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Abstract—We demonstrate a variable optical attenuator (VOA)
based on liquid crystal polarization gratings (LCPGs), which
eliminates the need for complex polarization management found
in competing LC technologies. We then configure the VOA as a
multi-channel wavelength blocker resulting in a simple, compact
architecture with high performance and low cost. Together with a
dual fiber collimator, relay lenses, a diffraction grating, a quarter
wave plate, and a mirror we achieve optical attenuation of ~50 dB
with minimal polarization dependent loss (<0.3 dB) and insertion
loss (<2.5 dB). The device also manifests competitive wavelength
flatness (<0.35 dB variation), response times (~40 ms), and
temperature dependent loss (>47 dB maximum attenuation up
to 85°C). We describe the principle of operation, explain the fab-
rication process and optimization challenges, and finally present
the system design and experimental results for a four-channel, 100
GHz wavelength blocker in the C-band.

Index Terms—Polarization grating, variable optical attenuator,
wavelength blocker.

I. INTRODUCTION

ARTABLE optical attenuators (VOAs) have many appli-
V cations in optical telecommunication networks. One ex-
ample is performing the wavelength blocking function in re-
configurable optical add/drop multiplexers (ROADM). Dense
wavelength division multiplexing (DWDM) networks based on
ROADM have emerged as a solution to the scalability issues
that plagued legacy DWDM networking techniques. ROADMs
enable fast, inexpensive, automated reconfiguration of DWDM
networks without the need for manual tuning or service-inter-
rupting upgrades.

Wavelength blockers (WB), which selectively pass or
block certain wavelengths, are the core components of most
current ROADM systems. They consist of a multiplexer, a
multi-channel VOA array, and a demultiplexer. By control-
ling the attenuation level of each individual channel, the WB
performs dynamic channel equalization as well as individual
channel blocking. Typical wavelength blockers have either 80
channels at 50 GHz spacing for long haul applications, or 32 or
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40 channels at 100 GHz spacing for metropolitan applications.
Here, we demonstrate a four-channel wavelength blocker with
100 GHz spacing with a system design that can easily be
expanded to a 40 channel configuration.

Several competing implementations of VOAs have been
proposed for use in optical networks including MEMS [1], [2],
microfluidic [3], [4], planar lightwave circuit (PLC) [5], [6]
and liquid crystal (LC) [7]-[9] approaches. Each of these have
tradeoffs in parameters such as cost, size, response times, max-
imum attenuation, power consumption, polarization-dependent
loss (PDL) and insertion loss (IL).

MEMs applications boast high dynamic ranges and fast
response times, but suffer from high cost, complex fabrica-
tion, and alignment problems. In PLCs the disadvantages are
either high power consumption and waveguide deformation at
high temperatures or low attenuations due to absorption and
scattering in the waveguide. A few microfluidic approaches
have also been demonstrated with low power consumption,
no moving parts, and simple fabrication, but they suffer from
relatively poor attenuation, PDL, and response times.

LC based VOA technologies have no moving parts and are
easy to fabricate, but they rely on complex polarization manage-
ment, which translates to high cost, bulky packaging, and lower
yield, performance and reliability. Conventional LC VOAs em-
ploy a uniformly aligned liquid crystal cell sandwitched be-
tween two birefringent prisms, which separate the beam into two
orthogonal polarization states and then recombine it. To achieve
attenuation in these systems, each polarization state must be
modulated separately as it passes through the LC cell [10], [11].

We suggest a different LC approach, virtually insensitive to
polarization, which uses a single diffractive LC element and
combines the low cost and simple fabrication of LC devices
with the high performance obtained by MEMS devices. The de-
sign is based on Liquid Crystal Polarization Gratings (LCPG)
[12]-[15], which have been extensively studied for applications
including microdisplays [16], tunable optical filters [17], spec-
trophotometers [18], and beamsteering applications [19], [20].
These are a class of thin-film diffraction gratings which operate
by periodically modulating the polarization of light across the
wavefront, as opposed to the conventional phase or amplitude.
Note that researchers have recently studied the low-loss, polar-
ization-insensitive switching properties of these LC elements in
the context of displays and generic modulators [15], [21], [22].
However, here we focus on LCPGs explicitly in a fiber optics
communications system device, and employ both design and
characterization relevant to this context. The key properties of
the LCPG for the VOA application are: (a) very high attenuation
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Fig. 1. (a) LCPG structure and diffraction behavior and (b) %Transmittance
versus wavelength for a representative LCPG at various voltages.

and low insertion loss, (b) low polarization dependent loss, (c)
fast (few milliseconds) response time and low power consump-
tion and (d) relatively simple and inexpensive fabrication and
alignment.

LCPGs are also known as anisotropic or vectorial gratings
and are embodied as a spatially varying birefringence and/or
dichroism. An effective way [12], [22], [23] to create this
structure is using bulk nematic LCs aligned by photo-alignment
surfaces that have been exposed with a polarization hologram,
leading to the structure illustrated in Fig. 1(a). Note that the key
parameters of an LCPG include the grating period A, grating
thickness d, linear birefringence An, and voltage threshold
‘/th'

The transmittance (Ty) spectrum for light normally incident
(within +20°) can be expressed as [13]

WAnd)

To(A) = Kcos2< (1)
where 1 is the raw transmittance of the zeroth diffracted order
and ) is the vacuum wavelength of incident light. This relation is
graphed in Fig. 1(b) using representative parameters for C-band
operation (An = 0.13 and d = 6 pm). The notable properties
of the zeroth transmitted order of the PG are: (4) it can theo-
retically vary from 100% to 0% depending on the retardation
And/X; (i1) the specular transmitted intensity is independent
of input polarization and A, (47¢) with no voltage applied, the
spectral minimum occurs at the desired telecomunication band
wavelength (A = 1550 nm). Light that is not coupled into the
zero order is diffracted into only the 1 orders.

Electrical control of the diffraction efficiency occurs by de-
creasing the effective birefringence (in fact, An — An(V)
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should be substituted in (1)). As an external voltage (V) is
applied, the nematic director reversibly reorients out-of-plane
thereby increasing 1 and causing some light to be coupled into
the zero order. At high voltage, the grating profile is effectively
erased (To(\) = 100%) and all of the light is coupled into the
zero order. The grating profile will re-appear when the applied
voltage is removed and the light will again be diffracted into
the first orders. Note that for most LCs and grating periods even
when d is large, the voltage threshold [24] will be designed to
remain approximately 1-2 V.

In this work we report on a VOA functioning in the C-band,
having at its core an LCPG that is optimized to minimize
losses and maximize attenuation. We describe the principle of
operation of our system, explain the design choices, fabrication
process, and optimization challenges. Finally we incorporate
the VOA into a four-channel, 100 GHz wavelength blocker,
present the system design, and give experimental results.

II. PIRNCIPLE OF OPERATION

The VOA operation is most easily explained in transmissive
mode where only two fiber collimators and one LCPG are
required to implement the VOA as depicted in Fig. 2(a). All
polarization management optics required in conventional LC
VOAs are removed, thereby allowing for lower cost, more
compact packaging, higher reliability and higher performance.
Depending on the voltage applied to the LCPG, the input beam
will be coupled into either the zero order (1) or the first orders.
The output collimator is aligned with the zero order such that
at no applied voltage the beam is diffracted away from the
collimator and at high voltage it is coupled into the collimator.
This mechanism is closer to the principle of operation of
MEMS devices where attenuation is achieved by managing
beam direction rather than polarization state. This allows us to
achieve high attenuation similar to competing MEMS devices,
but without the complex fabrication and alignment require-
ments. As opposed to conventional LC VOAs, this design only
has one diffractive element (no polarizers or prisms) so it does
not depend on complex polarization management.

However, the reflective mode yields enhanced performance in
terms of dynamic range, polarization dependent loss, and wave-
length flatness. We simply replace the input collimator with a
dual fiber collimator and the output collimator with a mirror.
Placing a quarter wave plate (QWP) between the LCPG and the
mirror compensates for any residual phase retardation from the
liquid crystal cell, and the reflection from the mirror, resulting
in a significant reduction in PDL [8].

In order to configure the VOA into a multi-channel wavelength
blocker system we design a four-channel LCPG and introduce a
conventional diffraction grating in the system as seen in Fig. 2(b).
The input beam from the dual fiber collimator passes through
the beam expansion optics which collimate the beam and focus
it onto the grating. The light is then diffracted to achieve four
orders with wavelengths in the C-band at 100 Ghz spacing. The
lens collimates the diffracted spectra and focuses the beams on
the mirror. The beams pass through the four-channel LCPG and
depending onthe applied voltage on eachindividual channel,each
of the four beams is independently attenuated to the desired level.
Recall that we are dealing with the zero-order transmitted beam
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Fig. 2. Basic principle of operation for (a) a transmissive VOA system and (b)
a four-channel reflective WB system.

from the LCPG which is independent of input polarization. The
beam then passes through the QWP, is reflected from the mirror,
and passes back through the system to be output through the dual
fiber collimator.

III. LIQUID CRYSTAL POLARIZATION GRATING

A. Fabrication

The basic fabrication process of an LCPG is fairly simple
[12], [22], [23]: We start with two glass substrates (1 inch x 1
inch) with a custom antireflection coating (to minimize air-glass
interface reflections) and a thin index-matched ITO electrode (to
minimize absorption and reflections at the electrode-LC inter-
face). The substrates are coated with a photo-alignment material
(ROP-103/2CP, from Rolic) [25], and laminated together such
that a cell of uniform thickness (6 pum) is achieved. A polariza-
tion hologram is created by superimposing two coherent orthog-
onally circularly polarized beams from an ultraviolet laser with
a small angle between them. The cell is then exposed via the
polarization hologram with an energy dose of 2 J/cm? such that
the pattern is captured in the photo-alignment layers. After ex-
posure, the nematic LC fills the gap by capillary action at room
temperature, and the desired LCPG structure is realized as the
surfaces direct the LC orientation. Finally a high temperature
annealing step at 150°C is used to improve the LC alignment
and reduce defects.

The standard liquid crystal MLC-6647 from Merck was
chosen for its high clearing point (~140°C). This LC has
birefringence An ~ 0.13 which requires that the cell gap be 6
pm in order to align the spectral minimum at 1550 nm based
on (1). We also chose a grating period of A = 17.2 ym based
on Elastic-Continuum theory [24] and LCPG optical models
[13] which suggest that the the maximum first-order diffraction
angle likely to support a defect-free LCPG structure is around
47 degrees. We chose +5 degrees as the convenient angle
which would allow us to assemble the optical breadboard using
standard optics and hardware.
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Fig. 3. (a) Voltage response of a single LCPG at 1550 nm and (b) attenuation
at various voltages as a function of wavelength.

B. Results

The behavior of typical LCPGs fabricated with the methods
described above is summarized in Figs. 3 and 4. The voltage
response for unpolarized input light at 1550 nm is given in
Fig. 3(a) showing attenuation of approximately 25 dB with
a minimum insertion loss of only 0.13 dB. Fig. 3(b) shows
the attenuation of an LCPG measured with a Perkin-Elmer
specrophotometer between 1535 nm and 1560 nm. Each curve
represents the attenuation at a particular voltage. Note that this
is an analog modulator and any attenuation value between the
minimum and maximum can be achieved by adjusting voltage.
Also, Fig. 3(a) represents the values at 1550 nm in this plot.
Note the attenuation varies slightly at any one voltage in general
due to the chromatic dispersion in (1). The attenuation versus
voltage for all wavelengths is substantially the same, as we will
show in Fig. 6.

The polarization dependent loss (PDL) is given as a function
of maximum attenuation in Fig. 4(a). For attenuations less than
15 dB, PDL remains below 1 dB. Wavelength flatness is calcu-
lated as the maximum minus the minimum attenuation values
in the wavelength range 1535-1560 nm and is graphed as a
function of voltage in Fig. 4(b). Our initial tests showed LC
switching times of ~40 ms (1 ms rise time and 39 ms fall time),
which can be significantly decreased by changing the LC mate-
rial as outlined in the Discussion section.

IV. MULTICHANNEL WAVELENGTH BLOCKER DESIGN AND
RESULTS
A. Design

In order to implement the multi-channel wavelength blocker,
we designed an optical system using the Zemax optical simu-
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Fig. 4. (a) PDL versus Attenuation for a single LCPG and (b) wavelength flat-
ness versus attenuation.

lation tool as shown in Fig. 5(a). We selected OZ-Optics dual
fiber collimators with an approximate Gaussian mode output
with ~0.4 mm beam diameter and ~4.7 mrad (~0.27°) full
divergent angle. The dual fiber collimator working distance is
greater than 10 cm. The first collimating lens has focal length
of 10 cm and the other two lenses have focal lengths of 20 cm.
All of the lenses in the system are AR coated and optimized for
the C-band.

We chose four wavelengths in the C-band with 100 GHz
spacing: 1548 nm, 1548.8 nm, 1549.6 nm, and 1550.4 nm.
Optical simulations suggested that gratings of at least 900
lines/mm should be suitable for resolving the four wavelengths
for the designed system. We chose a grating with 1200 lines/mm
(Edmund Optics) for our design. Fig. 5(b) shows the separation
of the orders at the LCPG location due to the 1200 lines/mm
grating. The images were captured by an IR camera located at
the plane of the LCPG. The center-to-center spacing between
the orders according to simulation should be 1.08 mm, 1.1 mm,
and 1.135 mm.

An LCPG with four independently-controlled channels is
achieved by etching the electrode on one of the substrates
into the appropriate pattern. The second ITO substrate is not
patterned and serves as a common ground electrode for all
four channels. All other materials and fabrication steps are the
same as before. Fig. 5(c) shows the four channels, their size
and spacing, and the expected locations of the beams passing
through them. The electrode patterning is done with conven-
tional photo-lithography processes using a chrome shadow
mask (Photo-Sciences Inc.) The ITO is etched using a standard
reactive-ion-etching (RIE) technique.

The channels of the LCPG are independently controlled by
a voltage modulated at 4 kHz applied by a B1020 Meadowlark
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Fig. 5. (a) Detailed system design of the 4-channel system, (b) IR image of the
separation of orders due to the 1200 lines/mm grating, and (c) design and layout
of the four-channel LCPG.

voltage controller. Sample temperature is controlled by a HP
6205C dual DC power supply and monitored on an Omega dis-
play. PDL was measured using a PS3 PDL Multimeter. Wave-
length flatness is measured using an AQ6317B spectrum ana-
lyzer and a broadband ASE light source (1530-1610 nm).

The system was assembled on a 16 inch by 18 inch bread-
board for testing and measurement purposes. However, the op-
tical system was designed such that the size can be reduced to a
compact ~17 cm X 6 cm module.

B. Results

The reflective system with the QWP compensation exhibits a
significant improvement in maximum attenuation and PDL over
the single PG results. Fig. 6(a) shows the voltage response of all
four channels of the wavelength blocker on the same plot. We
notice that the characteristics of the channels are nearly identical
to each other. The turn-on voltages are approximately 1.5V, the
maximum attenuation for all four channels is 50 dB, and the
insertion loss for the entire system is 2.5 dB. Fig. 6(b) shows
the attenuation characteristics of the four channels as a function
of channel wavelength. Each curve represents the attenuation at
a particular voltage.

Fig. 7(a) shows the PDL characteristic as a function of at-
tenuation for all four channels. The PDL remains under 0.3 dB
for attenuations up to 30 dB. There are slight variations in PDL
for individual channels, and we can see a general trend of slight
PDL increase with increasing attenuation.

To measure the cross-talk between channels, a high voltage
(20 Vrms) is applied to each channel in turn while the input
wavelength is maintained constant. The change in collected
power through the dual fiber collimator is monitored as each
channel is turned on then off, and the adjacent channel is then
turned on and off (without changing wavelength). The power
cross-talk between channels was below our measurement noise
floor (< — 75 dB).



NICOLESCU et al.: POLARIZATION-INSENSITIVE VARIABLE OPTICAL ATTENUATOR

—_
o
~

50
g 40
c
i<l
=5 30
3
g
5 20
10
0
0 5 10 15
Applied Voltage (V)
b
(b) 50 oV
g 40
s
g % 1.7V
E .
£ 20
< 2V
10
2.75\
0 20V
1548 1548.5 1549 1549.5 1550

Wavelength (nm)
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channels are shown in (a), but their responses are nearly identical, as supported
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For optical communications applications it is important to
also consider how the device functions under varying temper-
ature conditions. We tested our samples from 22°C to 85°C at
room humidity. Since all channels have very similar behavior,
in Fig. 7(b) we show the results for the temperature experiment
on channel 1. It is evident that within a reasonable temperature
range the optical properties of the device are not significantly
effected. Even at the highest temperature the maximum attenu-
ation was above 47 dB. We also performed single pass, transmis-
sive mode tests in the temperature range of —40°C to 85°C. The
insert to Fig. 7(b) shows the change in the maximum attenuation
state with temperature. Here again we see that the maximum at-
tenuation varies by less than 2.5 dB over the normal operational
range of the device (—5°C —75°C).

Finally, we explored the wavelength flatness (or wavelength
dependent loss) of the system. Fig. 7(c) depicts the wavelength
flatness of channel 3 as a function of attenuation. Note that the
dotted line is a least squares regression meant to guide the eye.
We see that for attenuations between 0.5 dB and 15 dB the spec-
trum is flat to within 0.35 dB.

V. DISCUSSION

Slight variations in the fabrication process of the LCPG can
significantly impact the key optical properties of the device in-
cluding insertion loss (IL), maximum attenuation and polariza-
tion dependent loss (PDL). We experimentally optimized the
fabrication in order to improve these properties. To minimize
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Fig. 7. (a) PDL versus attenuation for all four channels. (b) TDL vs applied
voltage at 22°C, 48°C, 66°C, and 85°C. Insert shows change in the maximum
attenuation state with temperature varying between —40°C to 80° C for a single
pass transmissive system. (c) Wavelength flatness as a function of attenuation
where the dotted line is a least squares regression.

IL we used glass substrates with a custom antireflection coating
(to minimize air-glass interface reflections) and a thin index-
matched ITO electrode (to minimize ITO absorption and reflec-
tions at the electrode-LC interface). To optimize maximum at-
tenuation and PDL we studied the exposure dose (fluence =
power x time), cell gap uniformity, LC fill temp, LC anneal
process, and intensity and polarization-states of the recording
beams. Best results were achieved when (a) the recording beams
are of equal intensity and the polarization state of each beam
is as circular as possible, (b) the exposure dose is greater than
2 J/em?, (c) the LC is filled at room temperature, and (d) a
high temperature annealing step at 150°C is added after filling.
These steps are meant to increase the anchoring strength of the
photo-alignment layer as well as reduce the amount of defects
within the LC layer.
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The response time of the LCPG is directly related to two
properties of the LC: viscosity and birefringence. By choosing
a less viscous LC with higher birefringence we can achieve the
same retardation with a smaller cell gap and therefore much
faster response times. The other constraint on the choice of
LC is its thermal behavior (particularly its clearing point). We
chose the MLC-6647 since it had a high clearing temperature,
but from previous work with LC devices at the 1550 nm wave-
length we know that infrared-optimized LCs can be obtained
from Merck and other vendors. For example, nematic LCs
BL038 or E44 (Merck) have birefringence values close to 0.3
at 1550 nm, which enable a smaller cell gap than we employed
here, and likely enable 10 ms switching times.

Throughout the execution of the project over several months,
multiple devices were fabricated and tested both in the single
pass transmissive mode as well as the double pass reflective
mode. We did not observe any degradation of the switchable ele-
ment during our experiments that would cause concern about the
reliability or repeatability of the device. Having demonstrated
the concept and characterized its initial performance, it is clear
that full reliability testing is warranted and modest performance
improvements are necessary before commercialization.

VI. ALTERNATE DESIGN POSSIBILITIES

We explored three other design possibilities whose results
are important to this discussion even though they were not im-
plemented in our final design. First, we fabricated and tested
LCPGs with smaller diffraction angle (3 degrees instead of 5
degrees). We know that increasing the grating pitch (reducing
diffraction angle) usually results in better alignment and higher
anchoring strength and our experimental results did indeed show
adecrease in PDL and a increase in attenuation for samples with
3 degree diffraction angle. We did not implement these compo-
nents in the final system since the improvement in quality was
not substantial enough to merit a redesign of the measurement
system with potentially more expensive custom optics that can
handle the small diffraction angle.

In an effort to further improve PDL, we also explored LCPGs
that have a chiral-twist in the thickness dimention of the film.
We studied primarily the Broadband PG structure as described
in [26] but found that the PDL was not as good as our current
non-twist LCPG approach.

Finally we explored a polymer PG construct composed of
a tunable halfwave plate LC cell sandwitched between two
polymer PGs. Polymer PGs have the same properties as conven-
tional LCPGs except they are not switchable by applied voltage
which means they have the potential to have less defects and
better alignment. The modulation is achieved by electrically
changing the birefringence of the halfwave plate. Additional
retardation compensation films can also be added to the stack to
improve optical properties. However we found that this design
did not show any improvement in PDL or maximum attenuation
and the conventional LCPG is still the most favorable for our
application.

VII. CONCLUSION

In conclusion, we have successfully designed and demon-
strated a polarization-insensitive VOA based on LCPGs, which
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were optimized for performance in the C-band. The VOA
showed attenuation of ~25 dB, minimum insertion loss of 0.13
dB, PDL below 1 dB, and switching times of ~40 ms. We
incorporated the VOA into a four-channel 100 GHz wavelength
blocker in the C-band with optical attenuation of ~50 dB, PDL
below <0.3 dB and insertion loss of approximately <2.5 dB.
The system also exhibits wavelength flatness to within 0.35
dB, response times of approximately 40 ms (which can be
significantly improved by using an LC that is optimized for the
IR), and minimal temperature dependent loss (<3 dB decrease
in maximum attenuation).
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