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ABSTRACT
We introduce and demonstrate a novel tunable optical ﬁlter that is insensitive to input polarization. While
the most obvious application of this novel ﬁlter is in compact spectroscopy, all technologies that are dependent
on tunable passband ﬁlters can beneﬁt from it. Analogous to Lyot and Solc ﬁlters, this ﬁlter is constructed of
multiple liquid crystal polarization gratings (LCPGs) of diﬀerent thicknesses. LCPGs are switchable, anisotropic,
thin diﬀraction gratings which exhibit unique properties including diﬀraction at visible and infrared wavelengths
that can be coupled between only the zero- and ﬁrst-orders, with nearly 100% and 0% experimentally veriﬁed
eﬃciencies. Most relevant to the ﬁlter concept introduced in this work, the transmittance of the LCPG zeroth
order is independent of the incident polarization. When combined with an elemental spatial ﬁlter, polarizationindependent bandpass tuning can be achieved with minimum loss. The unique ﬁlter design enables a high peak
transmittance (∼ 90%) that is diﬃcult in competing polarizer-based technologies. In this work we derive the
core principles of the tunable ﬁlter, present preliminary experimental data, and discuss the capabilities of the
ﬁlter in terms of ﬁnesse, 3dB bandwidth (full-width at half-maximum), and free-spectral-range. We will also
evaluate the most likely practical limitations imposed by material properties and fabrication.
Keywords: liquid crystals, tunable optical ﬁlter, bandpass, polarization gratings, diﬀraction, polarizationindependent

1. INTRODUCTION
The applications of tunable optical ﬁlters range from spectroscopy to optical communication networks to biomedical imaging. The most sucessful approaches include dispersive elements matched with aperture-stops (CzernyTurner), mechanically tuned etalons (Fabry-Perot), and assemblies of stacked birefringent waveplates and polarizers (Lyot, Solc, and Evans). Despite their popularity, these designs are in many contexts costly to implement,
may have high insertion losses, manifest strong polarization sensitivity, or are diﬃcult to miniaturize into a
physically small package. In this work we describe, analyze, and demonstrate a tunable ﬁlter based on stacked
Liquid Crystal Polarization Gratings (LCPGs) which exhibits complete polarization-independence, high peak
transmittance (∼ 90%), and potential for very low cost implementation. We will ﬁrst introduce the relevant
properties of single LCPGs and describe the behavior of multiple stacked LCPGs conﬁgured as a tunable bandpass ﬁlter. We will explore diﬀerent design options and their tradeoﬀs, and present preliminary experimental
data.

2. BACKGROUND
Of the various birefringent ﬁlters introduced over the past several decades, many are derived from the LyotOhman ﬁlter.1 The Lyot-Ohman ﬁlter, whose main advantage is achieving very narrow passbands, is composed
of a series of stacked birefringent plates that are separated by polarizers, where tuning is accomplished simply by
rotating the birefringent plates.2 However, it requires the use of many polarizers resulting in low transmittance
and a high polarization-sensitivity. In an eﬀort to improve upon the Lyot-Ohman design, Solc3–5 ﬁlters were
developed with the same basic principle of operation but diﬀering conﬁgurations of retarders and polarizers.
While the Solc design requires fewer polarizers (increasing peak transmission), it has a signiﬁcantly larger passbands.6 The Evans7 ﬁlters were developed as a compromise between these two designs. Beyond the family of
tunable birefringent layer ﬁlter approaches, it is important to note that other designs such as the Fabry-Perot
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etalon ﬁlter have also been successfullly implemented. These designs use variable-length resonant cavities to
achieve tunability and have been successfully implemented recently using MEMS technologies.8 While these devices boast wide tunability, they are comparatively costly to implement and nevertheless usually demand careful
polarization management.
The integration of liquid crystal (LC) technology into tunable optical ﬁlters has successfully improved performance, power requirement, and manufacturing cost. In order to improve tunability in Lyot type systems, the
traditional birefringent plates can be replaced with a series of LC ﬁxed and tunable retarders.6, 9 This allows the
eﬀective LC birefringence to be controlled electrically (instead of mechanically). LC-based Fabry-Perot etalon
ﬁlters have achieved non-mechanical tunability by ﬁlling the etalon cavity with LC material.10 A reduced polarization dependence has also been achieved by the addition of birefringent quarter waveplates11 in an optical
ﬁber-based scheme.
LC tunable reﬂection ﬁlters have also been demonstrated by manipulating the uniqe properties of chiral
LCs. For instance, in chiral nematics, an electric ﬁeld applied perpendicular to the helical axis can deform the
cholesteric pitch and shift the reﬂected wavelength.12 While this approach avoids polarizers, it only operates
on a single circular polarization handedness and its passband peak reﬂectance has an inherently strong voltagedependency. In an alternative approach, a vertically-aligned deformed-helix ferroelectric LC can be conﬁgured
so that a reﬂective notch ﬁlter (via a Bragg eﬀect) can be tuned by temperature13 and applied voltage.14 This
results in a polarization-independent eﬀect over a wide range, but its notch depth appears limited and has a
peak reﬂectance that is also inherently voltage-dependent.
The tunable ﬁlter design discussed in this paper is analogous to Lyot-Ohman and Solc ﬁlters in that it is
composed of several birefringent layers. However, unlike its predecessors, this design is based on diﬀraction
and is completely independent to the polarization state of the input. We rely on the propeties of nematic LC
under the inﬂuence of a predetermined aligment pattern and an applied electric ﬁeld. The design exhibits low
insertion losses, uses no polarizers, and shows strong potential for minimized cost and small packaging. These
characteristics make the ﬁlter highly suitable for integration into a compact spectrometer system, which we have
designed, implemented, and analyzed in a parallel study.15

3. LIQUID CRYSTAL POLARIZATION GRATING BASICS
The basic component of our ﬁlter assembly is the liquid crystal polarization grating (LCPG), a switchable,
anisotropic, diﬀraction grating actively being developed for many applications, including high-eﬃciency microdisplays,16, 17 hyperspectral polarimetry,18 and generic diﬀractive optical elements.19–22 Here we show how
they can be conﬁgured to achieve a compelling polarization-independent tunable optical ﬁlter.
Polarization gratings23, 24 (PGs), sometimes called anisotropic or vectorial gratings, are embodied as a spatially varying birefringence and/or dichroism, and essentially operate by periodically modulating the polarization
state of the wavefront passing through them (as opposed to modulating phase or amplitude alone). One of the
most important PG proﬁles is a continuous, in-plane, linear birefringence texture23–25 with a uniaxial optical
anisotropy that follows the spatial proﬁle n(x) = [sin(πx/Λ), cos(πx/Λ), 0], where Λ is the grating period. An
eﬀective way16, 19, 26 to create this 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) and (b) where the linear
birefringence is embodied in a nematic director n(x). Note that the key parameters of an LCPG (Fig. 1) include
the grating period Λ, grating thickness d, linear birefringence ∆n, average index n̄, and voltage threshold Vth .
Diﬀraction from this elegant structure is somewhat surprising and broadly useful. Assuming the grating
parameter27 ρ < 2λ2 /n̄∆nΛ2 , we can express the relevant diﬀraction eﬃciency18, 23 for light normally incident
(within ±20◦):


π∆nd
η0 (λ) = cos2
(1)
λ
where η0 is the zero-order diﬀraction eﬃciency and λ is the vacuum wavelength of incident light. Graphed in
Fig. 1(d) using representative parameters (∆n = 0.2 and d = 7 µm), several notable aspects can be observed: (i)
it can theoretically vary from 100% to 0% depending on the retardation ∆nd/λ; (ii) the specular transmitted
intensity is independent of input polarization and Λ; (iii) peak zero-order eﬃciencies occur at wavelength λN =
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Figure 1. Structure and properties of the liquid crystal polarization grating (LCPG): (a) Basic geometry (top view); (b)
Basic geometry (side view) and illustrated diﬀraction behavior when ∆nd= red wavelength with zero applied voltage note that only the ±1-orders are ideally present regardless of input polarization; (c) Diﬀraction behavior when the applied
voltage exceeds Vth - note that light at diﬀerent wavelengths couple into the zero-order; (d) Example spectrum (∆n = 0.2,
d = 7 µm) shows multiple spectral fringes N over the visible and near-infrared range; and (e) Eﬀect of applied voltage
VLCP G on spectrum is a blue-shift. Note that illustrations are not drawn to scale. (color ﬁgure)

∆nd/N , where N is a non-negative integer corresponding to the spectral fringe; and conversely, (iv ) the thickness
required to arrange a fringe N at a wavelength λN obeys the rule
d = N λN /∆n.

(2)

Electrical control of the diﬀraction eﬃciency occurs by decreasing the eﬀective birefringence (in fact, ∆n →
∆n(V ) should be substituted in Eq. (1)). As an external voltage V is applied (Fig. 1(c)), the nematic director reversibly reorients out-of-plane, thereby leading to a blue-shift in the entire spectrum (Fig. 1(e)). As an
illustrated example, if the product ∆nd is set so that red light is transmitted when V = 0 and lower wavelengths are predominantly diﬀracted (Fig. 1(b)), then a small applied voltage V > Vth could transmit green light
and predominantly diﬀract red and blue (Fig. 1(c)). At high voltage, the grating proﬁle is eﬀectively ‘erased’
(η0 (λ) ≈ 100%), and will re-appear when the applied voltage is removed (a feature critical to the other LCPG
applications, including displays16, 17 ). Note that even when d is large, the voltage threshold28 can be designed
to remain approximately 1-2 V.
The basic fabrication process of an LCPG is fairly simple:16, 23, 26 First, a polarization hologram is created by
superimposing two coherent beams from an ultraviolet laser with orthogonal circular polarizations with a small
angle between them (easily creating periods Λ > 4µm). Next, two glass substrates are coated with a photoalignment material,29 and laminated together such that a uniform thickness (usually a few µm) is achieved. This
is then exposed via the polarization hologram capturing the pattern in the photo-alignment layers (Fig. 1(a)).
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Figure 2. Experimental results from a single LCPG: (a) Photograph of diﬀraction (Λ = 3 µm) of HeNe laser (633 nm)
light incident with linear polarization; and (b) Transmission spectra of a diﬀerent sample, with several applied voltages.
(color ﬁgure)

Finally, a nematic LC ﬁlls the gap by capillary action, and the desired LCPG structure is realized as the surfaces
direct the LC orientation (Fig. 1(b)).
We generally ﬁnd excellent agreement between our experimental results and Eq. (1). In Fig. 2(a), a photograph of a HeNe laser being diﬀracted by an LCPG18, 19 clearly shows the near-complete coupling into the
±ﬁrst-orders. In this case, Λ = 3µm and 2∆nd ≈ 633 nm. In Fig. 2(b), the zero-order spectra of an LCPG
is measured at various voltages, showing deep spectral modulation and the blue-shift tuning eﬀect. Note that
while the LCPG experiments22, 26 yielded low diﬀraction eﬃciency and high scattering, high quality LCPGs with
∼100% eﬃciency were later reported in switchable16, 21, 30 and polymer18, 19 LC materials.
The most important design constraint on LCPG fabrication involves a competition between the optical and
elastic requirements. Eqs. (1) and (2) determine a required thickness d in order to achieve a transmittance
peak at a particular wavelength, given the parameters ∆n and N . However, elastic continuum analysis28 with
strong anchoring identiﬁes a (best-case) minimum grating period which can be fabricated given the thickness.
Combining these two requirements into one constraint leads to

N λN 2K3 K2
−
,
(3)
Λ<
∆n
K1
K1
where K1 , K2 , and K3 are the elastic constants corresponding to splay, twist, and bend deformations, respectively.
For most LCs, this leads to Λ > 1.5d, and can be dramatically higher if weak anchoring occurs.28 When this
inequality is violated, the director proﬁle n(x) spontaneously distorts out-of-plane (even without an applied
voltage), and defects become much more energetically favorable (degrading optical quality of the PG). Since
this constraint enables the desired in-plane proﬁle of LCPGs to manifest accurately, it should be kept in mind
throughout the following discussion on tunable optical ﬁlters based on LCPGs.

4. THE LCPG TUNABLE OPTICAL FILTER - THEORY AND PROSPECTS
We propose to employ multiple LCPGs as a tunable optical ﬁlter in a stacked conﬁguration followed by a
spatial-ﬁlter (Fig. 3). In this way, we aim to beneﬁt from their high transmittance, polarization-independence,
low voltage requirements, and experimentally-demonstrated deep spectral modulation. After ﬁrst describing the
operational concepts and governing equation of the LCPG tunable optical ﬁlter, we will describe three possible
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Figure 3. Overall LCPG tunable ﬁlter concept, including the M stages of LCPGs and a lens aperture-stop (an elemental
spatial ﬁlter). Light at wavelengths within the passbands pass directly through the assembly, while all other wavelengths
are diﬀracted away from the optical axis (with an angle governed by the grating equation). (color ﬁgure)

conﬁgurations and discuss their trade-oﬀs. We will characterize the wavelength bandwidth (full-width at halfmaximum - FWHM), the frequency separation between neighboring peaks (free-spectral-range - FSR), and the
number of pass-band widths in a spectral period (ﬁnesse = FSR/FWHM).
The concept is relatively simple, and is illustrated in a generic way in Fig. 3. We stack three or more
LCPGs of potentially diﬀerent thicknesses and block all but the 0 order using a spatial ﬁlter of some kind. The
transmittance of the LCPG stack is therefore a multiplication of the individual zero-order eﬃciencies and the
losses due to Fresnel reﬂections and electrode absorption:
T (λ) = K M

M

m=1

η0,m (λ) = K M

M


cos2

m=1



π∆ndm
λ


(4)

where M is the total number of stages, K is the combined transmittance of the substrates and electrodes within
each stage, η0,m (λ) is the eﬃciency of stage m, and dm is the LC layer thickness of grating m. Keep in mind that
it is most accurate to consider ∆n → ∆n(V ), which accomplishes the tuning eﬀect. Given a design wavelength
λ0 and LC material, Eq. (2) can be employed to determine a minimum thickness required by setting N = 1.
Note that the thinnest LCPG must be at least thick enough to exhibit one full-wave retardation (∆nd1 ≥ λ0 ).
There are several design possibilities involving the choice of dm and M , which have their impact on the
primary bandpass ﬁlter parameters, particularly FWHM (Fig. 5(a)) and ﬁnesse (Fig. 5(b)). The key aspect is
that the set of dm must be chosen so that a peak transmittance occurs in each of the individual LCPG layers at
the design wavelength. We identify an exponential, linear, and compound progression of the stage thicknesses,
as described below. Example spectra of each are shown in Fig. 4, for the design wavelength λ0 = 0.6µm and
neglecting substrate losses (K M = 1).
As will become apparent, the maximum LC layer thickness required is one of the most important consequences
of these conﬁgurations, and as with all LC devices, large thicknesses (e.g. d > 50µm) are diﬃcult to work with
because they tend to have slow response times and are prone to defects. Furthermore, a larger thickness imposes
a large grating period (typically Λ ≥ 1.5d. While this is usually achievable using holographic techniques, a
large Λ leads to a small angle separating the zero- and ﬁrst-orders, and restricts the numerical aperture of the
tunable ﬁlter. Note that FSR = c/λ0 (where c is the vacuum speed of light) for all three of these LCPG ﬁlter
conﬁgurations.
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Figure 4. Calculated transmission spectra of three possible LCPG optical ﬁlter conﬁgurations (M = 5), distinguished by
the progression of thicknesses of each stage: (a) Exponential; (b) Linear; and (c) Compound. Note the inherent trade-oﬀ
between FWHM and maximum required stage thickness. (color ﬁgure)

4.1 Stage Design: Exponential Progression
One of the more obvious options is to set dm = d0 2(m−1) (an exponential progression), which is analogous to the
conventional Lyot ﬁlter (but which does not suﬀer from the polarization losses):
Texp (λ) = K

M

M


2



cos

m=1


π∆nd0 m−1
2
.
λ

(5)

An example of this ﬁlter is shown in Fig. 4(a), showing the spectra for M = 1 to 5. This design has an advantage
in that it manifests the best FWHM and ﬁnesse (Fig. 5) for any given M of the options discussed here, but
requires the largest grating thickness (Fig. 5(c)). Because large LCPG thicknesses are generally undesirable
(which usually occurs even for M > 5), the following alternative options are expected to be more realistically
implemented.

4.2 Stage Design: Linear Progression
A second option is to set dm = d0 m (a linear progression):
M


Tlin (λ) = K M

m=1

cos2




π∆nd0
m .
λ

(6)

Example spectra of this ﬁlter are shown in Fig. 4(b), for M ≤ 5. In this case, the maximum thickness necessary
for a desired FWHM (and ﬁnesse) is slightly lower (Fig. 5(c)), at the expense of requiring more stages.

4.3 Stage Design: Compound Progression
The third option we identify is a compound ﬁlter where the linear progression (dm = d0 m) is used for the ﬁrst M0
stages (up to a certain thickness), after which the highest thickness with (dm = d0 M0 ) is subsequently repeated
M1 times. The transmittance in this case follows
Tcomp (λ) = K M0 +M1 cos2M1



π∆nd
M0
λ


M0
m=1
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π∆nd
m .
λ

(7)
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Figure 6. Measured spectra of a LCPG tunable optical ﬁlter with a compound progression (M0 = 3 and M1 = 1): (a)
Individual spectra of each stage; and (b) Total spectrum of the four laminated stages (optically coupled together with
glue). Note that stages 3 and 4 have the same nominal thicknesses.

Example spectra for M = M1 + M0 ≤ 5 and M0 = 3 are shown in Fig. 4(b). The maximum thickness for a given
FWHM (and ﬁnesse) is even lower than before (Fig. 5(c)), again with the trade-oﬀ that more ﬁlter stages are
required for a desired FWHM.
In addition to the design constraint to limit the maximum d, it is also important to recognize the impact
of the term K M , which would adversely eﬀect the peak transmittance due to the inherent losses at the glass
interfaces and electrode absorption. In the following section, we report our ﬁrst attempts to reduce these ideas
to practice by fabricating four LCPGs and implementing the tunable optical ﬁlter.

5. PRELIMINARY RESULTS
We constructed a four-stage LCPG tunable optical ﬁlter with a compound progression (M0 = 3 and M1 = 1).
We utilized a nematic LC MLC-6080 (Merck, ∆n = 0.202 at 589 nm, TN I = 95◦ C) and chose a design wavelength
λ0 = 0.56µm. Note that in fabrication,16, 26 we additionally used photo-alignment material ROP-103/CP2, and
a holographic exposure dose around 0.3 J-cm−2 . Following Eq. (2), we must reach d1 > λ0 /∆n = 2.8 µm.
We therefore chose to use nominal thicknesses of d1 = 3 µm (one wave retardation), d2 = 6 µm (two wave
retardation), and d3 = d4 = 9 µm (three wave retardation). These thicknesses were attained using silica spheres
of these sizes dispersed in the glue seal of the LCPG. The individual transmission spectra at each thickness is
shown in Fig. 6(a), referenced to an ITO cell ﬁlled with an isotropic dielectric (glue). Each of these spectra have
a high transmission fringe around λ0 , as designed. Notice that the peak transmission for most spectral fringes
are near 100% and that the minima are near 0%, corresponding well to theory. Note that all spectra shown here
are measured using collimated unpolarized light in the conﬁguration illustrated in the inset of Fig. 6(b), using a
conventional bench-top spectrophotometer (Varian CARY 5E). The aperture stop was simply a thin aluminum
plate with a 2 mm x 5 mm hole.
The transmission spectra of the LCPG tunable ﬁlter that results when we laminate the four stages together
is shown in Fig. 6(b), where we applied and cured optical adhesive in between each stage (to minimize Fresnel
reﬂection losses). As predicted, a bandpass ﬁlter notch appears at λ0 = 0.56 µm, with high peak transmittance
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Figure 7. Electrical tuning characteristics of a four-stage LCPG optical ﬁlter: (a) Transmission spectra for various voltages
(1.82 V, 1.85 V, 1.94 V, 2.00 V, 2.08 V, and 2.19 V); and (b) Voltage response of the bandpass center wavelength and
FWHM. Note that the dotted line in part (a) is a reference spectra including the substrate absorption and interface losses,
obtained as an assembly of four stages ﬁlled only with glue.

(∼ 88%), substantially higher than almost any tunable optical ﬁlter approach using polarizers. We also observe
a minimum FWHM (57 nm) close to that predicted (68 nm) by analyzing Eq. (7). Note that the analysis in
Section 4 did not include the eﬀect of chromatic dispersion of in the LC, but its eﬀect is likely to reduce the
FWHM (as seen in this example). We also notice that an undesirable sidelobe is persistent at around 0.68 µm,
whose origins we are unable to explain at the moment.
To electrically tune the ﬁlter and obtain the best possible characteristics, each stage must be individually
controlled by an applied voltage. To begin with, each stage is biased such that its operational fringe occurs
at λ0 . This may require a slightly diﬀerent voltage (in the range of 1-2 V) for each stage because of small
fabrication diﬀerences. This ‘calibration’ results in a single bandpass region with maximum peak transmittance
and minimum FWHM (as was done for the result in Fig. 6(b)). Then, this peak can be tuned across a wide
wavelength range by increasing the voltage applied to the ﬁlter while maintaining the same voltage ratio among
the individual cells (an action easily accomplished using simple voltage dividers).
The electrical tuning characteristics of this LCPG optical ﬁlter are shown in Fig. 7. The voltage-resolved
spectra are shown in Fig. 7(a), where we notice that the notch persists even over a modest tuning range (540 nm to
480 nm is ∼10% of the starting wavelength), and that low voltages (< 2.2 V) are needed. The central wavelength
of the bandpass peak and the FWHM for each tuning voltage are shown in Fig. 7(b). While the essential tuning
function is clearly prominent, we notice two degrading eﬀects as the voltage is applied: a reduction in the peak
transmittance (from 88% to 55%) and an increase in the FWHM (from 57 nm to ∼67 nm). We are uncertain
as to the origins of these eﬀects, but anticipate that these are related to our current preliminary driving scheme
and non-ideal fabrication (and not a fundamental limitation).
In order to improve our current results, we suggest ﬁrst the addition of more stages to the ﬁlter. As evidenced
in Fig. 5, for any of the suggested conﬁgurations the FWHM decreases as the number of stages increases. We
must further optimize materials and fabrication to improve these maximum thicknesses. We also acknowledge
that a careful study is needed regarding the characteristics of the bandpass including the reason for the decreased
peak transmittance and increased FWHM at lower wavelengths as well as the existance of the secondary sidelobe
visible in the spectrum.

6. CONCLUSION
We have experimentally demonstrated a LCPG tunable optical ﬁlter with a peak transmittance of 88%, a FWHM
of ∼60 nm, a tuning range of 540 nm to 480 nm, and low drive voltages (< 2.2 V). So far as we are aware, we
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introduce the device concept, theory, and validation for the ﬁrst time. Most critically, this has been implemented
with a polarization-independent approach without polarizers, and uses materials and construction with strong
potential for low cost and small size implementations. We also derive the theoretical expressions that govern the
design of LCPG optical ﬁlters in general, and discuss the available options and their trade-oﬀs to yield higher
quality passbands (in FWHM and ﬁnesse). We conclude that the LCPG tunable optical ﬁlter shows properties
ideal for use in compact, portable spectrometers and other low cost remote sensing systems.
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