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Monolithically Integrated Resonator Microoptic Gyro
on Silica Planar Lightwave Circuit

Kenya Suzuki, Koichi TakiguchiMember, IEEEand Kazuo HotateSenior Member, IEEE

Abstract—in this paper, we report a novel configuration of res- accelerometer [10], current sensor [11], and so on. These op-
onator microoptic gyro (MOG), which is monolithically integrated  tical integrated sensors have advantages, such as compactness,
on silica planar lightwave circuit (PLC) with countermeasures for stability, reliability, easiness in fabrication.

noise factors. Optical ring-resonator gyros suffer mainly from po- - . G .
larization fluctuation induced noise and backscattering induced In this paper, we describe the feasibility of resonator mi-

noise. We discuss eigenstate of polarization in the waveguide toCrooptic gyro (MOG) integrated on the silica planar lightwave
clarify behavior of the former and propose a countermeasure with  circuit. First, we propose a novel configuration of resonator

control of the waveguide birefringence. As for the latter, binary MOG with countermeasures both for the backscattering induced
phase shift keying (B-PSK) with a special signal processing is pro- s and polarization fluctuation induced noise, and then show

posed. Thermooptic (TO) phase modulation is the only one schemeth f fth ¢ Einall d
to apply B-PSK in the silica waveguide, whose bandwidth is limited € perrormance or the countermeasures. Finally, we demon-

to (1 KHz. To utilize the narrow bandwidth of the TO modulator ~ Strate the function as a gyro.
effectively, we propose an electrical signal processing scheme and

a modulation waveform to compensate the frequency response. By  ||. RESONATOR MICROOPTIC GYRO ON SILICA PLANAR

constructing an experimental setup, suppression of the backscat- LIGHTWAVE CIRCUIT AND ITS NOISE FACTORS
tering induced noise is demonstrated, and the gyro output is ob-

served with applying an equivalent rotation. A. Proposed Configuration of Microoptic Gyro with
Index Terms—Binary phase shift keying (B-PSK), eigenstate of Countermeasures for Noise Factors
polarization (ESOP), gyroscopes, integrated optics, interference  Rinq resonator configuration [12] might be suitable for mi-
i:ﬁgﬁirte(ssll_cg"om'cal passive ring-resonator gyro, planar lightwave crooptic gyro, in order to minimize the gyro system and to use
cheaper semiconductor laser rather than broad-band light source
such as superluminescent laser diode (SLD). For the resonator,
[. INTRODUCTION low loss waveguide is necessary to obtain a high finesse. In other
PTICAL gyro are indispensable devices for navigatioWordS’ the loss of the waveguide determines the sensitivity _of
systems, which require preciseness in rotation mee MOG. Because thhe.above reasons, we adqptlow loss silica
surement. Though fiber-optic gyros (FOG'’s) [1]-[3] hangQ as the waveguide \_N|th fqllowmg configuration. '
shown good performance, they are relatively expensive due™i9- 1 shows our configuration of MOG. It has a thermooptic
to complexity in fabrication process and a large number 8fase modulator, a Mach—Zehnder interferometric switch and
the components. Therefore it is not easy to apply FOGessure applying amorpho.us silicon film on.asn_lcawa\./egmde
to consumer needs, such as car navigation, robotics and@sgountermeasures for noise factors. Details will be discussed
on. In other words, there is a requirement for a cheap ahglow.
Ece)re]f 6:10(;: ep t::g (l)gi/ rﬁ]’tggrzggzz;:i;}eg;% C;ynsrﬁsrrggggssh%eTheorgtic_al Limitatign of Sensitivity and Fundamental
optical waveguides [4]-[6]. However, configurations propose haracteristics of Fabricated PLC for MOG
previously have not had suitable countermeasure for the noiséresonance curve of a ring resonator is given by
factors, such as backscattering induced noise or polarization

fluctuation induced noise in resonator type [4], [5], or tempera- ) k(1 —~2)
ture fluctuation error in interferometer type [6]. R(BL) =~; [ 1 -
- : o 5 .o PL
On the other hand, silica planar lightwave circuits (PLC’S) (1-v1-ry)?*+4V1— rysin 5
are promising devices, not only for optical communication, but 1)
also for optical precise measurement. Actually, several optical
integrated sensors are investigated using the silica waveguide,
for example, displacement sensor [7], [8], pressure sensor [9],
T =Y Vw 2
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Namely’ there .IS th!mum for the I.OSS of th_e_ V_\/aYegUIqe' Fig. 3. Resonance curve of fabricated PLC ring resonator under selective
Theoretical limitation of the rotation sensitivity in optical pasexcitation of one ESOP.
sive ring resonator gyro (OPRG) is determined by shot noise

Phase

limit of the detector [13]. Fig. 2 represents the shot noise limit TABLE |
of the MOG, which is calculated under the optimization of (3). PARAMETER;E';“Omf;‘?CATED PLC

We can obtain the resolution of about the earth rotation rate even
with 2 cm-diameter and one turn ring resonator as a sensit
loop, as shown in Fig. 2. Here, we use typical parameters ) ) ) ) )
PLC and other devices. Loss of waveguide and coupler are ¢ coupling ratio of directional coupler | variable
sumed to be 0.01 and 0.2 dB/cm, wavelength and linewidth ¢ waveguide transmissivity v, 0.921

a light source 1.5%im and 1 MHz, quantum efficiency of and  waveguide loss 0.024dB/cm
optical power at photodiode 80% and 1 mW, bandwidth of gyr
signal 1 Hz, respectively.

Micromachined gyroscopes may also achieve the same pe¢
formance as the resonator microoptic gyro [14]. While they uti Free Spectral Range 1.39GHz
lize the Coriolis effect, the optical gyros use the Sagnac effect.
They may be smaller and cheaper than optical ones. However
it might be pointed out whether they have mechanical movir%
part or not. The microoptic gyro, as a gyro without any moving Generally, OPRG's suffer from several noise factors listed in
part, should be studied. Table II, which also shows countermeasures for them.

Resonance curve of fabricated PLC ring resonator is shown inin the sensing loop, two eigenstates of polarization (ESOP’s)
Fig. 3. Fig. 3is obtained with frequency tunable DFB-LD whosexist except for special case, and one ESOP is usually orthog-
linewidth is 1 MHz. The parameters of this resonator is showonal to the other. The shapes of the ESOP’s are changed due
in Table |, which is obtained by fitting (1) to Fig. 3. Solid lineto the environmental fluctuations and they move independently
and dashed line in Fig. 3 gives measured resonance curve aifitth each other. This makes noise in the gyro output. In res-
fitted curve, respectively. A directional coupler, which launchemnator fiber-optic gyro (R-FOG), polarization axis of polariza-
lightwave into the resonator, is composed of a Mach—Zehnd@n maintaining fiber is rotated by 9@t spliced point to sup-
interferometer with a thermooptic phase shifter. Then, the cooress this polarization fluctuation induced noise [15]. In this
pling ratio is variable by the phase shifter, while the loss of it isase, two resonance dips corresponding to the two ESOP’s are
relatively higher than a simple directional coupler. Considerirfixed and their separation is equalsston phase.
the optimization of (3) and the parameters of the resonator listedHowever, in PLC's, it is difficult to rotate the polarization
in Table I, the shot noise limit of the fabricated resonator gyrmaxis by 90. Of course, it is possible to insert a half wave plate
is calculated a8.9 x 1073°/s. in the resonator [16]. However the loss of the resonator becomes

resonator length 14.8cm

directional coupler transmissivity . | 0.949
directional coupler loss 0.23dB

"Noise Factors in Optical Passive Ring-Resonator Gyro
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TABLE I

NOISE FACTORS AND COUNTERMEASURES FORTHEM IN OPRG’s

Noise Factor

Countermeasure for  Resonator
Fiber Optic Gyro (R-FOG)

Proposed Countermeasure for Res-
onator Micro Optic Gyro (MOG)

Splicing the PM fiber with 90° po-
larization axis tilt

Tuning the waveguide birefringence
with stress applying film

Polarization  fluctuation
induced noise
Backscattering  induced
noise

Suppression of carrier with b-PSK
(binary Phase Shift Keying)

Combination of b-PSK, optical
switch, and electrical gating

Kerr effect induced noise

Controlling CW and CCW light-

No influence

wave power to be equal

higher, and the sensitivity of the gyro becomes lower. Therfoneetic (TM) mode, and birefringence in the waveguide. Jones ma-
we have proposed a method to use stress applying amorphiixsof the birefringent waveguide is expressed as
silicon film to control the birefringence of the waveguide as a
practical countermeasure [17]. Laser trimming of amorphous T <ejML 0 ) @)
silicon film has been developed to control the birefringence of - 0 e IABL
the waveguide [17]. This can be used to make the two resonance
dips of the ring resonator separatedahis way makes a senseand that of unavoidable coupling between TE and TM mode is
because the PLC resonator is quite stable compared with giéen as
fiber resonator. More discussion will be done in Section . _

Backscattering induced noise is the most serious noise factor R— < C_059 sinf ) (5)
—sinf cosf

in OPRG, for whom binary phase shift keying (B-PSK) is effec-

tive as countermeasure. Takiguchi and Hotate showed the per-
formance of B-PSK in the resonator fiber-optic gyro with acoud!ere
tooptic modulator [18]. Lightwave modulated with B-PSK does p
not have its carrier signal. Then, interference of the backscatl ~ resonator length; .

tered lightwave and the counter propagating signal lightwave? ~ coupling angle of TE and TM mode, respectively.

is put out of the gyro bandwidth. However, we have only theMVhole propaggtlon matrix of thg resonator is the product of (4)
mooptic phase modulator to apply the B-PSK in the PLC, who88d (5). The eigenvalues are given by

bandwidth is limited just to 1 KHz in silica waveguide. There-
fore, we think out a novel signal processing method which effec- A = cos - cos(ABL) & j/1 — cos? 6 - cos?(ABL)  (6)

tively utilizes the narrow bandwidth of the TO phase modulator. .
Detail will be discussed in Section IV. and the eigenvectors are calculated as

propagation constant;

I1l. COUNTERMEASURE FORPOLARIZATION FLUCTUATION
INDUCED NOISE

uy = <j {C089 -sin(ABL) + /1 — cos2 6 - COSQ(AﬁL)} )

—sin @ - edABL

(7
A. Eigenstate of Polarization in Waveguide Ring-Resonator
Polarization fluctuation induced noise originates from the
change of the birefringence in the waveguide. The conditions sin @ - e/ABL
to have the resonance are 2=\ {cose -sin(ABL) + /1 — cos2 6 - cosQ(ABL)}> :
1) phase shift of a round-trip through the resonator equals to (8)

27 and

2) state of polarization must be the same at any point in thg phase difference between TE and TM mode changes, the
resonator after one round-trip. ESOP’s change their shape Af3L = 0, the two eigenvalues

The polarization state which satisfies these conditions is callete almost the same, and eigenvector gives counter rotating cir-
eigenstate of polarization (ESOP) and two orthogonal ESORslar polarizations. In this case, it is impossible to distinguish
exist simultaneously except special case [15]. Two eigenvectbnd ESOP’s with each other, and then the polarization noise will
of Jones matrix of one round trip through the resonator represappear because the two resonance dips are excited equally. On
the two ESOP’s and the eigenvalues give resonance frequentiesother hand, wheA 3L = 7 satisfied, resonance dips are
of the resonator. These two resonance dips move independefiithgd at the point separated afrom each other. Additionally,
and one resonance modifies the shape of the other. This is tietwo ESOP’s have the shape of the linear polarizations being
mechanism of the polarization fluctuation induced noise.  orthogonal with each other, under the conditiordcf 0. The

Ring resonator on a PLC usually suffers unavoidable smalblarization directions of the ESOP’s coincides with the polar-
coupling between transverse electric (TE) and transverse magtion axes of the birefringent waveguide. Consequently, we
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propose a way to eliminate the crossing of the two resonance
dips:

1) to fix one resonance dip at the center of the other reso- 17
nance interval (i.e., two ESOP’s are set symmetrically) El
by controlling the waveguide birefringence; -& 16
2) to excite one polarization mode of the waveguide. G 15
WhenAgL = «, the two ESOP’s are set to the condition 1. é '

This situation is achieved by putting the stress applying amor-
phous silicon film on the waveguide and trimming it with laser
[17]. Additionally, we must excite only one polarization mode
of the waveguide (condition 2).

—_
B

_.
w

B. Experimental Result RIS AR - »»»»»»» {1

As discussed above, itis possible to eliminate the polarization
fluctuation induced noise wheh/31. = =. This condition is re-
alized with the stress applying amorphous silicon film. Laser
trimming of a-Si film changes pressure applied to the wave-
guide, and adjusts the propagation constant of TE and TM mode
[17]. This is the practical countermeasure. However, in the ex-
periments shown below, we control the waveguide temperature
instead of utilizing the stress applying amorphous silicon film. 0.8 . :
Heating the waveguide has the same effect as sticking the amor- Phase
pho_us silicon film, so we can simulate the proposed method.Fi 4. Resonance curve: (a) undspL. ~ 0 and (b) unden 5L = .

Fig. 4(a) shows the resonance curve under the worse condi:
tion of ABL =~ 0, and Fig. 4(b) represents thatundef/. = =. . ) ) .

In Fig. 4(b), both TE and TM mode are excited to clarify the re|§|gnal and the backscattered Ilghtwa_ve_. Fluctuation of the in-
ative position of ESOP's. Only TE or TM mode must be exciteﬁarference term dqe to the.phgse variation of the backscattered
to suppress the polarization fluctuation induced noise when H t makes a dominant noise in the gyro output. Backscattered

T . 5 ) )

system works as gyro. Fig. 3 was measured under such a cotjdflt intensity| £ |> does not make the random noise, though it

tion. induces nonlinearity in the gyro output [13]. Then, the interfer- _
Fig. 4(a) and (b) is measured by using a different PLC rinﬂqce term must be suppressed at least. The countermeasure is

resonator from that in Fig. 3, according to experimental convechematically shown in Fig. 1. Suppression of the interference
nience. The thermal coefficient of the birefringence of the ggoIsels achleved by the TO phase modulator a”angefj atanarm,
)yvh|ch is driven by B-PSK modulation. To reduce the influence

vice in Fig. 4(a) and (b) is larger than that in Fig. 3. Namely, S ) X o o
in the ring resonator shown in Fig. 3, relative position of thaf the backscattered light intensity, the time division switching

two ESOP's changes by as the temperature of the Waveguidéhomd addtionally be done between the counter propagating

varies about 6. This means that once the optimum ESOP fghtwaves by the Mach-Zehnder interferometric switch.
fixed by trimming of amorphous silicon film, the resonator has The signal lightwave and the backscattered lightwave is given

-----------------------------

Intensity [a.u]

L S I R

ESOP1

a tolerance, at least, as several tens of degrees Celsius. y

V. COUNTERMEASURE FORBACKSCATTERING INDUCED NOISE Ea() = Eoe’ . (10)
A. Backscattering-Noise Reduction using Binary Phase Shift

Keying with Novel Signal Processing Method Ey(t) = REed wt+¢) (11)

Backscattering induced noise originates from the Rayleigh

backscattering or the Fresnel reflections inside and outsidere$pectively, where

the ring resonator. PLC's have relatively high loss and some fab-E,  amplitude of the input light;

rication defects [19], so the backscattering induced noise affectsw optical angular frequency;

the MOG more severely than the R-FOG. £ ensemble averaged phase of the backscattered light;
The signalF; and the undesirable backscattered lightar- ¢(t) phase change in the TO phase modulator;

rive at a photodiode, then the power at the photodiode is ex-R  equivalent reflection ratio, respectively.

pressed as Then, one can get the interference term as

I=|E,[’ + |BE)* + 2R E, ] ) 2Re[E,E;] = 2RE] cos{& + ¢(t)} (12
where means complex conjugate. In (9), the first term reg3-PSK is the method to modulate the lightwave as
resents the signal, the second one, the power of backscattered 0
and/or reflected lightwave, and the last, the interference of the P(t) = {W (13)
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through the TO phase modulator. So far, in R-FOG, B-PSK is 7 T
onsidered as a method to eliminate the carrier signal, and ther swiet\ B 7~ low

c % % % % 7 /CW

the interference is pushed out of gyro bandwidth. However, we % % _ %n

had found that the average between 0 phasergrithse makes / % % > % 0

the interference turn to be zero. The bandwidth of the TO phase |aser % % % / / / /A

modulator is limited just to 1 KHz. To utilize the narrow band- %rm /rm % rm% %rm%s e

width of the TO phase modulator fully, we adopt the signal se- ouput 7 M M oo

ries shown in Fig. 5. A and B in Fig. 5 represents lasing fre- . _%_ / _% _%_%_%_ ’ ’

guencies of the light source, which is modulated in frequency ig —% -%— - %%_%_ i VO

shift keying, in order to track the resonance frequency of the w -7 -~ -2 ~-72-%- 7 EEC A

resonator. The optical switch alternates the direction of the light- % % L L .

wave to the laser modulation in twice the speed. In each term,  _— % i 7 §time - resonance dip

e e E  —
the lightwave is modulated as 0 angand average between 0 feedback  gyrooutput  feedback  gyro output
phase and phase makes the true value of the signal without the
influence of the interference term, which are represented by @% 5. Schematic diagram of proposed signal processing with narrow
ndwidth of TO modulators.
dashed lines. Then, the difference of the signals with the same
suffix makes the tracking signal for the laser frequency and the

. . TO Phase Modulator
gyro output, respectively. Namely? — BE is for the feedback

control of the laser frequency, and” — B” is for the gyro \
output. Electrical gating is introduced to hide the transient part 3d8 Coupler
of the phase and the intensity modulation. Consequently, we can o
. . Light
get the same signal rate as the LD modulation frequency. Source I
Detector
B. Experimental Result PLC Chip

Dominant noise source is the interference term, so we apply

6. E tal setup f i tant of the TO ph
only the B-PSK as the countermeasure in the experiment. mgdulator)(pe”men al setup for measuring time constant of the TO phase

To track a resonance dip by changing the light source fre-

guency with a high accuracy, feedback speed must be as higha~ 5 1 ; : . 4
possible. As mentioned above, however, the possible feedback

speed is limited by the bandwidth of the TO phase modulator. = oY TR USRS JON S IS _
Moreover, the square shape in the phase modulation waveforrrﬁ z
gets broken, as the modulation speed becomes higher. Here wig, 551 /......05 /... EE VD72 T Y food 05
try to expand the bandwidth of the TO phase modulator by using © 2 : ; ! L £
a frequency compensating modulation signal. f—_’ O b g 25ms i ] S NS ;9

© ‘_‘—’ ) . 0:22ms delay

By using the gyro setup, the response of the TO modulator 3 L - : : : N
with the ordinary square modulation waveform is measured. 2 .

Fig. 6 shows the experimental setup to measure the response

The results are shown in Fig. 7. From Fig. 7(a), the time con- .,
stant of the TO phase modulator is measured as 1.57 ms. Ther:
exists time delay of 0.22 ms in our thermo-optic phase modu- ~ "2°
lator. —

Due to the response of the TO modulator, the flat region in E 40 _
the output of the MZl is quite narrow. To expand the flat region, 'S 60 z
we propose a compensating modulation waveform, which is de- 2 -y
signed considering the time constant obtained above. The shap«g -80 g
is shown in Fig. 7(b). It is clear, from Fig. 7(b), that the inter- ® o
ferometer output is flattened by this waveform with overshoot. -§ -100 S
The highest modulation speed of 400 Hz is obtained for the TO =
phase modulator. This is limited, at this time, by the ability of -120

the electronic devices such as analog-to-digital (A/D) to dig-
ital-to-analog (D/A) converters or microcomputer.

With the countermeasures described above, the gyro outpigt 7. modulation signal waveform and interferometer output: (a) with
noise is measured. The results shown in Fig. 8(a)—(c) gives thdinary square phase modulation and (b) with designed overshoot phase
gyro output with no countermeasure, the square modulatigdulation.
waveform, and the designed overshoot modulation waveform,
respectively. The time constant is 1.57 ms. The phase modulath the compensating modulation waveform has a noise level
tion waveforms are shown also in Fig. 8(b) and (c). The gymf about 100 and 40s, respectively. They are 3.9 and 7.6 dB
output with the ordinary square modulation waveform and thdbwn compared to the case without the countermeasures.

Time



SUZUKI et al: MONOLITHICALLY INTEGRATED RESONATOR MICROOPTIC GYRO 71

0.8

E) 3
S, 8
‘5‘ 0.6 *5
= e
3 3
o 04 o
> =
(U] . . . : (0]
0.2f- eteenee jooceate S SR
: : IQO[deg.s] {
0 ‘ I ‘ 0 I I 50
0 10 20 30 40 50 0 10 20 30 40
Time [s] Time [s]
(@) (b)

Real Phdse
o

Gyro Output [a.u]

A A st S
L R T
02 Tt [ A Y
} : Igomegs] :
% 10 20 30 40 50
Time [s]
(©

Fig. 8. Gyro output: (a) Without countermeasure for the backscattering induced noise, (b) with ordinary square phase modulation for B-PSK aledigr) ed
overshoot phase modulation for B-PSK. Integration time: 0.4 s.

Fig. 9 shows the degradation of the noise suppression due to
the amplitude error in the B-PSK modulation. Deviation from
the ideal amplitude ofr, degrades the noise suppression ratio.
In this calculation, it is supposed that the bandwidth of the mod-
ulator is infinite. The noise suppression ratio of 7.6 dB corre-
sponds to the error of around 10% in modulation amplitude,
which is larger than expected. The reason of the unsatisfac-
tory suppression ratio might be that the B-PSK frequency is
not high enough compared with that of the phase fluctuation
of the backscattered lightwave in the present system with fiber
pig-tailed devices. Another reason is the frequency chirp in the
LD. The frequency chirp brings the gradual change in the phase
of the lightwave, which makes the initial phag®f the inter- Fig.9. Degradation of the backscattering induced-noise suppresion due to the
ference term in (12) not to be constant. Accordingly, the integtror in the B-PSK amplitude.
ference term in 0 and phase in Fig. 5 does not show the same ]
absolute value with the opposite sign. This results in the offs§tup, such as the LD and the PD’s connected to PLC via op-
in the gyro output. Flattening of the FM response of the LD cdigal fibers. Then it is hard for us to rotate the system actually.
solve this problem. Fig. 10 shows the result of the rotation measurement. The input

rotation rate is 12Us, and the time constant of the gyro output
is 400 ms.

Noise Suppression Ratio [dB]

25 ' ' ‘ ' . . . . :
0 10 20 30 40 50 60 70 80 80 100
Error [%]

V. ROTATION SENSING VI. CONCLUSION

With the countermeasures for the polarization fluctuation in- In this paper, we have proposed a novel configuration of the
duced noise and the backscattering induced noise, we measuesdnator microoptic gyro on the silica planar lightwave circuit
the gyro output. For the experimental convenience, we appliaith the countermeasures for noise factors. These countermea-
equivalent rotation by giving electrical offset to the feedbackures are for the polarization fluctuation induced noise and the
loop, instead of actual rotation. Because the noise level is shhckscattering induced noise. The former noise is reduced by
large, it is required to apply a rather high rotation rate. On ttegljusting the separation between the two ESOP’s with control
other hand, we have external components in the experimerdhthe waveguide birefringence. The suppression of the latter
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