Chapter 2
Polarization Error Compensation
in Dual-Polarization IFOGs

In this chapter, two kinds of dual-polarization IFOGs are designed and experi-
mentally tested, and the phenomenon of polarization nonreciprocity (PN) error
compensation between two polarizations is observed. The experimental structures
ensure that two polarizations are independent for rotation sensing. The two polar-
ization states undergo polarizing, splitting, traveling through the fiber loop, and
interfering, respectively. As the two optical waves are subjected to the same fiber
loop, there is unavoidable coupling. Hence, the error components in two detection
signals are correlated. Experimental results show that a large part of the error
components between two signals are just opposite. It is then proved that this part of
error is the PN error introduced by polarization coupling. A mathematical model is
established for analyzing the dual-polarization PN error compensation.
A conclusion has been arrived that the PN errors in dual-polarization IFOGs can be
compensated by superimposition.

2.1 First Observation of Polarization Error
Compensation in an IFOG

Optical fiber supports the propagation of two orthogonal polarization modes, so
sensing with two polarizations is the natural potential of IFOG. Similar to the
polarization multiplexing in the field of optical fiber communication, in the field of
optical sensing, the simultaneous use of two polarization states will bring additional
signal, also bring new features. In the previous chapter, some relevant studies of
dual-polarization IFOGs are reviewed. These studies exploit the features of two
orthogonal polarization modes available in the fiber and achieve different objectives
in the IFOG. However, the potential of dual-polarization IFOG is not limited to this,
and the law of the evolution of two polarization states in IFOG is still not clear.
Therefore, dual-polarization IFOG needs further investigation.
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In 2012, the research work of our group aims to improve the performance of a
polarization-maintaining IFOG (PM-IFOG) by using two polarization states [1]. In
polarization-maintaining fiber (PMF), there are two orthogonal polarization states,
as shown in Fig. 2.1. Two polarization states can propagate relatively indepen-
dently in the PMF, so it can be considered that there are two rotation sensing
channels in the IFOG.

The conventional PM-IFOG suppresses one of the polarization modes by using a
polarizer and several polarization-maintaining devices, and utilizes the other
polarization mode for rotation sensing. Using slow axis for instance, the light wave
in the entire fiber loop is in the slow axis polarization state. In the nonideal case, PN
errors arise if light component of the slow axis leaks to the fast axis. The function of
the polarizer is to reduce the PN error as much as possible. Considering such a
single-polarization operation way is a waste of fiber capacity, we have designed a
scheme that allows two polarizations working and detecting simultaneously. The
experimental structure of the IFOG involved in this design is shown in Fig. 2.2.

In the IFOG experimental setup, a 1550 nm amplified spontaneous emission
(ASE) light source with a spectral width of 40 nm was used, and the polarization of
the output light was approximately depolarized. Light wave was divided into two
beams with equal power after the source coupler, forming two arms of optical paths.
There was a 2 m delay line between the two arms (i.e., the fiber length difference
between the two arms is 2 m) to ensure that the two light beams are not coherent
after entering the fiber loop. One of the two arms had an adjustable attenuator as a
power controller, for adjusting the optical power balance. The two beams were
respectively polarized, split, and subjected to phase modulation at a Y-junction
waveguide. The light beams split by the Y-junction waveguide were
cross-connected to two polarization splitters/combiners (PBS/C) as shown in
Fig. 2.2. One of the two beams had a polarization rotation by 90°, which realized
that two orthogonal polarization modes propagated in the same PMF coil in both
CW and CCW directions. The total length of the fiber coil was 1970 m and its
radius was 5 cm. The extinction ratio of the Y-junction waveguide was about
35 dB, and a 40 kHz sinusoidal signal was used for phase modulation.

When the dual-polarization light went out from the coil, it would return back to
its original light paths, and be reassigned into the two arms. Finally, two

Fig. 2.1 Two orthogonal
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Fig. 2.2 A dual-polarization IFOG based on polarization-maintaining circuit

interference signals were detected by two photoelectric detectors (PD) after passing
through the optical circulators. The detection signals were collected by a digital
acquisition card (NI PXI 5922) and then processed in a computer by digital signal
processing (DSP). In the experiment, the two polarization states of x and y were
phase modulated by the same sinusoidal signal and the Sagnac phase shift is
obtained by demodulation with 1, 2, and 4 harmonics [2]. In order to verify the
compensation effect, two signals were directly summed up to produce the third
signal while DSP. Totally three signals were demodulated and thus arrived at three
angular velocity outputs.

In the experimental test, the optical structure was placed horizontally on an
optical platform, in a stationary state relative to the Earth. Therefore, the Earth’s
rotation was the only detected rotation signal. The laboratory latitude was 39.99° N,
and the projection of the Earth’s rotation angular velocity on the horizontal plane
was 9.667 °/h. The sampling interval of the IFOG was 0.15 s. A group of data
within 50 min were collected and analyzed. The experimental results are shown in
Fig. 2.3. Obviously, errors on the two single-polarization outputs were relatively
large. There were fluctuations and glitches in the output of the time domain signal,
as shown in the curves “Single axis 1” and “Single axis 2.” As a clear comparison,
the signal after the superimposition was much more stable, as shown in the
“Compensated Output” curve.

This experiment shows that a simple superimposition of two detection signals
can reduce the noise in the IFOG. In order to show the improvement of noise
parameters more clearly, Allan variance analysis is applied [3, 4], results of which
are shown in Fig. 2.4. It can be seen that the whole noise curve of the compensated
result is lower than the results of the two polarization states alone, indicating that
both short-term noise and long-term drift are significantly reduced. The bias drift is
reduced from 0.335 °/h and 0.227 °/h (for two single-polarization signals respec-
tively) to 0.061 °/h.

These experimental results show that the noise components in two polarizations
can be compensated by summing up the light intensities, thereby reducing the error
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Fig. 2.3 Angular velocity output of the dual-polarization IFOG [1]. (Reprinted from Ref. [1],
with kind permission from the Optical Society)
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Fig. 2.4 Allan variance analysis of the dual-polarization IFOG [1]. (Reprinted from Ref. [1], with
kind permission from the Optical Society)

in the detection results. In general, the polarization error present in IFOG can be
divided into intensity error and amplitude error [2]. Preliminary analysis shows that
both the intensity error and the amplitude error in the dual-polarization IFOG are
with opposite signs between two polarizations. That is to say, the polarization errors
in two detected signals are complementary and can be eliminated by
superimposition.

Polarization coupling in PMF coil is relatively small, so the PN errors in two
detection results are relatively small too. Although the two signal superimposition
result shows the compensation effectiveness of PN noises, but the signal charac-
teristics of opposite signs is still not clear to be seen directly. In order to observe the
phenomenon of PN error compensation more clearly, we have designed a
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dual-polarization IFOG structure with a depolarized fiber coil. The polarization
coupling in the depolarized coil is strong, and the PN error can be observed clearly
in time domain when the two polarizations are detected separately, and it is more
convenient for us to observe the regular pattern.

2.2 Polarization Error Compensation
in an Depolarized IFOG

In order to observe and verify the polarization error compensation phenomenon in
the IFOG with the depolarized fiber loop, we designed a polarization splitting
structure shown in Fig. 2.5. The optical fiber coil is mainly built with common
single-mode optical fiber. Two depolarizers are used to eliminate the coherence of
the PN light component and a piezoelectric transducer (PZT) is used for phase
modulation. The design principle of this fiber coil is consistent with the traditional
depolarized IFOG based on the “minimal scheme.”

This structure differs from the conventional depolarized IFOG in that the light
entering the coil is in a dual-polarization state. The part of the dotted line in the
optical path is the module that generates the dual-polarization light, and detection
results of the two polarizations can be observed at the same time. A PBS/C was
used for polarization splitting (PBS 1 in the figure), and a 2 m fiber delay line was
inserted in one of the two arms for decoherence. Then two light beams were
recombined by a second PBS/C (PBS 2), forming a dual-polarization light beam.
The dual-polarization light beam was split by an ordinary single-mode coupler to
form CW and CCW light waves into the fiber coil. Following the light source, a
depolarizer (Depolarizer 1) was used to ensure that the two single-polarization
beams after PBS1 were balanced in power. In this way, double-polarization light
was generated after PBS2, with power-balanced and incoherent light components
between x and y polarizations.

Depolarizer 1

Light source

Fig. 2.5 A dual-polarization IFOG based on a depolarized fiber coil
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In the experiment, an ASE light source with a center wavelength of 1550 nm and
a spectral width of 40 nm was used, and a 2097 m SMF coil was used. The test goal
was still the Earth’s rotation rate (9.667 °/h projected at the laboratory latitude).
Similar to the previous section, digital signal processing methods were used for
angular velocity demodulation from x, y signals and the sum of the two. The
experimental results are shown in Fig. 2.6.

Through the test results of this structure, the polarization error compensation can
be clearly observed. Polarization coupling is a small amount for PMF coils, but it is
larger in a depolarized fiber coil. Therefore, the PN error introduced by random
polarization coupling is obvious in both polarization states, leading to significant
ripples in the single-channel angular velocity detection results. At the same time,
the PN errors of the signal detected by the two polarizations are inverse numbers, SO
the complementary features can be seen clearly on the graph. The process of
summing up the two signals can cancel most PN errors.

The purpose of this experimental structure is to observe the internal mechanism
of polarization error compensation. The compensation condition is not the best, so
the compensated signal still has some fluctuations, which infers a small part of PN
error is left. More practical polarization error compensation IFOG structures are
discussed in the next chapter.

2.3 Theoretical Analysis of Polarization Error
Compensation

Polarization error compensation is observed and verified in both the
dual-polarization IFOG with a PMF coil and the dual-polarization IFOG with a
depolarized fiber coil. But it still needs rigorous theoretical analysis for why the two
signals have the complementary error and under what conditions can achieve the
best compensation effect. This section will complement the theory of polarization
error compensation through mathematical deduction.
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The dual-polarization IFOG with a PMF coil and the dual-polarization IFOG
with a depolarized coil are discussed in the previous two sections. They have the
common point that two light waves of different polarization states are generated by
the two-arm light path before the optical fiber coil. The experimental results show
that the two polarization states are orthogonal, and the fiber delay line ensures that
the two light beams are not coherent. At the same time, the two-arm light path can
detect the two returned polarization states separately. The polarization evolution in
this type of dual-polarization IFOG is shown in Fig. 2.7.

We use Jones Matrices to analyze the PN errors in the dual-polarization IFOGs.
Common loss on two polarizations out of the coil is neglected, as they do not
contribute to PN errors. Assuming that the degree of polarization (DOP) of the light
source is dy, the field intensity thereof can be expressed as [5]

E, = {on(t)}eiwnr _ [ VI+d

Eonlt) N Eo(1)e/™ (2.1)

where wq is light frequency, ¢ is propagating time, DOP is dy = (lox — loy)/
(Iox + Ioy), and =1 < dy < 1. Thereafter, the two light waves are polarized to
x and y directions respectively, and a delay length AL is added between them. This
separate polarizing process can be represented by Jones matrices of two polarizers

P, — {(1) 8:|e—j/5AL’ P, = {8 ﬂ (2.2)

here f3 is propagation constant of the light wave. To correspond with the reference
point in the later experiment, we define the point after the dual-polarization gen-
eration module as “Point C.” Then the light field of Point C is

o1y 1 +do ejﬂAL] ot

e (2.3)

EC = O(]PXEQ + OCQPyEO = [

here o and o are losses of two light signals, including splitting loss and trans-
mitting loss. In order to clearly observe the law of dual-polarization light waves, we
define the DOP of Point C as d, and normalize the light intensity, so that the light
field of point C can be written as
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Fig. 2.7 The polarization evolution in the dual-polarization IFOG
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(2.4)

(1+d)/2 eﬂm] ot
(1-d)/2

There are two important differences between the polarization state of this light
wave and the case of the “minimum scheme” (|d| & 1). One is d & 0, meaning the
powers of the two polarization states are basically the same. The other is that a
phase delay e /PAL is introduced between two polarizations for eliminating their
coherence.

The random polarization coupling in the fiber coil is caused by a variety of
reasons, including that the coil coupler, the phase modulator, and the fiber coil have
nonideal polarization features. The CW light for instance, it undergoes coupler
splitting, transmitting around the fiber loop, and recombining with the CCW light
back to the coupler. The total polarization evolution of this period can be written as
the following matrix.

Ch G,
M = {c; Cﬂ (25)

The superscript “+” means clockwise, the four items C,q, C,, C,3, C,4 in the
matrix are complex numbers related to the polarization characteristics of the
components. The subscript “r” indicates that the reciprocal ports are detected.

CW light and CCW light waves experience the same optical path, in the absence
of external influences, and their transmission processes are reciprocal. When the
interferometer rotates, the Sagnac effect introduces a nonreciprocal phase differ-
ence, but does not directly affect the polarization state. Ignoring the Faraday Effect
for the time being, the polarization transfer matrix experienced by the CCW wave
has a reciprocal form with the CW wave, that is, C,; and C,4 remain unchanged,
and the C,, and C,5 positions are interchanged.

- _ Crl Cr3
Mr N |:Cr2 Cr4:| (26)

As transmission loss does not directly affect the PN error, the calculation for the
time being does not consider the transmission loss of light in order to observe the
polarization characteristics more clearly. In the ideal case without polarization
coupling, the theoretical phase difference between the CW wave and the CCW
wave after transmitting though the fiber loop is ¢, = ¢+ A¢(z), in which A¢(7) is
the dynamic phase bias introduced by the phase modulator, and ¢ is the Sagnac
phase shift. When there is polarization coupling in the optical path, the actual phase
difference will deviate from the theoretical value due to the PN error, and the
deviation degree of the two polarization states will be different. The phase differ-
ence caused by PN will be reflected in the result deduced by Jones matrix. The light
component detected by the reciprocal port is calculated by the following equation,
which includes a CW item and a CCW item.
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E =M, Ece”, E =M, Ec (2.7)
Their detailed expressions are derived as follows:
— [CM/W e L L Cpy /(1 —d))2
" lCs /U xd)2e 1y /(T = d))2
Co/(1+d)/2 e AL+ Cpsy /(1 —d) /2 o
/T T d)]2 e T 1 G (T = d)/z]

CW and CCW waves interfere with each other, and generate the signal I, for
angular velocity detection

el eid (2.8)

(2.9)

= (|E" +E; ) (2.10)

Light intensities on two polarizations are detected separately by two PDs, so we
calculate the intensities separately as follows:

1= (B +E )
=Ino+(E;E ) +(EEY)
= Lo+ |Cr[*(1+d) cos , + (1 — d)|C2Cr3|T(z,23) cos(¢, + hrp3)  (2.11)

2
I, = <‘E; +E, >

= Iy + <E,; *E;y> + <E;yE,; >
= Iry0 + |Cr4‘2(l - d) Cos d)r + (1 +d)|cr2cr3|r(zr23) COS((i),- - ¢r23) (212)

here 1,, and 1, are the direct-current components that have no direct influence on
the detection signal, I'(z) is the source’s degree of coherence [6], z,; is the bire-
fringence delay induced by C,Cj;, and ¢,; is the phase of C,iCy;, with
i,j € {1,2,3,4}. In this calculation, it is assumed that the decoherence effect is
ideal, that is, the coherence is ignored between the light waves whose phase dif-
ference is larger than SAL. Thus, the corresponding weakly coherent terms have
been omitted from the results obtained.

It can be observed from the last terms of (2.11) and (2.12) that the theoretical
value of the signal ¢, have opposite deviations for x and y polarizations, given by
+ ¢,03 and —¢,,3. In order to analyze the inverse feature of the test results more
clearly, the signals are further written in the following forms.
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Lie = I1y0 + Grc COS @+ ppe Sin . = Lo + \/p%x +qi cos(¢p, —Ad,)  (2.13)

IV)’ = ry0 +qr} Cos d)r +Pry Sin d)r = ry0 + \/p;zry +q;2~y COS(¢r - Ad)ry) (214)

where p,., g Pro g are intermediate parameters introduced for convenient
analysis. And A¢,, = arctan(p,./q,.) and A¢,, = arctan(p,,/qy,) are PN errors in
the x and y polarizations, respectively. The results of the two signals are summed up
as follows:

ly =1l +1y =10+ \/(prx +pry)2 + (g + qry)z cos(¢, — Ag,) (2.15)

where 1,9 is the sum of the DC components in the sum signal, and the PN error is
transformed into

Ap, = arctanm (2.16)
qrx + qry

By transforming formulas (2.11) and (2.12) to formulas (2.13) and (2.14), the
related parameters and the PN errors are derived as follows:

P = —(1 = d)[C2Ci3|T(2,23) sin 93 (2.17)

Py = (14 )| CaCos| T (z25) sin b 218)

gre = |Cr|*(1+d) + (1 — d)|C2C3|T (2123) 08 5 (2.19)
ary = (1 = d)|Cual* + (1 +d)|C2Cs3|T (2123) €08 05 (2.20)

2d|Cr2Cr3 |F(Zr23) sin ¢r23
Cr (14 d) +|Cal*(1 = d) +2|C2C3|T (z,23) cOs §,3

A¢, = arctan (2.21)

where I'(z) is the source’s degree of coherence, z,; is the birefringence delay
induced by C,;Cy;, and ¢,;; is the phase of C,;Cy;, with i,j € {1,2,3,4}.

The calculation results show that p,, and p,, have opposite signs, which also
indicate that PN errors on two signals A¢,, and A¢,, have opposite signs, so they
can compensate each other by mutual superimposition. When the dual-polarization
light is generated by uniform light splitting, we have d = 0 and thus p,, = p,,. In
this case, the numerator in (2.16) is zero, p,. + p,, = 0. Hence PN signals are
perfectly compensated after the superimposition A¢, = 0.

The numerically calculated results for the intermediate parameters p,.., and g,
are shown by Fig. 2.8, with the DOP d scanned in its whole possible range [—1 1].
It can be seen that p,, and p,, have opposite signs in the whole range. When d = 0,
the compensated parameter p, = p,, + p,, just crosses the zero point, as shown by
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Fig. 2.8 The variation of p, ¢ with d in the compensation formula a p varies with d, b g varies
with d

sum in Subgraph (a). g,, and g,, have a roughly complementary trend, and thus
qr = Gr + g, is a stable nonzero number, as shown by sum in Subgraph (b).
According to the parameter definition A¢, = arctan(p,/q,), it can be seen that the
variation tendency of the error is almost the same as that of the parameter p,, and it
will be compensated to zero when d = 0.

This theoretical analysis based on the Jones matrix shows that the PN errors for
the two polarization states x, y have opposite signs. This also explains the reason for
the inverse noises on the two signals detected in experiment. By summing up the
light intensities of the two polarizations, or by summing up the obtained pho-
tocurrent signals at the PD, the PN errors can be compensated and thus eliminated.
This superimposition process is just the PN error compensation mechanism in the
dual-polarization IFOG. The derivation of the formulas also shows the two con-
ditions required for PN error compensation: one is that the two polarization states
need balanced power, that is, d = 0; the other is that the coherence needs to be
eliminated between the two polarizations by a propagation delay. When both
conditions are satisfied, it is theoretically possible to completely eliminate the PN
error by compensation.

2.4 Summary

In this chapter, we first analyze two experiments, including a dual-polarization
IFOG based on a PMF coil, and a dual-polarization IFOG based on a depolarized
SMF coil. In both experiments, polarization error compensation is observed. The
error components with opposite signs exist in the two polarization states, which can
be eliminated by superimposition. This part of the error component is mainly
caused by the PN error introduced by polarization coupling.
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Thereafter, the Jones matrix is used to analyze the error compensation phe-
nomena in the dual-polarization IFOG, and the conditions of PN error compensa-
tion are proved. The analysis shows that when the two polarization states have
balanced power and no coherence, the PN errors within the two signals are
opposite, and can be completely compensated by superimposition. Obviously,
obtaining a DOP d = 0 is the basic requirement for the dual-polarization IFOG to
work stably. In the next chapter, we will design and validate a more compact and
practical dual-polarization IFOG, based on the basic conclusions in this chapter.

In addition, the fundamental principles of polarization error compensation
demonstrated in this chapter also provide the basis for multiple optical compen-
sation and Shupe error compensation in IFOGs [7-9].
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