOD chip. The non-equal splitting of the coupler can cause the increase in
backscattering induced noise [20] [13] and Kerr effect [27], both of which degrade the
performance. In integrated photonics, multimode interference (MMI) couplers and directional
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couplers are often preferred for their compact size. However, MMIs in general have higher
insertion losses and reflections. As parasitic reflections must be strictly minimized in the
gyroscope, the MMI design is not preferred. Directional couplers, despite being low loss and
low reflection, are highly sensitive to fabrication errors and are highly dependent on
wavelength. For this reasons we used adiabatic 3-dB couplers/splitters [28—30] that are
inherently wavelength insensitive, more fabrication tolerant and provide equal splitting. These
benefits, however, come along with a trade-off in requiring a longer structure.

Our design of an adiabatic 3-dB 2 x 2 coupler is illustrated in Fig. 6(a). The coupler
comprises three sections: the first section (300 um long) where the two ridge waveguides
with different widths (600 nm and 800 nm wide) slowly come close to each other using S-
bends, the coupling section (400 pm long) where the two asymmetric waveguides are linearly
tapered to 700 nm wide waveguides, and the third section (300 um long) where each 700 nm
wide waveguide is guided to one of the output waveguides by two other S-bends. We used
FIMMPROP to simulate the propagation of modes through the structure. Figure 6(a) also
shows, as an example, how the mode propagates and splits through the coupler when light is
input to the 800 nm wide waveguide. The input mode first excites the fundamental (even)
mode of the coupler modes, then this even mode transmits adiabatically to the even mode of
the symmetric 700 nm wide waveguides at the end of the coupling section; after that, the
power then splits equally to the two output waveguides. The simulation result (Fig. 6(b))
shows 50 + 3% splitting ratio of the adiabatic coupler over C-band.

(b)

0.7

Cross
== Through

Normalized Power
o o
(6} »

o
'S

0.3
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 6. (a) Schematic of the 3-dB adiabatic coupler. The simulated mode evolution along the
coupler is shown to illustrate the working principle. (b) Simulated wavelength dependence of
the coupler

3.5 Mode size converter

Due to the large mismatch in the mode field size between Si waveguide and optical fiber, it is
necessary to have a mode size converter at the interface. The two main approaches that are
widely used include vertical grating couplers [31] and edged couplers [32]. Since grating
couplers in general have a limited optical bandwidth and an inherent back reflection, edged
coupling is chosen for use in our IOD chip. The schematic design of the mode size converter
transitioning from 500 nm thick Si waveguide to optical fiber is shown in Fig. 7(a). The
converter comprises two parts: a bi-level taper and an inversed taper. Through the bi-level
taper, the optical mode from 500 nm x 600 nm rib Si waveguide is squished to the mode in
thinner 300 nm x 600 nm Si waveguide. The waveguide is then tapered to 300 nm x 175 nm
waveguide. Since the Si core is now too small, the optical mode is no longer well confined in
Si but expands to the oxide cladding, largely increases the mode field area and lower the
mode mismatch with optical fibers. The waveguide is also angled to 7° respective to the
polished facet to decrease back reflection.
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The bi-level taper was simulated with FIMMPROP and the averaged transmission loss
over C-band was estimated to be —0.6 dB. In addition, the coupling efficiency from the Si
inversed taper to a 2.5 um spot-size fiber was done with FDTD Lumerical and the average
coupling loss over C-band is about —2.05 dB, as shown in Fig. 7(b). In total, the mode
converter is expected to have —2.7 dB coupling loss over C-band. All simulations only

considered TE mode.

a) b)

—Inversed Taper
——Inversed + Bi-level Tapers

Coupling Loss (dB)
&

e ]
25
——”—_\

3 . . A
1500 1520 1540 1560 1580 1600
Wavelength (nm)

Fig. 7. (a) Schematic of the bi-level taper and the inversed taper for waveguide-fiber. The
mode evolution along the coupler is shown to illustrate the working principle. (b) Blue curve:
FDTD simulated coupling loss from 300 nm x 175 nm Si waveguide to 2.5 um spot-size
lensed fiber. Red curve: Total coupling loss including the bi-level taper. The waveguide was
angled to 7° and the lensed fiber approach angle was 8° respective to the chip facet.

4. Fabrication

The fabrication of the heterogeneous integrated chip started with Si waveguide etching on an
SOI substrate that has 500 nm thick Si on top of a 1 pum thick buried oxide layer. Rib
waveguides were patterned on 248 nm DUV lithography and etched 200 nm with the
SF¢/C4Fs plasma based deep reactive-ion etching (RIE). The second step of lithography and
etching were followed to deeply etch strip waveguides and vertical channels for outgassing.
Good alignment between these two lithography steps is important to achieve the desired bi-
level taper structure for the waveguide-fiber couplers.

Two III-V epitaxial structures with details shown in Table 1 and 2 were grown on InP
substrates and cleaved into pieces. These pieces were then bonded to the top silicon using low
temperature hydrophilic bonding process [23] [33] to form active regions for the active
components. The III-V substrates were then removed by mechanical polishing and chemical
wet etching before the p-mesas were etched down into the MQWs region by CH4/H,/Ar based
plasma RIE. The separate confined hetero-structures (SCHs) and quantum wells were
subsequently wet etched to n-type layers. Pd/Ge/Pd/Au/Ti alloy contacts were lifted-off to
form n-metal layers. The III-V mesa on regions without active components was etched away
by dry and wet etch, exposing passive Si waveguides and structures. Oxide coverage
deposition was followed to protect the waveguides and to form electrical isolation between n-
type layers and p-metal pads. Vias were opened by dry etch to allow for p-metal deposition.
After proton implantation on two sides of the p-type mesas, Ti/Au stacks for probe pads were
deposited. The fabrication was completed with dicing and Si facet polishing.

SEM images of the components on the IOD chip along the fabrication process are shown
in Fig. 8. We had identical test structures for each component fabricated in the same process
to allow for individual characterization.
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Fig. 8. SEM images of (a) Top view of the deep-shallow transition showing good lithography
alignment for deep and shallow etch waveguides. (b) Tilted view of the bi-level taper. (c) Two
adjacent waveguides with very smooth sidewalls. (d) Tilted view of the p-doped InP mesa after
CH4/H,/Ar based plasma RIE etch.

5. Results

A microscopic image of a completed IOD chip is shown in Fig. 9 with break-downs of each
components. The chip is 9 mm x 0.5 mm in size. A bar that comprises 12 individual IODs is
put next to a US quarter dollar for comparison.

Fig. 9. Photograph of a fabricated IOD chip with close-ups of its components. LS: Light
Source, PD: Photodiode, PM: Phase Modulator. A set of 12 devices next to a US quarter coin
for size comparison.
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5.1 Individual components

5.1.1 Fabry-Perot lasers

The current-output power curve of the Fabry-Perot laser at room temperature is shown in Fig.
10(a). The threshold current is about 40 mA. The laser’s optical spectrum when operating at
well above threshold (150 mA) is shown in Fig. 10(b). A multi-mode lasing across the 1578 —
1595 nm wavelength range was achieved with mode spacing of 0.07 nm corresponding to a
cavity length of 4.5 mm formed by the two integrated loop mirrors.
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Fig. 10. (a) LIV curve of the laser. (b) Optical spectrum of the fabricated FP laser. The inset
shows the mode spacing that corresponds to the laser cavity length.

5.1.2 Photodiodes

The dark-current is 4 nA at -3 V and goes up to 15 nA at —6 V bias, as shown in Fig. 11(a).
The frequency response at wavelength of 1550 nm and —6 V reversed bias was measured
using the Agilent N4373A Lightwave Component Analyzer (LCA) measurement setup and is
shown in Fig. 11(b). The 3-dB bandwidth is larger than 6 GHz up to 1 mA photocurrent, with
a responsivity of about 0.7 A/W.
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Fig. 11. (a) Photodiode voltage-current curve at reversed bias. (b) Frequency response at
different levels of photocurrent.

5.1.3 Phase modulators

To measure the insertion loss of the modulators, the transmission spectrum through a stand-
alone phase modulator was measured and compared with that of a reference single straight
waveguide. At a reverse bias smaller than 3 V, the insertion loss is less than 1 dB over C-
band. The phase modulator was also placed in a Mach-Zehnder Interferometer (MZI) test
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structures to form an MZI modulator for half-wave voltage and frequency response
characterization. The optical power (wavelength 1550 nm) from the output waveguide of the
MZI modulator was measured while DC reverse bias voltage was swept from 0 to 6 V as
shown in Fig. 12(a). The half-wave voltage for 500 pm long structure is 8.4 V. The high
speed performance was measured at varying reverse bias voltages using an HP §703A LCA
setup. The modulator exhibited a 3 dB bandwidth of about 2 GHz at -2 V bias as shown in
Fig. 12(b).
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Fig. 12. (a) MZI modulator’s half-wave voltage measurement at DC bias. (b) Its frequency
response at varying reversed-biases showing 3-dB bandwidth of 2 GHz.

5.1.4 Three-dB coupler

The 2 x 2 adiabatic 3-dB coupler was characterized by using a rigorous method reported in
[22]. The measurement setup is shown in Fig. 13(a) with a high-precision tunable laser
source, high precision power sensor, a polarization controller and a polarizer and polarization
maintaining (PM) fibers. The lensed fiber holder rotator was adjusted to launch TE mode
(polarization extinction ratio TE/TM > 25 dB) prior to testing.
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Fig. 13. (a) Measurement setup for testing passive components. (b) Normalized splitting ratios
of the fabricated adiabatic 3-dB splitter, extracted using the UMZI spectra analysis.

The splitting ratios versus wavelength plot of the coupler are shown in Fig. 13(b). The
splitter exhibited a flat wavelength response over the C-band. The normalized power splitting
ratio over 75 nm wavelength range (1520 — 1595) was within 50 £ 4.2%.

Based on Fig. 3, given loss-less assumption, the loop mirror using adiabatic coupler
should have around 99% reflectivity over the above wavelength range. The Si waveguide
propagation loss was measured to be about 1.5 dB/cm; thus it makes up to about 0.2 dB total
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loss for the whole loop mirror structure. Combining both, we estimate the reflectivity of the
adiabatic coupler based loop mirror to be around 94% over the C-band.

5.1.5 Mode size converter

The coupling loss of the converter was characterized using the setup shown in Fig. 13(a). PM
lensed fibers with the mode diameter of ~2.5 um were used to couple the Si waveguide with
mode size converters. Transmission power through a Si straight waveguide with two mode
converters at two ends was recorded while laser wavelength was swept over 1525 — 1575 nm.
The same measurement was also taken for transmission from fiber to fiber as a reference. The
coupling efficiency was then extracted, taking into account the extra 0.2 dB propagation loss
of the 0.2 mm Si straight waveguide, as shown in Fig. 14. The averaged coupling loss is
determined to be —3 dB. The 0.3 dB discrepancy between measurement and simulation
(Section 3.5) can be attributed to the propagation loss along the mode converter structure.
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Fig. 14. Coupling efficiency between TE mode of the Si waveguide and 2.5 pm mode diameter
lensed fiber.

5.2 Rotation sensing measurement and discussion

To test the functionality of fabricated 10D chip, we formed an open-loop interferometric
optical gyroscope by connecting the chip to a 180 m long polarization maintaining (PM) fiber
coil with bench-top read-out electronics illustrated in Fig. 15(a). The fibers were aligned to
the mode size converters of the IOD by using two 3-axis stages and electrical contacts to the
chip were made by using RF probes (shown in Fig. 15(b)). The chip was kept at room
temperature by a thermoelectric cooler underneath the stage. The entire alignment setup was
placed on an optical bench while the fiber coil was put on a separate rotation table; hence, it is
possible to apply the rotation only to the sensing coil without disturbing the optical and
electrical alignments on the chip. A 20 dB RF amplifier was used to boost the interference
signal at the first photodiode on the IOD. The signal was analyzed with an electrical spectrum
analyzer (ESA).
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Fig. 15. (a) Schematic of the interferometric optical gyroscope driven by the IOD chip. The
PM fiber coil is 180 m long with a diameter of 20 cm. LS: Light Source, PD: Photodiode, PM:
Phase Modulator, PMF: Polarization Maintaining Fiber, ESA: Electrical Spectrum Analyzer,
FG: Function Generator. (b) Photograph of the electrical and optical alignment onto the IOD
chip.

In operation of the IOD, the DC current to the laser was set at 400 mA, well above the
threshold current and near the maximum output power point. The phase modulators and
photodiodes were operated in reverse bias regime. The total photo-current received at the
detection photodiode was 8 pA, corresponding to 1.14 pW optical power. A sinusoidal wave

was applied to the phase modulator at the proper frequency of f, =560kHz which is

governed by the length of the fiber coil [2]. The modulation amplitude on the phase
modulator was set to 250 mV, corresponding to modulation depth of about ¢, =0.1 rad. The

SﬂﬂiQR where L =180m is the length,
Ac 180

D =0.2mis the diameter of the coil, 4 =1.57 pm is the mean-wavelength of the multimode

rotation induced Sagnac phase shift is Ag, =

laser and €, (°/s) is the rotation rate. Due to the sinusoidal modulation of the phase
modulator, the gyroscope output voltage is given by

V() =1 R, GJ,(8,)sinAg, €]

where /, =8 nA is the detected DC photocurrent, R.,, =50 is the resistance of the ESA,
G =10 is the amplification of the RF amplifier and J,(¢, =0.1) is the Bessel function of the
first order at the phase modulation depth. Using the small angle approximation for sin

function, we can estimate V' (Q,) = 6.70><10'6QR, in other words, the scale factor of the

gyroscope is expected to be 6.70 uV/(°/s) .

We carried out the gyroscope measurement by sweeping the rotation rates in clockwise
(CW) and counter-clockwise (CCW) directions alternately and recorded the voltage at the
modulation frequency on the ESA. The output signal voltage versus the rotation rate is plotted
in Fig. 16(a). It shows that the gyroscope output was linearly proportional to the applied
rotation rate with a scale factor of 6.28 uV/(°/s). This is in good agreement with the above

calculation; the measured value is slightly smaller possibly due to some signal losses along
the RF connections in the setup.
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Fig. 16. (a) IOD driven gyroscope’s signal versus the rotation rate. Inset shows a zoom-in of
small range of the rotation rate. (b) The spectra on the ESA of CW and CCW 2 °/s and zero-
rotation. The plot is centered at the 560 kHz modulation frequency with the resolution width of
1 Hz.

We can observe that there is an offset of roughly 2 °/s in the rotation measurement. As
revealed in the ESA spectra shown in Fig. 16(b), when no rotation was applied, there still
appeared at the modulation frequency a peak of 8.5 uV of an “offset signal” that is not caused

by Sagnac phase shift. The possible causes for this offset could be electromagnetic
interference (EMI) between components on the integrated circuit chip or phase error caused
by residual amplitude modulation of the phase modulator [34]. Earth rotation and magnetic
field induced nonreciprocal phase shift [15] could also contribute a fraction to the offset.
Nonetheless, the offset caused by these effects can be calibrated out to correct the
gyroscope’s read-outs in practice.

Currently, the minimum measurable rotation rate was limited to about 3.39 uV or

equivalent 0.53 °/s rotation rate (Fig. 16(a) inset). It is mainly limited by a low signal to noise
ratio (S/N), as can be seen on the spectrum of CW 2 °/s rotation in Fig. 16(b). Larger S/N is
necessary for improving the gyroscope sensitivity. To enhance the signal amplitude, we can
increase the scale factor in Eq. (1) by choosing the optimal modulation depth for the phase
modulator to maximize J,(¢,) and by having larger gain G in the RF amplifier. To suppress

the noise floor, it has been shown in [35] that frequency modulating the laser is a useful
technique. Combining these methods, we can expect to obtain at least two order of magnitude
improvement on the sensitivity of the gyroscope.

For more in-depth understanding of all the existing noise processes in the IOD driven
gyroscope system, time dependent measurements (similar to those in [19]) are required. Due
to the drift in coupling between the optical fibers and the waveguides on chip, we were unable
to make stable extended measurements needed for the Allan deviation. For proper
characterization of the gyroscope’s key parameters e.g. angle random walk and bias stability,
permanent optical and electrical packaging of the device is needed. This is an ongoing work
and we will report the results in a future publication.

6. Conclusion and outlook

We have presented the design, fabrication and characterization of an integrated optical driver
(IOD) for interferometric optical gyroscopes. The 10D contains a Fabry-Perot multi-mode
laser, photodiodes, phase modulators and adiabatic 3-dB splitters on a single chip within a 0.5
mm X 9 mm area. We have succeeded in demonstrating, for the first time, a working IFOG
driven by a fully integrated chip.
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In future work, more characterizations on packaged device are needed in order to
complete the evaluation of the IOD-driven-gyroscope. Understanding the noise characteristics
and limitations is beneficial for improvement in the next generation of IODs. In addition,
demonstration of closed loop FOGs driven by the IOD to achieve high dynamic range and
sensitivity is of great interest.

It is worth noting that the same IOD can be exploited in other sensing applications such as
magnetometer and current sensor just by interrogation with special sensing waveguide and
fibers [16]. Furthermore, with proper modifications in circuit design, IODs that are applicable
for resonant optical gyroscopes, such as with an external fiber ring [36] or on-chip waveguide
ring resonator [37], are also straight forward to achieve. Heterogeneous integration
technology can cause the size, weight, cost and power consumption for optical gyroscopes
and optical sensors in general to be greatly reduced while improving the shock and vibration
robustness.
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