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Polarization independent operation of birefringent Fabry–Perot etalon is proposed using polarization
conversion mirrors (PCMs) as the cavity mirrors. PCMs, such as Faraday mirrors, rotate the polarization
plane by 90� upon reflection thus allowing the same phase accumulation for the two eigenwaves after a
roundtrip inside the cavity. Based on that when the cavity is filled with an electrooptic material such as a
liquid crystal, polarization independent tunable filtering is obtained.

� 2009 Elsevier B.V. All rights reserved.
Tunable filters are highly desired for many applications such as
in optical spectroscopy and hyperspectral imaging [1], color gener-
ation [2], optical telecommunication [3,4], frequency domain opti-
cal coherence tomography [5] and other optical noninvasive
medical diagnostic techniques [6]. Compactness, polarization inde-
pendence, high dynamic range, narrow bandwidth and tuning
speed are among the properties desired in such filters particularly
for optical telecommunication and biomedical optical imaging
applications for diagnosing a variety of diseases such as the use
of hyperspectral imaging of the eye retina for blood glucose mea-
surement using multiple wavelengths [7]. A fast tunable filter is
ideal for such applications to allow grabbing multiple images be-
fore the eye blinks. The use of liquid crystals in Fabry–Perot (FP)
cavity has been demonstrated by several investigators [3,4,8–10]
to give fast tunable filtering because only a thin layer up to few
micrometers is required inside the cavity. One of the drawbacks
of this configuration however is the polarization dependence
which requires the use of polarizers and thus cuts the light
throughput by 50% and makes the system expensive. There exist
several concepts to avoid the polarization sensitivity of FP tunable
filters such as the use of double pass [11], twisted nematics [12],
two filters in tandem [13], the use of quarter waveplates (QWP)
on the mirrors [14,15] and by splitting the beam into two orthog-
onal polarizations [16]. In this paper the use of polarization conver-
sion mirrors is proposed as the cavity mirrors showing that they
cancel the polarization dependence when the intracavity medium
is birefringent. The use of QWPs adjacent to the cavity mirrors
[14,15] form a special case of polarization reflection mirrors, while
the concept proposed here is more general since PCMs can be made
from a wide variety of anisotropic and diffractive structures.
ll rights reserved.
A polarization conversion mirror (PCM) is a mirror that ro-
tates the plane of polarization of incident linearly polarized light
by 90� upon reflection. The classical example of such a mirror is
the Faraday mirror which consists of a Faraday medium with its
axis oriented at 45� with respect to the incident polarization un-
der an external magnetic field. Upon the forward pass the polar-
ization plane is rotated by 45� and during the backward pass
additional 45� rotation is attained. Another well known PCM is
the combination of a quarter waveplate (QWP) and isotropic
mirror with the axis of the QWP oriented at 45� to the incident
linear polarization. Upon the forward passage the light becomes
circularly polarized (Right R or Left L) and upon reflection from
the isotropic mirror its helicity is reversed so that during the
backward passage through the QWP it becomes linearly polar-
ized but orthogonal to the incident polarization. The use of this
special case of PCM for polarization insensitive tunable FP was
demonstrated in Refs. [14,15]. In the present work I propose
the use of general PCM for this purpose not limited to the spe-
cial case of a QWP on a mirror. More modern PCM concepts in-
volve a variety of diffractive structures [17–20], anisotropic
photonic crystals [21], and the first order selective reflection
peak from chiral smectic liquid crystals at oblique incidence
[22]. Using a one dimensional stack of anisotropic layers the
PCM operation was shown [21] over a wide angular range near
the condition for omnidirectional reflection. The Jones matrix
for a general PCM can be expressed as follows:

Wpcm ¼ r
0 �1
1 0

� �
; ð1Þ

where r is the amplitude reflection coefficient of the mirror and the
± signs take care of the cases when there is a p phase shift between
the two orthogonal polarizations upon reflection. For the Faraday
mirror the plus sign is usually used. The most important fact in
Eq. (1) is the fact that the matrix is off diagonal and the ± signs
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Fig. 1. Schematic of the polarization independent FP with birefringent intracavity
medium showing the polarization conversions of incident vertically polarized light.

Fig. 2. Transmission through a FP etalon with birefringent material in the cavity
and polarization conversion mirrors composed of quarter wave plate and dielectric
mirror. (a) and (b) show polarized transmission for cavity gaps of 28.933 lm and
57.633 lm, respectively while (c) shows the unpolarized transmission for both
cases. The refractive indices of the birefringent material are: no = 1.55, ne = 1.75
while the dielectric mirror (with reflectivity �90% over the whole spectrum) is
composed of periodic alternating stack of three periods of SiO2/Si with indices
nSiO2 ¼ 1:44; nSi ¼ 3:34 and thickness 182.85 nm. The external medium has refrac-
tive index 1.45.
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do not change the final consequences. For consistency reasons we
use the minus sign in this article.

Let us consider the birefringent FP structure shown in Fig. 1
where the light with wavelength k impinges from the left side at
normal incidence. The birefringent medium (BM) has ordinary
and extraordinary refractive indices no,e and thickness d. The slow
axis of the intracavity BM is oriented at 45� with respect to the x-
axis. Consider the case when the incident polarization is along the
x-axis which excites the ordinary (o-wave) and the extraordinary
(e-wave) waves in the BM medium and each accumulates a phase
change uo;e ¼ 2pno;ed=k upon a single forward passage. Upon
reflection off the PCM the e-wave (or o-wave) is rotated by 90�
and so becomes the o-wave (or e-wave) during the subsequent
backward passage through the BM. Hence during a single round-
trip of the beam in the cavity the two eigenwaves accumulated
the same phase change uroundtrip = uo + ue. Formally all this can be
shown by writing down the Jones matrix for the round trip, that
is, for the three components: BM at 45�, PCM and BM at 45�. The
round trip Jones matrix is:

Wroundtrip ¼ r2 expð�iuroundtripÞ
0 �1
1 0

� �
e�iC=2 0

0 eiC=2

 !
0 �1
1 0

� �

� e�iC=2 0
0 eiC=2

 !
; ð2Þ

where C ¼ 2pðne � noÞd=k is the phase retardation. After multiplica-
tion the final result is:

Wroundtrip ¼ �r2 expð�iuroundtripÞ
1 0
0 1

� �
; ð3Þ

Hence the round trip Jones matrix is the unity matrix multiplied
by a common phase factor which is simply the phase accumulated
during a round trip. Similar considerations can be drawn when the
incident polarization is along the y-axis. This is the essence of the
proposed concept for a polarization independent FP tunable filter.
Since the condition for a FP resonance is to have the round trip
phase equals multiples of 2p, we get the same resonance wave-
lengths for the e-wave and the o-wave, that is one single resonance
peak in transmission and no splitting due to the birefringence. The
location of the resonances is determined by km ¼ ðne þ noÞd=m
where m is an integer. In electrooptic crystals such as homoge-
neously aligned liquid crystals, ne is a function of an applied elec-
tric field, magnetic field or temperature, hence polarization
independent tunable filters can be built based on this concept.

The question that may be raised now is how the deviation from
the ideal polarization conversion affects the performance of the de-
vice. Deviation from the ideal situation may be represented by
introducing phase retardation upon reflection. The non ideal PCM
Jones matrix will then take the form:

Wni�pcm ¼ r
0 �eid

1 0

 !
; ð4Þ
where d is the phase retardation introduced upon reflection. The ef-
fect of this phase retardation is to produce elliptic polarization upon
reflection. Assuming the incident wave is e-polarized, then due to
the non ideal PCM, the two reflection coefficients ree and reo do
not vanish. The coefficient reo represents the reflected part that is
polarization converted from e-polarization to o-polarization while
ree is a result of the non ideal operation of the PCM. The net result
of this situation is that the output of the FP cavity will have some
polarization dependence. The two transmission peaks polarized in
e or o polarization will be slightly split depending on the introduced
phase retardation d with respect to the roundtrip phase uroundtrip =
uo + ue. To compensate for this, one can change the gap of the cavity
to minimize the relative effect of the mirror induced retardation d.
This is demonstrated in Fig. 2 where in (a) the splitting is observed
clearly while by varying the gap, the two peaks of the two orthog-
onal polarizations coincide. The calculation of Fig. 2 was performed
using the 4 � 4 matrix method described elsewhere [22,23]. The
coincidence is almost perfect near the central peak because at this
wavelength the QWP is ideal. The polarization conversion is ideal
at a specific wavelength but deviates from this case for other wave-
lengths. This means that the bandwidth of the PCM should be wide
enough for the polarization independent FP to operate over its dy-
namic range. The case of a PCM consisting of a combination of a
QWP and isotropic mirror is one such example of PCM that is ideal
only at a single wavelength. Wideband PCMs are possible using dif-
fractive structures [16–20] and QWPs made of diffractive structures
[24–26] and anisotropic photonic crystals [21]. Another important
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fact seen in Fig. 2 is the fact that the transmittance peaks are less
than 100% even for unpolarized transmittance. To explain this, note
that each curve in Figs. 2a and b is composed of two parts for exam-
ple for the p-polarized waves (at normal incidence p or s correspond
to light polarized along x or y, respectively) it is the sum of Tpp and
the polarized-converted transmission Tsp and similarly for the s-
polarization it is Tss + Tps. Since these two parts do not exactly coin-
cide, the sum does not result in 100% with the side effect of widen-
ing of the resulting peak. A similar argument explains the fact that
the unpolarized transmission peaks are less than 100%. The periodic
dielectric mirror used in our case is found to introduce phase retar-
dation upon reflection, however it is possible to design mirrors even
with dielectric stacks or using achromatic PCMs made of metallic
diffraction gratings with 180� phase retardation, which will allow
perfect operation of device.

To conclude, a polarization independent operation of FP tunable
filters is proposed using cavity mirrors made of polarization con-
version mirrors. Such mirrors can be prepared in the form of thin
films on glass substrates using anisotropic polymers or subwave-
length diffractive structures. This device allows ease of use as no
polarizers are required and because of that the light throughput
is improved.
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