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The scope of this work is to present a phase demodulator that enables the recovery of temporal phase
information contained in the phase difference between two signals with different polarizations. This
demodulator is a polarization interferometer that may consist only of a uniaxial crystal slab and a polar-
izer sheet. The phase shift between two orthogonal components of the electric field is translated into
space by means of birefringent crystals, which act as demodulators or phase analyzers with great robust-
ness. The experimental scheme utilized is based on a simple conoscopic interference setup. Each portion
of the space in which the interference pattern is projected contains not only the unknown temporal phase
we want to recover, but also a phase shift due to the uniaxial crystal itself. The underlying idea is devel-
oping simultaneous phase shifting with uniaxial crystals. Thus, different phase recovery techniques can
be applied in order tomaximize their ability to track high-speed signals. Depending on the characteristics
of the fringe pattern, it will permit phase recovery via different classical procedures. In order to prove the
demodulator under different experimental and signal processing schemes, we employed it for wave plate
characterization. The results obtained not only allow some wave plate features such as axes determi-
nation and retardance to be characterized, but also prove the working principle and capabilities of
the demodulator. © 2015 Optical Society of America
OCIS codes: (120.2650) Fringe analysis; (120.3180) Interferometry; (120.5050) Phasemeasurement;

(230.5440) Polarization-selective devices; (260.1180) Crystal optics; (260.1440) Birefringence.
http://dx.doi.org/10.1364/AO.54.002326

1. Introduction

There are different purposes and methods for phase
modulation. In fact, several elements can be used as
phase shifters in a wide range of devices and experi-

ments. For instance, when working with polarized
light, polarization states can be changed by retarders
that introduce phase shifts between orthogonal com-
ponents of the electric field [1].

Generally speaking, interferometers translate differ-
ent phenomena into spatio-temporal phase variations
between their branches. By means of superposition,
this gives rise to interferograms, i.e., intensity
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measurements. Depending on the complexity of the
problem, it is possible to recover the phase information
from one or more interferograms. Multiple experimen-
tal and signal processing techniques for recovering
phase information have been developed. The wide
range of purposes and experimental setups is also as-
sociated with the different processing techniques.
When the phase information corresponds to space in-
formation associated with the shape of the wavefronts,
the classical procedure corresponds to measuring the
difference between a reference and a test wavefront.
In other circumstances, the phase difference can be
related to time-dependent phenomena such as vibra-
tions, changes in the index of refraction, or any other
phenomenon that alters the effective length of the
branches of an interferometer. Nevertheless, the com-
plexity of the problem may require the simultaneous
determination of both time and space phase variations.

One of the highly studied problems corresponds to
the interference of two superposed monochromatic
beams. Regardless of the dependence of spurious
external factors corresponding to space and time,
the ideal case is represented by

I�Δϕ�r⃗; t�� � I1 � I2 � 2
���������
I1I2

p
cos Δϕ�r⃗; t�: (1)

This way, the intensity variations only depend on the
phase difference between both beams Δϕ�r⃗; t�. Based
on the experimental setup, this phase may depend on
both time and space. There are several techniques
that allow the recovery of the phase information
included in Δϕ�r⃗; t� by means of intensity measures
I�Δϕ�r⃗; t��. Some of the most extensively used corre-
spond to the so-called Fourier-transform method
(FTM) [2] and phase shifting interferometry (PSI)
[3]. Both of them are based on the introduction of con-
trolled phase shifts between the branches of an inter-
ferometer. In general, it is possible to implement
any of them to determine space- or time-dependent
unknown phases. Throughout this work, we show
how to introduce space-dependent phase shifts with
uniaxial crystals in order to recover temporal phase
information. This temporal phase information is
associated with the phase difference between two
orthogonal components of the electrical field, v and h.
It is known that the phase shift introduced between
two orthogonal components of the electric field
changes when light from a monochromatic polarized
source goes through a rotating a wave plate. Such
variations depend on the azimuth angle and permit
the introduction of phase shifts between the branches
of a polarization interferometer. This interferometer
may only consist of a single crystal plate and a polar-
izer sheet [4]. As a result, the fringe pattern of the
space interferograms moves according to the phase
shift between components [5]. Here, we explain how
this movement of the fringe pattern allows us to iden-
tify both the fast axis and the slow axis of a plate
retarder and determine its retardance. We propose
that the waves associated with orthogonal compo-
nents (v and h) of the electric field may be introduced

in a polarization interferometer in order to recover
any unknown phase information Δϕv−h�t�. Moreover,
due to the different phase topologies over the space
interferograms obtained by means of conoscopic inter-
ference with uniaxial crystals we show that different
techniques for phase recovery can be implemented.

First, we present a basic conoscopic interference
setup and some results that would help to under-
stand the topology of the phase for different uniaxial
crystals. Second, we show two classical phase recov-
ery techniques implemented with uniaxial crystals.
In order to compare both techniques, we employed
them in wave plate characterization. We present the
experimental results and finally the conclusions.

2. Conoscopic Interference Patterns

Diverse experimental techniques have been used
for the characterization of birefringent crystals.
One of them corresponds to interferometry with con-
verging or diverging beams that go through a crystal-
line sample. This technique and its variants can be
employed for proper crystal characterization [6–9],
as part of a device [10–12], or in different lab experi-
ments [13]. In this section, we propose that two
orthogonal components of the electric field, v and h,
are introduced in a polarization interferometer in
order to analyze their phase difference. In a simple
interferometer, constituted by a plane-parallel plate
with principal refractive indices no and ne, it is pos-
sible to associate these two components of the electric
field with the ordinary and extraordinary refracted
beams. This way, a polarization interferometer gives
rise to a fringe pattern from these components of the
electric field. In the conoscopic setup of Fig. 1, the
impinging beam is expanded and transmitted
through a plane-parallel uniaxial plate of thickness
H. This can be achieved by grounding the first inter-
face of the crystal located at x � 0. Fringes can be ob-
served over a detection plane of coordinates �xD; y; z�
if an analyzer is placed adequately after the crystal.
That is, this interferometer yields to a spatial fringe
pattern or interferogram by means of the addition of

Fig. 1. Basic conoscopic setup. The detection plane is perpendicular
to the direction of propagation of the beam (x). �x; y; z� is the frame
associated with the crystal plate where z corresponds to the projec-
tion of the optical axis over the first interface. The crystal plate is
placed with the z axis horizontal. The polarizer and the analyzer
could be either parallel or perpendicular. For better fringe visibility
they should hold an angle of�45° with regard to the horizontal axis.
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a phase difference between the ordinary and extraor-
dinary beams Δϕo−e�xD; y; z�. Different approxima-
tions have been developed for expressing this phase
shift [4]. However, for the conceptual and design pur-
poses of this work, the second-order approximations
are enough. Thus, if the crystal plate is oriented with
its optical axis parallel to the horizontal plane �x; z�,
the expression of the phase shift is

Δϕo−e�xD; y; z�

≃

2πH
λv

�
A� n

B
jxDj

z� n2 CY

x2D
y2 � n2 CZ

x2D
z2
�
; (2)

where A, B, CY , and CZ are

A � no −
none

�n2
o cos2 θ� n2

e sin2 θ�12
; (3)

B � �n2
o − n2

e � sin θ cos θ

�n2
o cos2 θ� n2

e sin2 θ� ; (4)

CY � n2
o − ne�n2

o cos2 θ� n2
e sin2 θ�12

2none�n2
o cos2 θ� n2

e sin2 θ�12
; (5)

CZ � n2
one − �n2

o cos2 θ� n2
e sin2 θ�32

2no�n2
o cos2 θ� n2

e sin2 θ�32
; (6)

and where θ corresponds to the angle between the
optical axis and the interfaces of the crystal. Accord-
ing to these expressions, as explained in [4], the dis-
tribution of the phase over the detector plane holds
constant-phase lines that follow a conic equation.
Depending on the characteristics of crystal, the
center and type of the conic may vary. For a given
crystal material, the topology of the phase depends
on the direction of the optical axis θ, i.e., the crystal
cut. In the case of large distances between the center
of the conic and the origin �y � 0; z � 0�, it might be
practically impossible to visualize the center on the

plane �xD; y; z�. Such is the case of a quartz plane-
parallel plate (no � 1.5426, ne � 1.5516) of thickness
H � 3 mm with its optical axis at approximately
θ � 45° from its faces. The constant-phase lines are
elliptical, but the displacement of the center of the
ellipses is too far for visualization (Fig. 2).

This fringe distribution is often pursued in tradi-
tional interferometric schemes, such as Michelson
or Mach–Zehnder interferometers. In those cases,
the so-called tilted fringes are obtained by tilting a
mirror. This way, the images of the source through
each of the two branches are misaligned with the
mean direction of propagation of the emerging
beams. In the case of uniaxial crystal interferome-
ters, when θ ≠ 0° and θ ≠ 90°, the extraordinary im-
age is laterally displaced in the z direction whereas
the ordinary image remains attached to the x axis.
For quartz, this lateral displacement reaches its
maximum when θ is closer to 45° and the phase shift
between the ordinary and extraordinary beams over
the detection plane is

Δϕo−e�xD; y; z� ≈
2πH
λv

�
A� n

B
jxDj

z� n2 CY

x2D
y2
�
: (7)

This way, it is possible to obtain interferograms with
high spatial frequency in the z direction. Beyond the
specific distribution of the phase Δϕo−e�xD; y; z� over
the plane, it is important to highlight the stability of
this phase against external factors. This is due to the
interferometric setup, which consists of a common
path polarization interferometer. For such an inter-
ferometer, its branches are superposed in space but
only separated by their polarization and therefore
undergo the same ambient perturbations. The uni-
axial crystal splits the incident beam into two polar-
ized beams: the ordinary and the extraordinary
beams. The stability of the phase shift introduced
depends on its crystalline structure. Furthermore,
the grounded face of the crystal that expands the
impinging beam eases the alignment process and
also provides stability.

Fig. 2. Interference fringes obtained with a quartz crystal plate. Crystal parameters (approximated values): θ � 45°, no � 1.5426,
ne � 1.5516, and H � 3 mm. We illuminate the grounded face of the crystal with a He–Ne laser (λv � 632.8 nm). Different captures
of the interference pattern: (a) direct observation with a camera plus objective. (b) Rear projection diffusing screen. (c) Rear projection
diffusing screen plus mask (dark dot).
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This way, if we place the uniaxial crystal plate that
constitutes the interferometer with its y axis vertical
and z axis horizontal, we can associate the v and h
components of the beam that impinge on the
grounded face with the ordinary beam (vertical com-
ponent) and with the extraordinary beam (horizontal
component). This experimental setup allows us to
place a phase modulator between the first polarizer
and the crystal plate (Fig. 1). This phase modulator
introduces a time-dependent phase shift Δϕv−h�t�
between the components of the field associated with
v and h polarizations before impinging on the first
interface of the crystal plate.

3. Phase Recovery Techniques with Uniaxial
Polarization Interferometers

There are many different phase recovery or demodu-
lating techniques based on the introduction of a con-
trolled phase difference between the branches of an
interferometer. This phase shift introduced can be
dependent on time or space according to the experi-
ment. Regardless of the functional dependence of the
unknown phase to recover (time and/or space), the
phase shift introduced might also be a function of
space and/or time. However, if we are dealing with an
unknown time-dependent phase, the introduction of
a time-dependent phase would result in requiring
an increased time resolution and bandwidth of the
photodetectors (i.e., faster photodetectors). The
consequences are similar if we are dealing with a
space-dependent unknown phase. In this case, the
introduction of a space-dependent phase would re-
sult in requiring increased spatial resolution and
bandwidth of the photodetectors (i.e., increased
number of photodetectors). For an unknown time-
dependent phase, if we instead employ the introduc-
tion of a space-dependent controlled phase, the time
and bandwidth requirements of the detection system
would not be increased by the introduction of the
controlled phase. However, the number of photode-
tectors would have to be increased in order to track
the additional spatial information introduced.

The stability of the controlled phase difference
introduced is a very important parameter in these
demodulation schemes. Since we are dealing with
a time-dependent unknown phase Δϕv−h�t� (i.e.,
modulating phase) we introduce a controlled space-
dependent phase whose time stability relies on the
plane-parallel uniaxial plate, Δϕo−e�xD; y; z�, de-
scribed in the previous section. This way, over a plane
of coordinates �xD; y; z�, from Eq. (1), Δϕ�r⃗; t� �
Δϕo−e�y; z� � Δϕv−h�t� and the interference equation
can be rewritten as

I�y;z;t��a�y;z��b�y;z�cos�Δϕo−e�y;z��Δϕv−h�t��; (8)

where a�y; z� and b�y; z� are respectively associated
with the mean value and visibility of the fringe pat-
tern over a plane located at x � xD. After leaving the
phase modulator, both signals share the same path
until light reaches the photodiodes. As this is a

common path interferometer, its branches are super-
posed. This feature also helps to mitigate error
sources, since both of the branches are fixed together
and exposed to the same noise sources. In order to
recover the phase information Δϕv−h�t�, we propose
two different approaches that employ a uniaxial crys-
tal polarization interferometer as a phase demodula-
tor. Both methods are based on the introduction of a
space-controlled phase Δϕo−e�y; z�. However, they re-
quire different implementations, which lead to differ-
ent performance regarding accuracy and velocity.

A. Spatial Carrier

It is relatively easy to recover phase information by
means of the conoscopic interference patterns corre-
sponding to a quartz plate with θ ≈ 45°. As pointed
out in Section 2, the interferograms obtained by
means of a quartz plate with its optical axis at 45°
(Fig. 2) have a spatial frequency component. This
frequency component is associated with the linear
coefficient of Eq. (7) and acts as a carrier frequency
for each y,

jkz0j �
2πH
λv

n

���� BxD
����: (9)

This linear coefficient [Eq. (7)] associated with
Δϕo−e�y; z� is negative valued. This negative spatial
frequency indicates that the phase Δϕo−e�y; z� de-
creases along the z axis, from the concave to the con-
vex [Figs. 2(b) and 2(c)]. This way, Eq. (8) becomes

I�y; z; t� � a�y; z� � b�y; z� cos�kz0z� Δϕv−h�t��: (10)

Equation (10) can be rewritten as

I�y; z; t� � a�y; z� � c�y; z; t� exp�jkz0z�
� c	�y; z; t� exp�−jkz0z�; (11)

where j corresponds to the imaginary unit and

c�y; z; t� � 1
2
b�y; z� exp�jΔϕv−h�t��: (12)

By applying the Fourier transform with respect to z
in Eq. (11), we obtain for every value of y

I�y;kz��A�y;kz��C�y;kz−kz0��C	�y;kz−kz0� (13)

and a spectrum such as the one in Fig. 3. The phase
information is contained in either angle of the side
bands (i.e., contained in C or C	). Interferograms like
the ones shown in Figs. 2(b) and 2(c) can be analyzed
by means of the Fourier transform. Those interfero-
grams can be processed row by row, by means of the
Fourier transform, which makes it possible to obtain
a spectrum like the one depicted in Fig. 3.

Due to the symmetry properties of the Fourier
transform of real signals, there are two side bands
associated either with the positive carrier frequency
(i.e., Δϕe−o�y; z�) or with the negative carrier fre-
quency (i.e., Δϕo−e�y; z�). We would like to emphasize
the fact that knowledge of the principal refractive
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indices and the orientation of the optical axis permits
the determination of the phase information associ-
ated with each side band (C and C	) whose only differ-
ence is a minus sign (Δϕv−h�t� � −Δϕh−v�t�). By
means of the filtering indicated in Fig. 3 it is possible
to recover the phase information associated with C
or C	. This way, the determination of Δϕv−h�t� corre-
sponds to the determination of the angle of the com-
plex value c�z� (or c	�z�) [14].

As is known, speckle noise can be extremely detri-
mental in phase retrieving [15–18]. In order to im-
prove the robustness of the postprocessing, we crop
the interferograms to a portion where the fringes are
almost vertical and calculate the average of the inten-
sities along the columns [19–21]. Despite the fact that
this averaging could diminish the visibility of the
fringes, it allows us to obtain a clean spatial carrier
kz0 without typical speckle noise. However, different
filtering techniques and filters can be employed.
Moreover, even the simplest techniques can be suc-
cessfully employed due to the quality of the carrier.
For every instant t the carrier frequency and the spec-
trum remain unaltered. Since the useful spectrum can
be easily determined, it is possible to design a single
filter for every t. All the processing operations could be
performed by capturing a sequence of interferograms
with a digital camera and a computer. Since the ac-
quisition of the interferograms is performed by means
of a digital camera, it can be somewhat slow for many
applications. In the following subsection, we present a
different processing technique that allows for much
faster operation.

B. Spatial Phase Steps

If we place a single detector (e.g., a photodiode) at
any point of the plane where the fringe patterns of
Fig. 2 were recorded, the intensity measured would
depend on its position �xD; yi; zi� and time [Eq. (8)]:

I�xD;yi;zi;t��a�xD;yi;zi��b�xD;yi;zi�
×cos�Δϕo−e�xD;yi;zi��Δϕv−h�t��: (14)

This way, it is possible to find N fixed locations
�xD; yi; zi� for different photodiodes. The phase shift
between the intensities, I�xD; yi; zi; t�, makes it pos-
sible to recover the phase information Δϕv−h�t� via a
phase shifting algorithm for every t. The number of
photodiodes N and the phase shift between any two
of them (Δϕo−e�xD; yi; zi� − Δϕo−e�xD; yj; zj�) depends
on the chosen algorithm. The phase differences are
governed by Δϕo−e, which relies on the crystalline
structure of the polarization interferometer.

There are several phase shifting algorithms to
recover the phase Δϕv−h�t�. In particular, there is a
solution that can be developed from the principle of
least-squares estimation [22]:

Δ̂ϕv−h�t� � arctan

"PN
i�1 ni

~I�xD; yi; zi; t�PN
i�1 di

~I�xD; yi; zi; t�

#
: (15)

Both weighted summations of photodiode intensities
in the numerator and denominator can be performed
electronically and then acquired by means of a two-
channel digital oscilloscope. Therefore, in a postpro-
cessing stage, the arctangent can be calculated.

Since this technique requires significantly fewer
photodetectors (in comparison with a digital camera),
the acquisition of signals can be performed faster than
in the previous scheme. However, the photodetectors
have to be carefully located in order to achieve the
desired phase shift.

In the following section, we propose an experiment
with the purpose of comparing both techniques.

4. Characterization of a Wave Plate

Linear retarders such as wave plates introduce a
phase shift between two privileged components of
linearly polarized light. Commercial wave plates or
other linear retarders, as well as ad hoc built proto-
types, may have an incomplete specifications data
sheet for a particular application. For example, their
behavior might not be specified for a different wave-
length, and/or the fast and slow axis marks may be
missing. Usually, basic operation of linear retarders
relies on the knowledge of these characteristics. They
are of great interest for ellipsometry and for accurate
polarization control. It is known that the retardance
introduced between two orthogonal components of
the electric field varies when a wave plate is rotated
against a monochromatic light source. Such varia-
tions depend on the azimuth angle and allow the
introduction of phase shifts between the branches
of a polarization interferometer like the one de-
scribed in Section 2. That is, we create a controlled
time-varying phase difference between the colli-
mated light beam polarization components before
entering the conoscopic part of the setup. As a result,
the fringe pattern collected is phase modulated
according to the retardance introduced. The fringe
movement allows the identification of both the fast
and the slow axes, and the determination of the
retardance introduced. In this section, we show how
it is possible to characterize a retarder under study

Fig. 3. Blue solid line, spectrum of a fringe pattern with a spatial
frequency carrier kz0; red dashed line, the filter applied.
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at a given wavelength by means of a laser source, a
uniaxial crystal, polarizer sheets, and a CCD [23] or a
photodetector array.

There are different techniques for identifying the
fast and slow axes as well as the retardance of a wave
plate [24–29]. Finding the principal axes is in general
an easy task. Malus law indicates that, given a lin-
early polarized source, if we rotate a linear polarizer
(analyzer) azimuthally in front of a detector, we ob-
tain a sinusoid. In a complete turn, two maxima and
two minima are obtained when the transmission axis
is parallel and perpendicular to the plane of polari-
zation of the incident light, respectively. If we place a
wave plate before the analyzer, the alignment of one
of its axes (either the fast or the slow axis) with the
original plane of polarization leads to the same loca-
tion of the two pairs of maxima and minima. This
way, it is possible to identify the angular location
of both principal axes of the retarder. However, we
cannot assure which of them corresponds to the fast
axis and which one to the slow axis. In order to solve
this, we propose to measure the phase difference
between two fixed orthogonal components of the
electric field (v and h) that exits the rotating wave
plate by means of the phase demodulator discussed
in previous sections.

A. Wave Plate Azimuth Rotation

The retardance introduced between two components
of the electric field (v and h) may be modified by
rotating a wave plate in front of a polarized mono-
chromatic source of light. In this case, we measure
the retardance introduced by a wave plate as a func-
tion of the azimuth rotation angle. We employ a lab
frame �x; v; h�, where x corresponds to the direction of
incidence, v corresponds to the vertical axis, and h to
the horizontal axis. The incident wave is linearly
polarized at 45° from the v and h axes (Fig. 4). Thus,
the v and h components of the incident field have
the same phase and amplitude. By means of simple
Jones calculus, we can obtain the phase shift
Δϕv−h�Ω� introduced by a wave plate of retardance
ΔϕWP as a function of the azimuth angle Ω (Fig. 4)

Δϕv−h�Ω� � arctan
�

2 cos 2Ω sin ΔϕWP

�cos 4Ω� 1��cos ΔϕWP − 1� � 2

�
:

(16)

It is worth noting that ΔϕWP should be expressed
in π modulus like most commercial retarders (e.g.,
for a quarter-wave retarder, λ∕4 corresponds to
ΔϕWP � π∕2) and −ΔϕWP < Δϕv−h�Ω� < ΔϕWP. If we
place the wave plate between the first polarizer of
Fig. 1 and the crystal plane-parallel plate, it would
act as a phase modulator. When the fast axis is
aligned with the vertical axis, the slow axis is hori-
zontal. This way, according to the above definition,
Δϕv−h�Ω� reaches a minimum. In turn, if the slow
axis is vertical, the fast axis is horizontal and
Δϕv−h�Ω� reaches a maximum. However, in both
cases, the reached extrema are the same magnitude.
Then, the intention is using the polarization interfer-
ometer previously described as a phase analyzer to
track the phase variations corresponding to
Δϕv−h�Ω�. If dealing with a quarter-wave plate, the
phase shift between the v and h components varies
between −90° and 90°. These extrema are respec-
tively reached when the fast axis is parallel to the
h axis and to the v axis. In both cases, this leads
to circular polarization with different handedness.
When the fast axis and the slow axis are at 45° from
the v and h axes, the polarization state is linear
(and also the same as the incident polarization
state). For the remaining orientations, the polariza-
tion state is elliptical.

B. Experiment

We evaluate the techniques presented in Section 3
by means of the quartz plate that gives the inter-
ference patterns of Fig. 2. Since the fringes at a
plane of coordinates �xD; y; z� depend on Δϕ�r⃗; t� �
Δϕo−e�y; z� � Δϕv−h�Ω�, they would move laterally
according to Δϕv−h�Ω� [Eq. (16)].

We employ a λv � 543.5 nm He–Ne laser and two
different detection systems: a CCD camera associ-
ated with the phase recovery technique described
in Subsection 3.A and an ad hoc photodiode array
for the technique described in Subsection 3.B. For
both methods, we perform intensity measurements
at turn intervals of 2°.

In the case of the method of Subsection 3.A, we
capture a series of interferograms that allows the re-
covery the phase Δϕo−e�y; z� � Δϕv−h�Ω� for each of
them. Since the phase introduced by the polarization
interferometer Δϕo−e�y; z� remains constant for every
turn, we can recover Δϕv−h�Ω�. As mentioned before
(Subsection 4.A), if the wave plate is perfectly rotated
around the normal to the surfaces, Δϕv−h�Ω� varies
between a maximum and a minimum of the same
magnitude. Thus, the retardance ΔϕWP of the wave
plate corresponds to half the phase difference be-
tween both peaks.

A rise inΔϕv−h corresponds to a rise inΔϕo−e�y; z� �
Δϕv−h�Ω� since Δϕo−e�y; z� remains unaltered. This
can be observed as a displacement of the vertical

Fig. 4. Incident electric field polarized at 45° from the v and h
axes. FA corresponds to the fast axis, and SA corresponds to
the slow axis.
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fringes of the interference pattern to the right side
(Fig. 2). This way, we can identify the fast axis and
the slow axis of the wave plate. If we rotate the wave
plate as the fast axis approaches the horizontal axis,
the fringes move rightward until they reach a maxi-
mum displacement when both axes are parallel (blue
squares, Fig. 5). If we continue rotating the wave
plate, the direction of the displacement is reversed
and the fringes move leftward (green circles, Fig. 5)
until they reach a maximum displacement when the
fast axis is vertical (red crosses, Fig. 5).

Having the identification of the axes allows us to
perform a wide range of experiments. Despite the
fact that the phase shift introduced by the wave plate
can be calculated by measuring the polarization
ellipse, current experimental setups also allow it.
That is, it is possible to take advantage of the fringe
displacement in order to calculate the phase shift
ΔϕWP for the employed wavelength.

In order to accomplish the wave plate characteri-
zation by means of the spatial phase stepping tech-
nique (Subsection 3.B) we employ three photodiodes
and a three-step algorithm. The photodiodes were
distributed along the detection plane x � xD, and by
means of a linear modulation performed by a bire-
fringent phase shifter, we normalize the photodiode
means and amplitudes [related to a�xD; yi; zi� and
b�xD; yi; zi� of Eq. (14)] and also adjust their relative
phase shift to π∕2.

Figure 6 shows the results obtained by means of
the two methods proposed here and a theoretical
calculation of the phase shift Δϕv−h�Ω� introduced
by a quarter-wave plate.

The retardance of the wave plate ΔϕWP is approx-
imately π∕2 for λv � 543.5 nm according to criterion
previously discussed. The theoretical line (black solid
line, Fig. 6) allows us to the appreciate some system-
atic errors associated with the experiment. However,
the results obtained by means of both methods and

the theoretical model of Eq. (16) are comparable. The
differences between the theoretical model, associated
with a perfect rotation of a quarter-wave plate, and
the FTM (Subsection 3.A) are mainly due to the lack
of coincidence of the rotation axis and the normal
to the wave plate. In the case of the simultaneous
phase stepping technique (Subsection 3.B), there is
an additional difference due to the decalibration of
the phase steps between the photodetectors.

Even though we apply modest processing tech-
niques that require minimal hardware and software
capabilities, we obtain good results. In addition, the
higher the number of photodetectors, the more robust
the system.We evaluate almost at the limit where the
estimation of the carrier frequency kz0 is easy to find
by means of a CCD (i.e., a large number of photode-
tectors). When the number of photodiodes is smaller,
the estimation of kz0 is harder, and extreme care
should be taken in positioning them. However, it is
possible to employ self-calibrating algorithms and
take advantage of the quasi-linear phase distribution
of the quartz crystal employed [30].

5. Conclusions

We proposed to employ uniaxial crystals as phase
demodulators for time-dependent phase unknowns.
The modulating system or modulator is required to
introduce a phase variation between orthogonal com-
ponents of the electric field of a laser beam. Distinct
techniques and modulators, that comply with this,
can be implemented, such as polarized Michelson or
Mach–Zehnder interferometers as well as birefrin-
gent interferometers of different kinds and for
different purposes. Finally, the modulated light goes
through a polarization interferometer consisting of
a plane-parallel uniaxial plate. One of the main

Fig. 5. 1D fringe movement (intensity average along columns).
The blue squares correspond to the fast axis when placed
horizontally (angle of rotation 14°), the green circles correspond
to a point in the middle (angle of rotation 60°), and the red
crosses correspond to the fast axis when placed vertically (angle
of rotation 104°).

Fig. 6. Phase modulated by a rotating quarter-wave retarder as a
function of the angle of rotation. Red circles correspond to the
phase estimation by means of the Fourier transform method
and a digital camera (Subsection 3.A). Blue squares correspond
to the phase shifting estimation performed with a three-photo-
diode linear array (Subsection 3.B). Black solid line corresponds
to the theoretical calculation of an ideal rotation of a quarter-wave
retarder.
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features of this plate is its ability to hold a constant
(time-invariant) phase distribution over the detec-
tion plane. This birefringent crystal used for cono-
scopy may not need to be accurately cut. In the
case of the method described in Subsection 3.A, it
is only necessary for the birefringent plate to provide
interferograms with a distinguishable spatial car-
rier. For quartz, this condition is achievable if the
optical axis is close to 45° from the interfaces. How-
ever, tolerances can also be deeply studied by means
of Eqs. (2)–(6) [4].

The case study presented here corresponds to a
wave plate characterization, which is very important
for polarization control, and allows the comparison
between two different techniques that employ the
same working principle. Although the wave plate
characterization presented here is a useful and in-
expensive laboratory practice, the demodulator itself
is also of great interest. However, some of its capabil-
ities have not been fully tested. The implementation
with fewer detectors proposed here leads to a poten-
tially faster demodulator. Since there is no temporal
carrier frequency, the complete bandwidth of the
photodetector and amplifier can be exploited. There-
fore, the demodulator bandwidth is increased,
allowing it to track faster signals.

The results obtained here are based on a robust
common path crystal interferometer that leads to the
future development of a different field of phase esti-
mation. However, the usual ambitions are still the
goals to achieve: accuracy, resolution, speed, etc.
Different applications in a variety of disciplines such
as ultrasonics and communications as well as hand-
held field equipment can benefit from its capabilities.
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