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Passive Elimination of Polarization Sensitivity
of Fiber-Optic Microwave Modulators

R. D. Esman, Member, IEEE, and M. J. Marrone

Abstract—The polarization sensitivity of a bidirectional fiber-
optic modulator is passively eliminated by incorporating the
modulator in an orthoconjugate loop mirror or in an in-line fiber
loop. We describe and analyze these fiber loop configurations
which allow remote interrogation of polarization-sensitive devices
with either one or two conventional singlemode fibers. For bulk
single-drive modulators, the polarization sensitivity is reduced to
£0.15 dB out to 2 GHz. By utilizing a balanced, dual-drive feed
to a bidirectional traveling-wave modulator, residual polarization
sensitivity of 12 dB is demonstrated for ultrawideband operation
to 25 GHz and 0.3 dB for narrowbands.

I. INTRODUCTION

ANY TYPES of modulators in fiber-optic systems

exhibit a strong dependence of the modulation on
the input state of polarization (SOP). The consequences are
changes in responsivity and leads to distortion and polarization
fading of the sensed signal [1]. The schemes which have been
devised to overcome the effects of polarization changes include
active input polarization control [2]-[5], source polarization
scrambling [6]-[9], depolarized sources [10], [11], and use of
polarization maintaining fiber (PMF). Recently, we reported
a passive scheme to address low-frequency modulators over
conventional fiber links [12]. The configuration, termed an
orthoconjugating loop mirror (OCLM), uses a polarization
beam splitter (PBS) with the fibers from the output ports
connected in a loop that contains a 90° Faraday rotator. Here
we present the Jones Matrix analysis and expand the technique
to include ultrawideband dual-feed traveling-wave devices.

II. OCLM AND SPL

The operation of the OCLM [Fig. 1(a)] is described as
follows. A linear SOP enters PBS1 and is transmitted via a
conventional singlemode fiber (SMF) to PBS2. The evolution
of the SOP along the SMF results in an arbitrary and time
varying SOP at the input (port 1) to PBS2. The PBS2 separates

the input SOP into p and s components which are directed -

to ports 2 and 3, respectively. The output ports of PBS2
are coupled to PMF’s joined to form a loop in which the
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Fig. 1. Configurations to eliminate polarization sensitivity of a transducer

using a single input-output fiber (a) and two separate input and output
singlemode fiber (b). (a) Orthoconjugate loop mirror; loop SOP’s shown for
linear input SOP 45° from “Out” & 45° from “Left” of the diagram. (b) Single
polarization loop; loop PMF oriented 45° off PBS axis; SOP (not shown) on
single axis of PMF.

birefringence axes of the two fibers are aligned. Each of the
circulating components reenters PBS2 with a SOP that exits
the 4th port. However, by inserting a 90° Faraday rotator
(FR) within the loop, the counterpropagating beams within the
FR reenter the loop fibers on the opposite birefringence axis.
Now each circulating component exits PBS2 at the original
input port 1. Furthermore, analysis of this configuration shows
that the return SOP is orthogonal to the input SOP. In this
respect the OCLM is equivalent to a 45° FR and mirror
[13]. Because of the reciprocal birefringence property of fibers
[14], the SOP reentering PBS1 at port 3 is orthogonal to
the SOP which exited this port and consequently the light is
diverted to port 2. For proper operation, the system round-trip
delays must be less than the characteristic times (~100 us)
associated with variations (typically acoustic effects) in the
fiber birefringence; hence, one-way fiber lengths are limited
to about 10 km.
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For feed-through arrangements, a polarization-insensitive
modulator loop configuration has been demonstrated for liquid
crystals [15] and a Faraday rotator and mirror combination
has been demonstrated with semiconductor optical amplifiers
[16] but, in both cases, both axes of polarization are utilized.
The polarization sensitivity of many modulators effectively
polarize the input signal or effect each SOP differently and
so cannot be used in these configurations. We note, how-
ever, that the OCLM design leads naturally to an alternate
single polarization loop (SPL) configuration {12] [Fig. 1(b)],
which has previously been used for elimination of polarization
dependence of semiconductor optical amplifiers [17], [18].
With oppositely oriented 45° FR’s located at ports 2 and
3, this SPL arrangement utilizes only a single axis of the
PMF loop and delivers a constant (i.e., input SOP indepen-
dent) optical output at port 4 for a return (or output) on a
separate SMF. The feed-through configuration is important
for long distance interrogation of remotely located sensors
since no remoting length restriction is needed and signal
degradation by copropagation with Rayleigh backscatter is
avoided.

III. JONES MATRIX ANALYSIS

In the Jones matrix analysis of the OCLM, we consider an
input optical electric field Ey, with an arbitrary SOP

E.
Ein = [Eyew} (1)

The transfer functions P,, for the PBS from port ¢ to port j
is represented by

0 0
P12 =Po1 =P3s =Pz = [0 1]

@

1 0]’
P13:P31=P24=P42={0 0}

For the case of the SPL. we must convert to the principle
axes of PMF oriented at 45° relative to the input coordinate
system, the conversion matrices at port 2 and 3, P2 and P3,
respectively, are

P2 = P3out =

1 :I:l} 3)

Vil

where “out” and “in” are relative to the PBS. With this
particular choice of cooerdinate transformations and placement
of FR’s, we find that

o 0 0
P2outFR+(45 )P21 - |:O 1:|

and

P3ouFR_(45°)Py; = [_‘f 8] )

2209

which implies that only the y axes of the PMF loop is utilized.
The FR matrix is

cos b $Sinﬂ] . )

FR+(0) = {i sin 6 cos

where the direction of the FR magnetic field vector /1 is in the
same (+) or opposite (—) direction to the light. The operations
of the OCLLM and SPL are then given by

F(OCLM) = P1,FR., (90°)P3; + P13FR_(90°)Py

1]

(6a)

and

F(SPL) = P, FR_(45°) P2, P3,,FR (45°)P3;
+ P4FR(45°)P3;, P2, FR_(45°)Py;

:{(1) 2].

Now, for the beam returning from the OCLM, we adopt
the convention [19] that a wave always propagates in the +z
direction. This is accomplished by a transformation from the
incident coordinate system to the reflected system such the
z — —z and z — —z. The transformation is represented by
the operator

(6b)

— —
—

=
R a = —a* (7)
b b*
where the arrow indicates the propagation directiori. In our
system

'Eyemj] _ \:'—Eyeid):\ ) (8)

Eou = F(OCLM)Ey = |4

Finally

] . {—Eye%} _o ©

—l:jin.E‘out:[Euj E

Eyeid’
demonstrates the orthoconjugate property of the OCLM return
beam.

Note that for the SPL the input light can be completely
depolarized without effecting modulator performance. Also,
an alternate feedback design might be considered without
orthoconjugate return where the loop 90° Faraday rotator can
be replaced by a fiber twist. This case has the advantages
of 1) lower system complexity (cost) since the PBS1 can
be replaced with a polarization insensitive coupler, 2) very
long fiber lengths can be used since birefringence fluctuations
(and fiber reciprocity) are no longer of concern, and 3)
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Fig. 2. Experimental arrangement of modulator in orthoconjugate configu-
ration. PC: fiber loop polarization controller.

depolarized light still does not effect the modulator perfor-
mance. However, this arrangement requires 6 dB more optical
power for the same electrical system sensitivity since the
coupler replacement introduces 3 dB optical loss in each
direction.

IV. MODULATOR IN THE LoOoP

In an initial experimental implementation of this technique
(Fig. 2), the polarization-sensitive modulator was a 1.3-ym Y-
fed balanced bridge intensity modulator [20]. In this case, the
modulator passes only the polarization that is modulated so
that, assuming a y-axis orientation, the corresponding Jones
matrices can be shown to be those of (6) modified by a
scalar modulation factor—both the OCLM and the SPL remain
independent of input SOP.

In place of a fiber-pigtailed Faraday rotator, a bulk Fara-
day rotator was accessed via a pair of gradient-index lenses
pigtailed to SMF leads and spliced to the PMF output lead
from port 3 of PBS2. This arrangement allowed for convenient
access (removal) of the FR and fine adjustment in the loop
lengths (below). However, to preserve the birefringence axes
alignment of the loop PMF, the SMF leads were wrapped
on fiber-loop polarization controllers [21]. Before inserting
the FR, the birefringence axes were aligned by adjusting
the polarization controllers to yield maximum photodetector
(PD) response. The OCLM input SOP in the SMF was
varied manually with another polarization coniroller and mon-
itored by a pick-off splitter which diverted a small frac-
tion of the light between PBS! and PBS2 to a polariza-
tion analyzer and power meter. In Fig. 3. the upper trace
(a) shows the demodulated RF power from the PD and
the lower trace (b) is the input SOP- variation in SMF.
The maximum and minimum values in trace (b) correspond
to linear SOP’s parallel and perpendicular to the analyzer
and the intermediate values represent arbitrary SOP’s. The
variation in RF power was found to be less than 0.1
dB.

This first modulator exhibited a 3-dB bandwidth of 870
MHz, so the frequency response of the configuration was
measured. When the input- SOP is set for only clockwise
(CW) traversal of the OCLM loop, good frequency response
1S obtained out to 2 GHz. However, when both CW and CCW
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Fig. 3. Experimental verification. The upper trace (a) demonstrates the
stability of RF modulation (500 kHz) while the input SOP is varied. The lower
trace (b) is the SOP variation in the SMF input, where one corresponds to a
linear SOP and zero corresponds to the orthogonal SOP and values between
zero and one are arbitrary elliptical SOP’s.
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Fig. 4. Link frequency response. Trace (a) shows the response plotted for
an input SOP that yields equal amounts of CW and CCW light as measured
relative to_only CW light in the loop. Trace (b) shows trace (a) response
relative to cos?(7 f7) with 7 set to 442 ps..

light are present in the OCLM loop, a large null ‘is observed
(Fig. 4). The null in response observed at 1.13 GHz is due to
the modulator not being located half-way around the OCLM
loop. That is, the modulated signals recombine at PBS2 with
a relative time delay based on where the modulator is located
in the loop. The relative frequency response of the system is
given by )

Poutpur o {sin(wt) + sinfw(t + 7)]}2

o< cos? (%) = cos® (7 f7) (10

where 7 is the time delay from the loop midpoint to the
modulator midpoint. The null at 1.13 GHz corresponds to
a time delay of 442 ps or 8.85 cm of optical fiber. After
removal of the excess fiber on one leg of the loop and fine
tuning (<1 cm) with stages that translate the gradient index
lenses, the sharp null in the frequency response was completely
removed (Fig. 5). What remained were any traveling-wave
effects and any asymmetry in the modulator. It is noted that,
as with other link throughput data presented in this paper, the
link loss was measured to be commensurate with the modulator
Vm and the received PD current.



ESMAN AND MARRONE: ELIMINATION OF SENSITIVITY OF FIBER-OPTIC MICROWAVE MODULATORS

[ k DC Offsets for Clarity

Relative Response (0.05 dB/div)
5

0 0.5 1 1.5 2

Frequency

Fig. 5. Response versus frequency relative to copropagating RF and optical
signals; trace (a) RF and optical copropagating (serves as a measure of

system repeatability), (b) both co- and counterpropagating signals (single SOP,
setting), and (c) the case when the input SOP is adjusted so that the RF and -

optical waves are counterpropagating.

: (a)
0 e

M
(b)/

Relative Response (dB)

5 10 15 20
Frequency (GHz)

Fig. 6. Response versus frequency relative to copropagating RF and optical
signals; trace (a) RF and optical copropagating (serves as a measure of system
repeatability), (b) both co- and counterpropagating signals (input SOP varied
using PC), and (c) the case when the input SOP is adjusted so that the RF
and optical waves are counterpropagating (large dip is due to traveling-wave
effects).

V. SINGLE-DRIVE MICROWAVE MODULATOR

With the 90° FR- attached directly to one of the loop
ports [Fig. 1(a)], the CW and CCW circulating components
of light in the OCLM travel on the same birefringence axis
of the PMF. Therefore, any bidirectional modulator can be
inserted in the OCLM and its operation will be independent
of the input SOP. So in an effort to expand the bandwidth
of this technique, a traveling-wave LiNbOz; Mach-Zehnder
modulator with operation to 18 GHz was substituted for
the first modulator. However, traveling-wave devices require
copropagation of the RF and optical waves as demonstrated
by the measured results shown in Fig. 6. The top curve of
Fig. 6 is taken relative to a previous curve for copropagating
RF and optical waves and serves as a measure of system
repeatability. The bottom curve is measured for the case when
the input SOP is adjusted so that the RF and optical waves are
counterpropagating in the OCLM loop. Input SOP variations
yield widely varying response between the two curves. It is
well known that traveling-wave microwave modulators exhibit
directional dependence above some characteristic frequency,
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Fig. 7. Response of 40-GHz LiNbO3 miodulator for counterpropagating RF
and optical signals (relative to copropagating). Response spike at ~21.5 GHz
is due to PD resonance.
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f., due fo traveling wave effects [22]. The characteristic
frequency and the null frequency (here observed at 17.3 GHz)
yields information about the velocity mismatch between the
RF and optical waves.

VI. DUAL-DRIVE MICROWAVE MODULATOR

The directional (input SOP) dependence can be removed,
however, if a symmetric device is synchronously RF driven in
both directions. The device used above is internally terminated
and so can only be driven in one direction. Hence, another
device was used to test this new dual-drive concept: an
in-house traveling-wave LiNbOs Mach-Zehnder modulator
having operation to 40 GHz [23]. As expected, the 40-GHz
device exhibits inefficient modulation beyond 1 GHz when
the RF and optical waves are counterpropagating (Fig. 7)..

As described above, for ultrawideband operation the mod-
ulator is located at the appropriate midpoint of the OCLM
and a line stretcher is used for corresponding microwave
path matching (Fig. 8). At all microwave frequencies the light
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in either loop direction will interact with the corresponding
copropagating microwaves. At frequencies less than f. the
light will interact with both the co- and counterpropagating
microwaves. The response of the modulator will then be
doubled at low frequencies but, when included in the OCLM,
complete polarization independence is obtained.

This dual-fed ultrawideband technique was characterized
for polarization sensitivity. For the LiNbO3 device of Fig. 7,
the polarization dependence (loop direction dependence) is
substantially reduced (Fig. 9) out to 25 GHz. The response
with bidirectional optical feed was found to always lie between
the responses for optical feeds solely from the left or right
inputs to the modulator. Compared to Fig. 5, the residual polar-
ization dependence increases to as much as ~4-2 dB for some
frequencies. Upon close examination of corresponding time-
domain data, these resonances are suspected to be due to both
electrical reflections, associated with the modulator impedance
mismatch (35 to 50 €2), and due to optical reflections at the
LiNbOg3-fiber interface. Additionally, the microwave power
splitter was measured to have ~0.5 dB splitting asymmetry
across the 25 GHz band. Nevertheless, for select narrowbands
the polarization dependence is almost completely removed
(<+0.3 dB) for both dual-fed modulators tested—indicating
the potential of the technique.

VII. SUMMARY

In summary, we have presented the orthoconjugating loop
mirror and its implementation for removing polarization sensi-
tivity in ultrawideband modulators. For low-frequency opera-
tion, the polarization sensitivity was easily reduced to 0.1 dB.
For bulk modulators (not specifically designed for traveling
wave operation), the polarization sensitivity was reduced to
+0.15 dB out to 2 GHz. This technique effectively replaces
polarization dependence with direction dependence and so has
limited applicability to unidirectional traveling-wave devices.
By utilizing bidirectional traveling-wave modulators, however,
polarization sensitivity was reduced to £ 0.3 dB in narrow-
bands and ~+ 2 dB from DC to 25 GHz. Improvements
in polarization sensitivity are expected to accompany any
improvement in modulator symmetry and reduction in optical
and electrical reflections. The technique can be implemented
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in either a common input-output orthoconjugate configuration
or a transmissive configuration. The loop mirror enables the
system to passively operate independently of the evolution
of the state of polarization over a singlemode fiber link

“between the source/detector and the sensing head. Thus, cost

and complexity are reduced for new installations and existing
installed singlemode fibers can be used for ultrawideband
remote sensing. ‘
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