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Abstract Surface stabilized smectic liquid crystal devices can be used in a wide variety 
of optical filters for providing very rapid discrete, and continuous tunability. One such 
example, analyzed here, is the discrete switching Fernelectric Liquid Crystal Polariza- 
tion Interference Filter (FLCPIF). This filter is implemented using binary swiching sur- 
face stabilized FLC’s and linear polarizers. A single-stage FLCPIF is analyzed, and the 
number of output spectra is determined which optimizes performance and makes the 
most efficient use of the devices. The extension of principles to multiple-stage FLC- 
PIF’s, and FLCPIF’s which include passive retarders is discussed. 

INTRODUCTION 

There are many applications that would currently benefit from the availibility of inexpensive, 
reliable, rapidly tunable optical filters. These include high resolution applications, such as 
Wavelength Division Multiplexng (WDM) for optical communications,’ moderate to high 
resolution applications, such as remote sensing and spectrometry: and relatively low resolu- 
tion applications, such as colorimetry and color d i~play .~  In general, it is desirable to have the 
capability of continuous. random access tunability of the filter transmission peak throughout 
the spectral band of interest. However, in many instances it is not necessary to address all 
wavelengths within a spectral band. Furthermore, many applications require detection of opti- 
cal power at only a handful of fixed optical bands. These include detection of radiation at 
specific optical resonance or transition wavelengths, differential absorption detection to meas- 
ure species concentrations, and color filtering, where arbitrary colors can be visually perceived 
by rapid modulation between three primary bands. Such cases are well suited for FLCPIF 
implementations, in which the filter design and driving scheme are quite simple. For low 
rcsolution applications, all-FLCPIF’s can be used to generate electronically selectable spectra, 
while moderatehigh resolution applications require thc addition of fixed retarders. In this 
paper, the switching rules for a single-stagc :iIl-FLCPIF, and an FLCPIF stage which includes 
a passive retarder are presented. The extension of the FLCPIF tuning principles to multiple 
stage designs is also considered. 
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124/[410] G.  SHARP ET AL. 

It is well known that thin layers of Smectic C* liquid crystals (typically a few microns), 
experience strong surface interactions with the bounding substrates. Surface interactions in 
thin cells produce complete suppression of the helix formation, resulting in two stable director 
orientations4. The switching of an electric field applied normal to the substrates, produces a 
ferroelectric torque which reorients the molecular directors. The molecules can be switched 
rapidly (10's of microseconds) between the two states, which are separated by twice the tilt 
angle of the molecular director. For an ideal "bookshelf" structure, the device functions as a 
bistable, switchable birefringent element. That is, the FLC device functions as a waveplate 
with fixed retardation (determined by the layer thickness), which can be rotated about the nor- 
mal to the substrates by switching the polarity of the applied electric field. Because of the 
high tilt of the molecules (M8). FLC's can be used in a binary pseudo-variable retarder 
mode. Here, one of the FLC switchcd states aligns the director with (or normal to) the linear 
input polarization, producing no change in the state of polarization, while a retarder with 
orientation n/4 is seen in the other state. Typically, zero-order FLC half-wave retarders are 
switched between crossed polarizers for binary intensity modulation. However, FLC devices 
can be used in a similar configuration to generate or shift spectra in PIF's. 

The simplest Polarization Intcrfcrence Filter (PIF) requires three components: an 
entrance polarizer, an exit polarizer (or polarization analyzer), and a singlc birefringent ele- 
ment (bounded by the polarizers). This sequence of elements, referred to here as a filter stage, 
is the simplest stand-alone PIF. By this definition, the Lyot filter? for example, is a cascading 
of filter stages, while the Solc filter6 is intrinsically a single-stage filter. A multiple stage 
filtering scheme typically involves selection of specific relative thicknesses of birefringent ele- 
ments in each stage in order to produce a desired output spectrum. A Lyot filter, for example, 
nchicves optimum finesse, with the geometric series of birefringent element thickness ratios; 
(1:2:4 ....). The finesse, given as the number of pass-band full-widths in a period of the filter 
spectrum (or Free-Spectral-Range (FSR)), scales as 2M for an M-stage (and therefore M 
bircfringent element) Lyot filter. By contrast, the Solc filter finesse scales as M, thus making 
inefficicnt use of the birefringent elcrnents. It will be later shown that the optimum arrange- 
ment of elements in a FLCPIF is similar to a single stage of a Lyot filter. Due to the indepen- 
dence of filter stagcs, the overall transmission function from a multiple stage filter is given by 
the product of the transmission functions of the individual stages. With this in mind, a great 
deal of information can be obtained about the overall performance of a multiple stage 
FLCPIF, by examining the performance of a single filter stage. 

ANALYSIS OF SINGLE-STAGE FLCPIF 

A general single-stage FLCPIF consists of a series of FLC active birefringent elements, 
bounded by input and exit polarizers. One or more passive birefringent elements may also be 
included in thc stage. In the analysis, the FLC's will be treated as uniaxial crystals, with optic 
axis (directors) contained in the plane of the substrates. It will be assumed that the devices 
exhibit a uniform, planar director distribution. The FLC's have fixed retardation given by 
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(TI, r2* .... TN), where N is the total number of devices, oriented such that the optic axes of the 
FLC's form angles (el, ez, . . . eN)  with respect to the input polarization. The exit polarizer is 
oriented at arbitrary angle 8,. For a filter stage which contains N active FLC devices, each of 
which exhibits two stable states, there are in general ZN unique output spectra, which are elec- 
tronically selectable. Here, the angle of the molecular director of each FLC can be modulated 
between angles (el. O1 + 24), (ez, O2+ 2$) .... (€IN, ON + 24). where, I$ is the tilt angle that the 
molecular director forms with the layer normal. For simplicity, the devices are assumed to 
have equal tilt angles. In general, each of the 2N switched states results in a different output 
spectrum, or filter transmission function. However, some of these outputs may not be suitable 
for optical filtering applications. To be "useful", an output must; (1) be unique, and; (2) 
satisfy performance specifications for the particular application. While uniqueness is easily 
defined, utility of a particular transmission function is application specific. 

Analyzing 
11111111111111111111 Polarizer 

. - .  
Birefringent 

Elernentb) 

Input Polarlzer 

FIGURE 1 Single-stage FLCPIF showing optimum orientation of polarizers and waveplate(s). 

While there are 2N outputs of a general FLCPIF stage, only specific orientations of 
polarizers and waveplates generate spectra which are considered ideal for filtering applica- 
tions. Typically, thc requirctncnt in optical filtering is for maximum transmission of a particu- 
lar band of wavelengths (ideally unity), with strong blocking (ideally a null in transmission) of 
all wavelengths outside of this band. It is desirable to achieve this filtering operation with a 
minimum number of optical components. The requirements for maximum spectral discrimi- 
nation with efficent use of components determines specific relative orientations for all com- 
ponents in the stage. Figure 1 shows the optimum orientation of elements in a singlc-stage 
filter. Here, light passing first through a linear polarizer is incident on a single birefringent 
element oriented at angle n/4 with respect to the input polarization. The function of the 
rctardcr is to produce two orthogonally polarized waves from a single (linearly polarized) 
input wave, and to introduce a wavelenglh dependent phase shift between the waves. The 
phase shift is a consequence of the difference in optical path-length experienced between ordi- 
nary and extraordinary waves. The amplitudes of the two waves are determined by the orien- 
tation of the optical field vector wilh respect to the crystal axes. For a slab of positive uniaxial 
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126/[4 121 G .  SHARP ET AL. 

material (n. >no), with birefringence An = (n. -no), of thickness d ,  the two waves exit the cry- 
stal with a phase difference of, 

where, h is the free space wavelength of incident radiation. Due to dispersion, the 
birefringence, &I, is a function of wavelength. This phase delay represents a wavelength 
dependent change in the state of polarization. Light exiting a waveplate oriented at a/4 with 
respect to the input polarization is elliptically polarized with major axis parallel (or perpendic- 
ular) to the input polarization. Assuming an orientation of ld4, the Jones vector7 for light exit- 
ing the waveplate, E’, is given by, 

where, E is the amplitude of the linearly polarized optical field incident on the birefringent 
element. The wavelength dependent ellipticity can be analyzed by interference at the exit 
polarizer, producing a wavelength dependent optical transmission. The transmission spectrum 
resulting from this single-stage, using parallel or crossed analyzing polarizers, is given by, 

T ( h )  = 

PARALLEL 

CROSSED x ( m  + 112) ho 
(3) 

where the waveplate is an m-order (m=0.1,..) full-wave retarder at design wavelength ho (with 
parallel polarizers), or an m-order half-wave retarder at L (with crossed polarizers). This 
corresponds to the (m + l ) l h  maximum in transmission at h,. The requirement for orientation 
ai4 can now clearly be seen in the above equations, as it produces two equal amplitude waves, 
which generatcs pure sinusoidf transmission spectra. For parallel polarizers, interference of 
these waves produces theoretically 100% transmission for wavelengths which exit the 
birefringent element with field cornponcnts in phase, and theoretical nulls (0% transmission) 
for wavelengths which exit thc birefringent element with field components out of phase. The 
converse is true for the case of crossed polarizers. A figure of mcrit which indicates the effec- 
tiveness of a filter stage in spectral descrimination is the Spectral Contrast Ratio (SCR). This 
is given by the ratio of the mean transmission at peak wavelengths to the mean transmission at 
null wavelengths, over the spectral band in which the filter stage must function. Using the 
ideal transmission functions of Equation 3, the SCR tends toward infinity. In practice, stray 
light from non-ideal polarizcrs and scattering from defects in the birefringent elcments typi- 
cally limits the SCR. Using active FLC elements, a slightly non-uniform director distribution 
and scattering from defects usually limits the SCR in FLC’s to a value c 10,000, depending 
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FLC POLARIZATION ENTERFERENCE FILTERS (41 311 127 

upon device thickness. However, this condition represents the ideal situation, or pure spec- 
trum, in which the SCR is limited only by component nonidealities. In designing an FLCPIF 
with multiple devices, it is the polarization effects associated with the switching scheme, 
which limits the number of pure outputs to some fraction of the 2N available. This can best be 
illustrated by considering a specific example of an all-FLC filter stage. The filter stage 
analyzed in this paper, as illustrated in figure 2, contains three active FLC elements. This 
number is significant because it is the minimum number of elements required to generate all 
distinct polarization states of significance, as will become apparent. The results of this 
analysis can be generalized to the case of an N FLC filter. In addition, this example will indi- 
cate the requirements on device fabrication for uniqueness of spectral output. 

All-FLCPIF Stage 
The filter stage considered here is illustrated in Figure 2. Each of the active waveplates can be 
independently switched between director orientations of 0 or n14, with respect to the input 
polarization. 

FIGURE 2 Single-stage all-FLCPIF, using three surface stabilized Smectic C* devices. 

Because each of the FLC devices switches between two stable states, a particular switched 
state of the filter can be represented by a binary number. A state of ( O l l ) ,  for example, 
corresponds to al = 0, a2 = n/4, and, a3 = ld4. In order to determine each output of the filter 
stage, Jones calculus is employed. The optical field transmitted by the filter is given by the 
matrix equation, 

E’(r,a) = P, WN(~N,~).......W~(T~,~~) Wdrl.al)  P. E, (4) 

where, E and E’ are the column mairices giving thc incident and transmitted optical fields, 
respectively. Also, r and a are the vectors giving the retardation and oricntation of the 
waveplates, respectively, 
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128/[414] G. SHARP ET AL 

r = (rl,r2 ,.... rN), a = (al,aZ ,.... m). 

The matrix, P., corresponds to an x-oriented polarizer, given by, 

The general matrix for a waveplate. with retardation r;, and orientation a, is given by, 

This matrix reduces to two matrices representing the two director orientations corresponding 
to unswitched (ai = 0) and switched states (a, = d4). respectively, 

Note that absolute phase factors are neglected in these Jones matrices. as only relative phase is 
of consequence when generating an intemity transmission function. A generalized output 
transmission function could be derived by substituting the matrices of Equations 6 and 7 into 
Equation 4, giving an expression for the output field. which includes the effect of N retarders 
with abitrary retardation and orientation. However, due to the binary nature of the devices, it 
is algebraically simpler to generate transmission functions for each specific switched state of 
the stage, using Equations 8a, and b. The transmission function for each of the 2N (=8) out- 
puts of the three-FLC stage, given by T(r,a) i: IE’/E12. can be expressed in the following 
h i m ,  dong with the corresponding binary switching representation, 

T(a.T) = 1 (ow 
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FLC POLAFUZATION INTERFERENCE FILTERS [415]/129 

(9) 

For the three FJX stage with parallel polarizes, the 8 outputs consist of the source spectrum, 
6 pure spectra, and 1 non-pure spectrum. Switching all of the FLC’s (1 11) produces a pure 
spectum determined by the sum of the waveplate retardations. One or more unswitched 
FLC’s preceeding one or more switched FLC’s (001,011) generates pure spectra, as the 
unswitched FLC’s do not change the state of the input polarization. One or more switched 
FLC’s preceeding one or more unswitched FLC’s (100,110) also generates pure spectra. This 
i s  not so obvious, as the light entering the unswitched FLC(’s) is in general elliptically polar- 
ized. Consequently, there is a change in the state of polarization induced by the unswitched 
device(s). However, because the unswitched FLC(’s) are oriented along the exit polarizer, this 
change in polarization represents an exchange between elliptical and b / 4  oriented linear 
polarization, determined by the retardation. Therefore, the SI component of the Stokes vec- 
tor,* which determines the output transmission, is unchanged. The state (010) is a combina- 
tion of both of these cases, and is therefore also pure. The remaining state corresponds to an 
unswitched FLC bounded by switched FLC’s (101). Here, the change in state of polarization 
induced by the unswitched FLC, preceeding the remaining switched FLC, produces a tern 
which is additive with the pure transmission term. In general, this additive term produces a 
SCR which is limited by polarization effects. Consequently. this output is not useful for 
applications requiring a high degrce of spectral discrimination. 

Generalization to N-FLCPIF Stage 
The various output states, determined by the analysis of the 3-FLCPIF, can be generalized to a 
filter stage containing N FLC’s. In general, one or more unswitched FLC’s bounded by one or 
more switched FLC’s produces a non-pure output spectrum. This additive transmission term 
results in a polarization limited SCR. In a stage containing several FLC’s, this non-ideal 
(101) sequence may occur in several of the ZN states, often in more than one position in the 
stage. The binary contracted representation for switched states that produce pure spectra are, 
independent of the number N of FLC’s, (l), (Ol), (lo), and, (010). Again, the output (0) 
results in full transmission of the source spectrum for parallel polarizcts, and a null in 
transmission for crossed polarizers. Though this does not represent a filtcriilg operation, it is 
necessary in certain applications to have either a dark state, or one in which the source 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
38

 1
8 

Fe
br

ua
ry

 2
01

3 



1 u)/[416] G. SHARP ET AL. 

spectrum can be analyzed. The number of occurrences of the four sequences which yield pure 
spectra gives the number of useful filtering operations. The remaining terms contain one or 
more occurrences of the sequence (101). 

The transmission function for a particular output state, generalized to the case of an N - 
FLCPIF stage, can be written in a separable form as, 

T(T,a) = T p ( T , a )  + &(r,a). (10) 

Here, Tp (I-,a), represents the desired pure spectrum, given by, 

and, TE(T,a) is a non-ideal additive term. the latter being non-zero for one or more occur- 
rances of the (101) sequence. The additive term. TE(T.a), cannot be generalized to the N FLC 
stage, as the (101) sequence may occur in several places in the stage for a particular state. The 
number of pure output spectra, N p  , from a stage containing only N FLC’s, is determined to be, 

This can of course be represented as a fraction of the (2N - 1) spectra produced by the stage. 
For the case N = 2, 100% of the states arc pure, which is reduced to 50% for N = 5.  The case 
N = 5,  however, corresponds to 15 pure output spectra. 

Uniqueness of Spectral Transmission 
In the previous section, a relation for the maximum number of pure spectra for an all-FLC 
filter stage was given. However, each ol ihe states given in Equation 9 for the 3-FLC case do 
not necessarily represent unique spectra. In order to make most efficicnt use of the FLC dcv- 
ices, it is necessary that each of the N(N + 1)/2 pure spectra also be unique. This clearly 
rcquires that the retardation of each of the FLC layers be unique, and that the various combi- 
nations of the sums (or differences, depending upon the switching scheme) of FLC retarda- 
tions be unique. For example, it can be seen from Equation 9 that three FLC’s with equal 
retardation produce a total of 3 unique output spectra. In general, an N FLCPIF stage, which 
uses FLC’s with identical thickness, produces only N unique output spcctra. Consider, for 
example, a geometric series of waveplate thicknesses (r, = r,. r2 = 2r,, r3 = 4r0). This gen- 
erates the ideal seven unique output spectra corresponding to a linear shift in retardation, with 
the spectrum resulting from the TO stntc being non-pure. In summary, maximizing the 
number of unique output spectra rcquires that individual FLC retardations and all combina- 
tions of sums of retardations be unique. 

FLCPIF With Passive Retarder 

In many instances it is necessary to insert a passive birefringent element into the FLCPIF, 
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optimally oriented at d4.  The addition of one (or more) passive waveplates into the stage 
occurs for two reasons: (1) First the passive waveplate allows generation of a spectrum in the 
(0) state (none of the FLC's switched), which simply increases the number of pure output 
spectra by one. (2) Second, and more importantly, a bias retardation is often required to pro- 
duce a higher resolution than that practical with FLC's alone (due to thickness limitations and 
required voltages). In this instance. the FLC's are used to augment the retardation of the pas- 
sive element when switched, thereby shifting the output spectrum. In this case, thick FLC 
cells are not required, as they are not needed to generate a high-order spectrum. 

The number of pure output spectra is now determined for a single stage containing paral- 
lel (or crossed) polarizers, a single passive retarder orientcd at angle x/4, and N FLC cells. As 
bcfore, these devices can be switched between orientations of 0 or x/4 by reversing the sign of 
the applied electric field. Again, the outputs from the stage can be given in a binary represen- 
tation. Naturally, a passive waveplate is always given by a (1) in the binary switching 
represcntation. The number of pure output spectra for a particular N-FLC filter stage is a 
function of the position of the passive waveplate in the stage. This can be shown by counting 
all binary switched states which do not contain the (101) sequence, for each position of the 
passive waveplate. Using N = 5, for example, it can be shown that 6 pure output spectra result 
with the passive element in first or last position (order of appearance of the waveplate with 
respect to the input polarizer). However, by placing the passive element in eithcr the third or 
fourth position, twelvc pure output spectra result. For the number of FLC's (N = 1,2,3,4,5), the 
rcsults of this analysis indicate that, with the passive element placed in the optimum position, 
2.4,6,8 and 12 pure spectra rcsult. respectively. Thus, for N < 3. more pure spectra result with 
the presence of a passive retarder, while for N > 3 more purc spectra are produced by an all- 
FLC filter. 

MULTIPLE-STAGE FLCMF 

Usually, applications =quire higher selectivity than that provided by a pure sinusoidal 
transmission function. Consequcntly, it is necessary to cascade filter stages to increase the 
finessc. In an actual implementation, a specific design may include passive PIF stages (or any 
passive filter), and PIF stages with one or more FLC devices. As mentioned previously, the 
output of a multiple-stage PIF is given by the product of the transmission spectra of the indivi- 
dual stages. The increase in finesse is therefore accomplished by designing filter stages which 
produce a coincident transmission maximum (thc desired output center wavelength), with dif- 
ferent (complementary) blocking characteristics. In designing a multiple-stage FLCPIF, there 
is the additional design complexity of generating such transmission spectra for each output 
band, using a minimum number of active devices. Naturally, the design depends strongly 
upon the nature of the source being filtered, and the performance specifications mandated by 
the particular application. For this reason, it becomes difficult to quantify what a "good" 
transmission function is in a multiple stage implementation. Often, performance of a multiple 
stage filter is determined by a Spectral-Signal- to-Noise-Ratio ( S S N R )  measurement. This is 
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given as the ratio of the spectrally integrated transmission in the full-width of the information 
band, to the integrated transmission in the band over which the filter must block A more accu- 
rate S S N R  can be obtained by weighting the transmission function by the specific source 
power spectrum, if known. While S S N R  constraints vary, depending upon the application, it 
is usually desirable to optimize this parameter, (as spectral purity of each output is usually the 
ticsired goal) while minimizing the number of FLC devices. Such useful spectra are generated 
most effectively by FLCPIF stages producing the pure speclra described in this paper. 
Beyond this, multiple-stage FLCPIF design usually becomes a problem best approached with 
computer modelling. 

CONCLUSIONS 

In summary, an active Fernelectric Liquid Crystal Polarization Interference Filter (FLCPIF) 
has been analyzed. The switching scheme, and the number of pure output spectra from a 
single-stage all-FLCPIF. and a single-stage PIF with a passive birefringent element were 
determined. The condition for uniqueness of output transmission function was discussed, as 
well as the extension of filter designs to multiple-stage implementations. The FLCPIF is an 
effective and practical method for rapid switching between a moderate number (order 10) of 
output spectral bands, centered at specific wavelengths. The FLCPIF offers excellent reprodu- 
ability. simple digital driving schemes, and low power consumption, due to the bistable 
material response. 
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