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Polarization Fading in Fiber Interferometric Sensors

DAVID W. STOWE, DOUGLAS R. MOORE, anp RICHARD G. PRIEST

Abstract—-Mach-Zehnder interferometer sensors fabricated with con-
ventional nonpolarization-preserving fibers are subject to polarization
fading caused by temperature variations and minor positional changes
in the sensor. For such sensors, we calculate the probability of a given
decrease in sensitivity and in signal-to-noisé ratio due to fading assum-
ing the polarization of the light in the signal and reference legs is
uncorrelated and drifts randomly. The resultant reduction of the signal-
to-noise ratio may exceed 10 dB 10 percent of the time and exceed
20 dB more than 2 percent of the time,
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INTRODUCTION

NIBER optic Mach-Zehnder interferometers have been
investigated for sensing a variety of environmental param-
eters such as acoustic pressure [1]-[4], acceleration {5],
temperature [6], and magnetic field [7]. In these sensors,
the environmental parameter of interest alters the phase of the
light in the signal fiber relative to the phase of the light in the
reference fiber (Fig. 1), causing a shift in the resultant inter-
ference pattern. ‘

Although the all-fiber interferometer is very sensitive, its
performance may be degraded by polarization fading which
occurs when the two interfering beams approach quasi-
orthogonal polarization states, For interferometric sensors
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Fig. 1. Mach-Zehnder configuration for fiber interferometer.

fabricated from nonpolarization-preserving fibers, it is well
known [8], [9] that the polarization of the two interfering
beams may drift randomly due to alterations in the residual
birefringence of the fiber caused by minor variations in tem-
perature or position of the fiber. To maintain constant
sensitivity as the polarization changes, investigators have
applied feedback in the form of automatic gain control (AGC)
[10] to their sensors or have otherwise compensated the signal.
However, even in these approaches, the signal-to-noise ratio
may decrease substantially as the polarization fades. In this
paper, we evaluate the probability of a specific decrease in
sensitivity and in signal-to-noise ratio for a fiber interferometer
sensor assuming the polarization in the signal and reference
legs is uncorrelated and drifts randomly. These calculations
are of interest because they predict the long-term performance
of interferometer sensors in which handling, temperature
drifts, and variations in laser output are sufficient to cause the
polarization changes between fibers to be uncorrelated over
the time period of interest.

ProBABILITY EVALUATION

The output of a single-mode fiber interferometer is of the
form

I=1,(1 +m cos (q +9)). 1)

Here g is the small signal induced phase variation for which
we wish to determine the sensor sensitivity. The phase 6 repre-
sents the overall phase difference between the signal and refer-
ence arms. The mixing efficiency m is unity if the state of
polarization in the two arms is identical and zero if it is
orthogonal. The quantity /, is proportional to the optical
power driving the interferometer.
The phase sensitivity to small signals is

S'=I,|msin0| (22)
or normalized to /,,
S=|msind|. (2b)

In order to calculate the probability P that S is greater than
S,, it is helpful to consider a calculation of m using the
Poincaré sphere construction [11], [12]. The state of polari-
zation in an arm of the interferometer can be specified by a
unit vector joining the center of the Poincaré sphere to a point
on its surface. Thus, the state of input polarization at the out-
put combiner can be specified by two unit vectors, one for the
signal arm n, and one for the reference arm ng. The mixing
efficiency m is given by

m =cos (¢'/2) (3)

where ¢’ is the angle between the unit vectors. Using (3),
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results can be derived for two cases. Case I is the totally
unstabilized interferometer (both polarization and phase
drift) and case II is the phase-stabilized polarization-unstabilized
interferometer.

Cask II: QUADRATURE STABILIZED INTERFEROMETER

The result for this case is somewhat simpler to obtain so
it is discussed first. In this case, feedback electronics hold @ at
the quadrature condition 6 =#/2. Thus, from (2b), S =m.
If it is assumed that the thermal and position fluctuations
¢ause the polarizations in the arms to drift in a random fashion,
the unit vectors ng and 1y will wander randomly on the
surface of the Poincaré sphere. In statistical terminology this
is equivalent to saying that the unit vectors are both distributed
uniformly on the surface of the Poincaré sphere. The prob-
ability P that the angle between ng and 7, is less than some
value ¢, is the ratio of 4, the area of the spherical cap defined
by the opening half angle ¢ to B, the area of the Poincaré
sphere.

This ratio is

- 27(1 - cos )

P
4

=1 - cos? (¢/2). )

Consideration of the discussion leading up to (3) shows that
P is the probability that m is greater than the value S, =
cos (¢/2). From (4), .

P=1-82. 5)

This is the essential result for Case II, Pyy(S,)=1-S3. In
Fig. 2, Py is plotted as a function of 20 log (S, ).

CaSe I: UNSTABILIZED INTERFEROMETER

The situation for Case I is somewhat more complex. In
addition to the polarization fluctuations of Case II, the phase
6 also varies randomly. The key to the calculation of Py(S,)
is the observation that the variations in the polarization and
in the phase are statisticaily independent. One is thus led to
consider the situation for specific values of 8 and then to
average in an appropriate way over 6. For a particular value
of 6, the polarizations must be such that m >S,/|sin§|.
For |sin 6] <S,, the fraction of polarization states that meet
this criterion is zero. Otherwise, the fraction is P1(S,/|sin 81).
The appropriate average over 8 is therefore

w2
f Py(So/lsin 1) d6
arcsin Sp

2
f do
(i}

with Pj; given by the form following (5). The integration is
straightforward and gives

Pi(So) = ©

Pi(S,)=1- ;27— {arcsin (S,) +S,V1 - S3]. @)

In Fig. 2, Py is plotted as a function of 20 log (S,).
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Fig. 2. Percent of time that observed (relative) sensitivity is within
specified amount of maximum sensitivity.

Casg III: QUADRATURE-STABILIZED INTERFEROMETER
WITH ADAPTIVE GAIN

The quadrature-stabilized interferometer can be improved
further by applying adaptive gain (AGC) [10] to hold the
sensitivity constant. Such an AGC control may be imple-
mented by applying a phase dither of constant amplitude to
the interferometer and using the AGC to keep the output of
the interferometer constant at the dither frequency. In this
case, no fading of the ac signal is observed, and the sensitivity
of the interferometer is constant regardless of the polariza-
tion state as shown in Fig. 2. Nonetheless, the signal-to-noise
ratio may be affected.

SiGNAL-TO-NOISE RATIO

Since no fading of the ac signal is observed for a quadrature-
stabilized interferometer with adaptive gain, an observer may
believe that all polarization effects have been eliminated,
particularly if the interferometer is operating in the presence
of large environmental noise. In fact, however, the signal-to-
noise ratio of both types of quadrature-stabilized interferom-
eters is polarization-dependent and will decrease as the polari-
zation fades. This effect can be illustrated by considering the
combined effects of environmental noise and photodetector
shot noise. The photocurrent i, is proportional to the optical
intensity (1) with proportionality constant K

ip =2K(1 - msin q). )

If the phase term g contains small rms signal and environmen-
tal noise terms g, and q,, respectively, then the mean square
signal current from (8) is

i2=4K?m*q2. )]
The associated mean square noise current is given by
in=4K*m?q} + 2ei, B~ 4K*m?q> + 4K¢eB (10)

where the second term represents the photodetector shot noise
over a bandwidth B with electronic charge e. The associated
signal-to-noise ratio is

b 4 an

iz q%+eB/Km?’

This expression is valid for an interferometer with or with-
out gain stabilization because the gain is applied to both the
signal and noise currents, cancelling its effect. Equation (11)
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shows that if the quadrature-stabilized interferometer is domi-
nated by environmental noise g2 >> eB/Km?, then the signal-
to-noise ratio is relatively unaffected by polarization fading
(changes in m). However, if the polarization fades suf-
ficiently, the shot-noise term may become dominant, in
which case the signal-to-noise ratio decreases as m?. But the
curve shown for Case Il in Fig. 2 is precisely the probability
(percent time) that 20 log m will be larger than the specified
value. Consequently, this figure can also be used to determine
the likelihood of a given decrease in signal-to-noise ratio. For
instance, suppose that the environmental noise term (g,) of
a quadrature-stabilized interferometer is 10 dB greater than
the shot noise when the polarizations are optimally oriented.
According to Fig. 2, about 88 percent of the time, no signifi-
cant decrease in signal-to-noise ratio will occur because the
fading has enhanced the shot noise less than 10 dB relative to
the environmental noise. However, about 2 percent of the
time, polarization fading will enhance the shot noise by 20
dB or more, giving rise to an apparent decrease in signal-to-
noise ratio of 10 dB.

CONCLUSION

The importance of controlling the polarization in inter-
ferometer sensors is emphasized by these calculations which
show the expected degradation in performance for uncor-
related random drifts of the polarization. Polarization effects
are least severe in the quadrature-stabilized interferometer
with gain stabilization because this sensor provides a constant
response to applied signals, However, this sensor may suffer
significant decreases in the signal-to-noise ratio due to polariza-
tion fading. The use of polarization preserving fiber will
effectively eliminate polarization fading for all three sensor
implementations. Alternatively, by making a compact rigid
sensor with all components held in a fixed position relative to
each other, it may be possible to correlate the polarization
drifts in the signal and reference fibers so that orthogonal
polarization states are never encountered. In this case, the
polarizations do not drift randomly relative to each other, and
the optimum sensitivity and signal-to-noise ratio may be ob-
tained at all times,
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Homodyne Demodulation Scheme for Fiber Op\tic
Sensors Using Phase Generated Carrier

ANTHONY DANDRIDGE, ALAN B. TVETEN, aNpD THOMAS G. GIALLORENZI, SENIOR MEMBER, IEEE

Abstract—A method of homodyne demodulation using a phase gen-
erated carrier is described and experimentally demonstrated. The
method has a large dynamic range, good linearity, and is capable of
detecting phase shifts in the microradian range, The detection scheme
obviates the phase tracker resetting problem encountered in active
homodyne detection schemes. Two methods of producing the carrier
are presented, one employing a piezoelectric stretcher, the other using
current induced frequency modulation of the diode laser source, These
two methods are compared, The origins of the noise limiting the
system are briefly discussed.

I. INTRODUCTION

ECENTLY, there has been considerable interest in using

optical fibers as the sensing element in devices such as
hydrophones, spectrophones, magnetometers, accelerometers,
and ac current sensors [1]. One of the configurations which
‘has shown high sensitivity is that of the Mach-Zehnder all-
fiber interferometer. In this configuration, there are many
methods of detecting relative optical phase shift between the
signal and reference fibers.. The design of the detection
scheme is made nontrivial by the presence of low frequency
random temperature and pressure fluctuations which the arms
of the interferometer experience. These fluctuations produce
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differential drifts between the arms of the interferometer.
The drift causes changes in the amplitude of the detected sig-
nal (signal fading), as well as distortion of the signal (frequency
up-conversion),

Several detection schemes are currently available: passive
homodyne, active homodyne (phase tracking), true hetero-
dyne, and synthetic heterodyne. Each of these techniques
has both advantages and disadvantages. The current state of
these detection schemes is reviewed in [1]. At this time,
only the active homodyne system has. reached a level of high
performance (10-107° rad sensitivity with good linearity and
low harmonic distortion), packageability (<24 cm?®), and low
power consumption. In order to achieve this high level of
performance, the technique requires relatively large piezoelec-
tric phase modulators and fast reset circuitry. Large modula-
tors are undesirable in multielement sensors since they increase
the active sensor’s size and decrease its reliability. Additionally,
the need for the sensor circuitry to reset itself every time the
environmental noise drives it past its dynamic range adds
additional noise. In this paper, a passive homodyne technique
which obviates the two problems discussed above is presented.
Unlike other passive techniques previously reported [2], this
technique has been shown to offer a very high level of per-
formance with a linear dynamic range of ~107. This large
linear dynamic range allows both small and large amplitude
signals commonly encountered in applications to be observed
with excellent fidelity. Two methods of utilizing this approach
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