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Accurate evaluation of polarization characteristics in the integrated optic chip (IOC) for
interferometric fiber optic gyroscope was performed. Spatial distribution of optical wavetrains
caused by the polarization parameters such as local polarization cross-coupling and polarization
rejection coefficient of the IOC were measured utilizing the path-matched optical coherence domain
polarimetry (PM-OCDP). With the analytic model deduced from Jones matrix representation, we
could accurately identify the polarization characteristics of the IOC. Both degree of measurement
error due to the imperfect equipment conditions in PM-OCDP and birefringence of IOC chip were

also characterized.
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I. INTRODUCTION

Interferometric fiber optic gyroscope (IFOG) is one
of the representative optical rotation sensors based on
the Sagnac effect [1, 2]. By now, IFOG have matured
technically with rapid development of devices for optical
communications and have become a good substitute for
the other traditional gyroscopes. In the development of
navigation grade IFOG, it is necessary to pay attention
to the birefringence induced polarization non-reciprocity
caused by the considerable influence of imperfect polari-
zation characteristics between constitutive optical com-
ponents on the bias stability [3]. The related theories
have been well established and many solutions have
been suggested utilizing a polarizer with the common
input/output port of the Sagnac closed loop [4-6].
Intensity-typed phase error due to the interference
between the main polarization mode and the cross-
coupled secondary polarization mode is bounded by the
value proportional to the square of the amplitude
extinction coefficient of the polarizer as follows [7],
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where Ag¢, is intensity-typed phase error due to the
polarization cross-coupling, ¢ is the amplitude extinction
coefficient of the polarizer, prg is the intensity ratio of
the cross-coupled mode to the main polarization mode.
In addition, amplitude-typed phase error due to the
interference between the cross-coupled mode from the
secondary mode and the main mode is limited by the
value proportional to the amplitude extinction coefficient
of the polarizer as follows,

Ag,

<2ppe (2)

where A¢,’ is amplitude typed phase error due to
polarization cross-coupling, p, is the intensity ratio of
the secondary mode over the main mode of the optical
wave propagating to the input port in front of the
polarizer. In any case, the polarization extinction coeffi-
cient of the polarizer is a very critical factor influencing
the birefringence induced bias instability.

Since the 1980’s a striking development of integrated
optics utilizing matured semiconductor fabrication pro-
cesses with the advantages of compactness, robustness
and cost-effectiveness have been also applied to IFOG
and been instrumental in the development process of
IFOG [8]. The integrated optic chip (IOC), a device
with the three key functions of Y-beam splitter, electro-
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FIG. 1. Schematic view of IOC for IFOG.

optical phase modulator and polarizer, is one of
essential parts of IFOG. A schematic view of the I0C
is shown in Fig. 1. The strong birefringence of proton-
exchanged LiNbQOs; optical waveguide proves to be very
satisfactory as a transverse magnetic field (TM) mode
rejecting polarizer with very low extinction coefficient
below -50 dB [9]. As stated earlier the polarization
characteristics such as polarization extinction and local
polarization cross-coupling in the Sagnac closed loop
are critical factors in determining IFOG bias perfor-
mances. S0 it is very important to get accurate characteri-
zation of such factors for systematic performance improve-
ment of IFOG.

In this study, accurate evaluation of polarization
characteristics in the IOC for IFOG was performed.
With the path matched-optical coherence domain polari-
metry (PM-OCDP) and analytic formalism utilizing
Jones matrix representation, we could accurately
identify the polarization characteristics of the IOC in
terms of the p, and e.

II. MEASUREMENT OF POLARIZATION
CHARACTERISTICS BASED ON PM-OCDP

Generally, polarization characteristics of optical devices
can be measured by passing light from an unpolarized
broadband source through them and analyzing the
intensity ratio between the two orthogonal polarization
modes utilizing a polarizer [10]. However, in the case
of an in-line component such as the IOC, this kind of
methodology can’'t be applied for two reasons. One is
because of hybrid bonding points between two different
substances, for example, LiNbOs chip and input/output
pigtailed polarization maintaining fiber (PMF), there
exist at least two local polarization cross-coupling
points. So it is impossible to discriminate any one of
the local polarization cross-couplings from another
local polarization cross-coupling or from polarization
extinction. Another reason is related to finite polari-
zation rejection of the analyzing polarizer. If the
measured sample has a lower extinction coefficient
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FIG. 2. Polarization measurement setup based on
PM-OCDP.

than the analyzer, it is impossible to detect such a low
value by investigating only the intensity ratio passing
thorough the analyzer. Intensity extinction coefficient
of a general polarizer such as a Glan-Thompson prism
is around -50 dB, but the IOC is expected to have
lower value less than -60 dB, therefore the fundamental
difficulties could be prominent during the measure-
ments.

On the other hand, polarization measurements based
on PM-OCDP give a good solution for reading out the
location and magnitude of polarization cross-coupling
or extinction in the IOC precisely and simultaneously
[11-13]. In addition, because the readout quantities in
this method are not intensity but amplitude coefficient,
it is possible to measure even very low values near the
noise floor considered in the measurement system. A
schematic view of a polarization measurement setup
based on PM-OCDP is shown Fig. 2. A linearly-polarized
optical wave at 45 from polarization principal axes is
launched into the IOC after passing through the input
polarizer. As the lightwave is propagating along the
10C with two pigtailed PMFs and a proton exchanged
LiNbO3 waveguide, input field is formed as spatially
distributed optical wave-train caused by polarization
cross coupling and polarization mode dispersion (PMD).
After passing through the output pigtailed PMF, the
formed wavetrains are divided identically as 50:50 by
beam splitter and sent to two arms of the Michelson
interferometer. One arm is mounted on a linear motor
stage to change the position of the mirror along the
propagation direction so that the birefringence path
imbalance can be compensated. After experiencing the
optical path between the beam splitter and the mirror,
the two lightwaves are sent to the analyzer at 45 from
the polarization principle axes to superimpose the
amplitudes in different states of polarization. Finally,
the intensity of the superimposed lightwave is obtained
at the photo detector.
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III. THEORETICAL ANALYSIS OF PM-OCDP
BASED ON JONES MATRIX
REPRESENTATION

Measured information from the PM-OCDP is basically
that of spatially distributed optical wavetrains due to
the PMD of the birefringent waveguides and local
polarization cross-couplings. So it is necessary to per-
form additional activities to extract the correct values
of p, and eqp from the measured information. Furthermore,
if the measured information can be overestimated some-
what by the limits on the performance of components
used or by alignment error during the measurements,
these realistic problems should be taken into consider-
ation to obtain the true values of p, and eamip. Therefore,
the theoretical estimation and analysis of PM-OCDP are
essential prior to the measurements. To our knowledge,
it is the first evaluation of the critical factors of I0C
by applying the theoretical analysis based on Jones
matrix representation to the measured interference pattern
of PM-OCDP. A schematic diagram of PM-OCDP with
I0C is shown in Fig. 3. The input light-wave source
with an arbitrary degree of polarization (DOP) before
the input polarizer can be expressed as

E.(t)| |ae (D],

P R ¥
where w, is the source center frequency, E,(t) and E,(t)
are the polarization components of the input lightwave
corresponding to x and y axes, ae t) and bey(t) are
complex amplitudes, @ and b are real numbers [14-15].
In this study, the x-direction is the main polarization
axis corresponding to slow-mode in PMF and trans-
verse electric field (TE) mode in IOC chip. When the

source intensity is normalized as unity (a2—|—1)2:1), the
source DOP, P is defined as follows

Polarization cross-
coupling, pr

.

45° polarizer

¥ X
\_Z

I
I
I
1
ﬂ PM-Fiber A

Polarizer
direction

# 4

loc chip

loc Polarization
extinction ratio, echip

E Q sin" (1) l ﬁim“ (92) 45°

P=[oa* ] (4)

The Jones matrix describing the lightwave coupled
to input PMF after passing through the input polarizer
can be expressed as follows

E, = Tpal(a)'Ei = |:Cosa Sina:|{1 ° :|Ei (5)

sina cosa |6 &,

where the input polarizer is counterclockwise rotated
by «a degrees with respect to the main polarization axis
of input PMF. And ¢,, is amplitude extinction
coefficient and § is scattering-related term of imperfect
input polarizer. The scattering-related term allows
scattering with 90" polarization rotation of the incident
field. In this study, the very low § of the imperfect
polarizer is assumed to be zero for simplicity as
described in [4, 15]. The Jones matrix explains the
phase shift due to pigtailed input/output PMFs is [16]

i d, /A
e T 0

E,=Tgy, E o 2imdy 14 E; (6)

fiber in =

0

where ny, ny are the effective indexes of PMF' corresponding
to x, y direction, dy is the length of the PMF and A
means the wavelength of the optical wave. In the
pigtailed PMF, we assume that there are no more
polarization mode coupling points anywhere along the
PMEF. The transfer matrix for the local polarization
cross-coupling, p,, due to axis misalignment between
PMF and the birefringent waveguide of the IOC chip
is given by
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FIG. 3. Schematic diagram of PM-OCDP with I0C.
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For the case of the IOC chip, because there is also
polarization rejection characteristic except for birefrin-
gence, the transfer matrix for the IOC chip can be
expressed as product form.

o i/ 0 1 0
E,=T,, E,= e I E, (8)

0 chip

where n., ny are effective indexes of birefringent I0C
waveguide corresponding to x, y directions, d. is the
physical length of the I0OC waveguide and ecp is
amplitude extinction coefficient of IOC chip. Eq. 8 is
also valid under the assumption that there are no more
polarization mode coupling points anywhere along the
I0C waveguide. And the transfer matrix represents the
change of polarization after passing through the
analyzer counterclockwise rotated by 3 degrees with
respect to the main polarization axis of output PMF
is given by similarly with Eq. 5,

B . |1 0 | cosp sinp
R N L

where e, is amplitude extinction coefficient of the
output analyzer.

Combining each analysis, the output lightwave
passing through the entire IOC with two local polari-
zation cross-couplings, p,; and p,, can be expressed as
follows

Enut = 7:4,,.4 (ﬂ )T, fiberB 'Twmxmlk (prl) ° Tchip 'Twmxmlk (prl) . Tﬁber/l T, pol (a) ° Ein (10)

Therefore for the transit time difference, 7 originated
by the path differences from the beam splitter to two
different arms of the Michelson interferometer, the
interference output amplitude is given by

1
E = B+ Epit-7)] (11)

And the output intensity that can be obtained at the
photo-detector is

I=<E -E > (12)

where < > signifies time average.

As 7 is varied, the output intensity is changed by the
polarization characteristics of the IOC. Inversely, this
means that it can be possible to analyze the polari-
zation characteristics from the measured output intensity.
Let’s consider the special case of a =3=45and &p=¢um=0
to understand the polarization measurement based on
PM-OCDP. The FE,; for this case is

E,la=p=456,, =6,.=0)

Eft-t! =t ) i=p, - \1=p,, ~E lt~1} 12" %) p, - 1=,
LBttt} oy o~ Bt~ 2 120, £y
2| E (et i) T, po 4 Eft—t! ~£ %), p,,

(13)

A

where ¢/ represent transit time of the principle

x-polarized mode in a waveguide A. As seen in Eq. 13,
the optical wave passing through the analyzer is
formed as eight spatially distributed optical wavetrains.
Generally, because p,; and p,, due to polarization axis
misalignments are low values below 0.1, the first term
in Eq. 13 has a maximum and this primary wavetrain
serves as a local oscillator for the coherent detection
of the other seven terms in Eq. 13. The seven parasitic
wavetrains result from the two local polarization cross-
couplings and contain the critical information about p,
and eqp. The output intensity has a maximum at 7=0
and the normalized modulation term of the interference
can be approximated for ™0 as

I(T)/I(O) = Rx(T)JrRx(T’rA)'prl +Rx(1'71chip) P Eeip” Pra +Rx(7774 “Tenip)” Ecnip’ Pr2
+Rx(7_73)'prz +Rx(T_TA _73)'ﬁ1 P +Rx(1_rchip_rll)'prl “Eenip

+R(t-7, _1}/,:,,_71:) “Eenip

(14)

where Ry(7) is the normalized autocorrelation function
of the optical source, r.(r) =< E,(t)EF(t+7) >/ < E,(t)E*(t) >,
and 7, is the group delay difference between two

m
principle polarization modes in m optical waveguide,
m

tz—tZL. If their longitudinal separation along the I0C

is greater than the depolarization length, it is possible
to differentiate the parasitic wavetrains due to local
polarization cross-couplings. In this case, the two local
polarization cross-couplings, p; and p, correspond to
the values at 7=7, and 7=75 the amplitude
extinction coefficient of the IOC chip correspond to the
value at 7=71, T T+ Tgipe

IV. THEORETICAL AND ANALYZED
RESULTS

In this chapter, the theoretical and analyzed results
on measurements of the polarization characteristics of
IOC based on OCDP are presented. In the process of
theoretical estimation of the interference pattern of
PM-OCDP, the spectral profile of the optical source is
necessary to calculate the autocorrelation function.
And DOP of the source also must be known for theore-
tical estimation. The power spectrum of the optical
source is shown in Fig. 4. The optical source used is
Erbium Doped Fiber Source (EDFS) with 2% of DOP
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FIG. 5. Calculated interference pattern of PM-OCDP.

and 12 nm of full width at the half maximum (FWHM)
at C-band. In Fig. 5, the calculated interference
pattern of PM-OCDP is presented as a function of
relative optical path difference between the fixed and
moving mirror. The parameters used in the calculation
are P=0.02, p,,=-25.62 dB, p,,= -29.14 dB, a=44", 3
2460, 85112‘1;:50 dB7 Spoz:S,ma:—?)O dB, de=4 m, de:2 m,
d:=37.5 mm, A,=5>10" and Angu,=0.057. The Any
and Anep signify the birefringence of PMF and proton
exchanged LiNbOs; optical waveguide, respectively.
Nonzero P, epoi, €ane and non 45" «, S are selected to
take the real situation of measurement into consider-
ation. Because the 7 between the wavetrains are
compensated by varying the optical path difference, it
is noteworthy to express the interference pattern in
terms of 7. The 7 of OCDP can be expressed in terms
of birefringence as follows [17]

Tocor =

arg_aMpL_1[ o
do oo —C[An A aﬂ,} (15)

Where 3 is the propagation constant and [ signifies
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FIG. 6. Measured and fitted interference pattern of
PM-OCDP (Sample No.1).
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FIG. 7. Measured and fitted interference pattern of
PM-OCDP (Sample No.2).

physical length of the optical waveguide being considered.
The optical path difference (L) at horizontal axis of
Fig. 6 is generated under the assumption of that there
is negligible effect of dispersion term, 8An/a), in Eq.
15 as follows

L=c-7y0p = Anl (16)

Therefore, the calculated values at L=+2 mm, and L=
+1 mm correspond to p, and p.,, respectively.
Similarly, the calculated value at L=+5 mm is corres-
ponding to eq;p because the optical path difference of
5 mm is formed by the compositive PMD of IOC with
pigtailed PMFSs, 7,0pp =74+ 75+ Tahip- From the calculated
values shown in Fig. 5, it is found that there are small
differences less than 1 dB between the pre-assumed and
calculated values. These small discrepancies are caused
by non-ideal measurement conditions, non zero of P,
epoly €ana and non 45 «, B.
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TABLE 1. Summary of analyzed results
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Sample No. 5, }(dB) 5, (dB) e ch;)(dB) Ao,
1
(du=1.9 m, dp=2.4 m) -43.12 -39.60 -73 0.089
2
(44=3.7 m, dy=3.45 m) -26.54 -38.26 -54 0.078
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