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Abstract
A holographic Stokesmeter has the potential to be useful in high-speed polarization imaging applications. Highly
polarization-sensitive gratings are an important component in a robust holographic Stokesmeter. We demonstrate a
set of individual holographic gratings in a thick substrate displaying a high contrast in diﬀraction eﬃciency as a function of the polarization of the read beam. We conﬁrm that the observed dependence is consistent with the coupled-wave
analysis of such gratings. In addition, we performed a numerical analysis of the noise tolerance of such a Stokesmeter,
and suggest a heterodyne architecture to further enhance signal-to-noise ratio.
 2004 Elsevier B.V. All rights reserved.
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Polarization imaging [1–3] can discriminate a
target from its background in situations where
conventional imaging methods fail. Identifying
the components of the polarization of the light
reﬂected from the target allows one to construct
an image that corresponds to the targetÕs unique
polarimetric signature. This is useful in applica*
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tions ranging from target recognition to vegetation mapping [4–7]. Identifying the Stokes vector
of the scattered light completely characterizes
the polarization of the light [8]. Current architectures for such a Stokesmeter include mechanical
quarter-wave plate/linear polarizer combinations,
photo-detectors with polarization ﬁltering gratings etched onto the pixels, and liquid crystal variable retarders [9–13]. The mechanical system is
limited by the fact that it must rotate the angle
between the wave-plate and polarizer before
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only a very narrow range of wavelengths (typically much less than 1 nm) [17]. This diﬀerence
is important for constructing a polarimetric image. For the thin grating Stokesmeter, because
of the angular spread, at a given detector point
there will be a signal due to one wavelength at
the expected diﬀraction order plus some signal
due to a diﬀerent wavelength from a neighboring
diﬀraction order. This will present a noisy image
and will be diﬃcult to overcome. Our thick holographic Stokesmeter will not have this problem,
and thus will be more suited to polarimetric
imaging.
A holographic Stokesmeter can be used to
resolve all four Stokes components in parallel
and at a high speed [18]. For a typical thick holographic grating, the response time of the device
can be on the order of 10 ps. This removes the device as the bottleneck in the imaging system and
instead the desired signal-to-noise ratio and detector parameters set the upper limit on the speed of
the polarimeter. The details of this Stokesmeter are
presented in [18]. Here, it is instructive to recall
brieﬂy the essential features (see Fig. 1).
The architecture for a holographic Stokesmeter
utilizes the polarization-dependence of thick holographic gratings to resolve the components of the
Stokes vector. Four gratings are used with two angles of rotation. The scattered light is split and
half is diﬀracted from the ﬁrst two gratings while
the other half passes through a quarter-wave plate
before diﬀracting from the remaining two gratings. A Mueller matrix analysis of the architecture
leads to a measurement matrix involving the diffraction eﬃciencies for s- and p-polarized light of
the four gratings (weighted by the appropriate
Fresnel transmittances) and the rotation angles
of the gratings

determining each Stokes parameter. Polarization
gratings cannot currently resolve the full Stokes
vector. The liquid crystal (LC) variable retarder
system is analogous to the mechanical waveplate/polarizer system with an LC display replacing the waveplates. The process is still sequential
and the time required to reset the display limits
the device to 10 Hz. Systems based on the waveplate/polarizer architecture that split the beam
into four parts and calculate the parameters in
parallel require four times as many optical components as a system based on a single holographic
substrate, beamsplitter, and waveplate.
Grating based polarimeters have been proposed and demonstrated for use in spectroscopic
ellipsometry applications by Azzam and co-workers [14,15] and by Todorov and Nikolova [16].
These types of polarimeters are based on measuring the intensity of multiple orders of diﬀraction
from a thin grating (two such gratings in the case
of Todorov and Nikolova). These devices also utilize the polarization properties of gratings, however, several key diﬀerences exist. First, these
polarimeters are based on measuring the intensity
of multiple orders of diﬀraction from a thin grating. Because only four orders are needed for
measurement, any energy diﬀracted into other orders is wasted. In our case of the thick holographic Stokesmeter, it is simple to design the
hologram in such a way as to divide the incident
power into the diﬀracted beams with no energy
being directed into unused orders. Another diﬀerence between thick and thin gratings is evident in
their spectral selectivity. Thin gratings have a
large spectral bandwidth, so for polychromatic
sources, each diﬀracted order will have an angular
spread associated with it. By contrast, the thick
hologram acts as a natural spectral ﬁlter, allowing
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Fig. 1. Diﬀraction from a thick grating.

where the coeﬃcients Ai and Bi depend on perpendicular and parallel components of the diﬀraction
eﬃciency for the ith grating and cj are the angles
of rotation. It14 are the four measured intensities
that are required and I, Q, U and V are the four
Stokes components to be determined. In order for
the matrix in (1) to be well-conditioned [19,20],
the diﬀraction eﬃciencies of the four gratings need
to be chosen properly along with the other parameters. Given that the coeﬃcients of the matrix in (1)
depend on polarization-sensitive diﬀraction it can
be seen that in order to design a robust system,
one must be able to control the amount of diﬀraction for each polarization very carefully. For example, it may be desirable for A–B to be a large
negative quantity, which requires a grating that
ideally diﬀracts only p-polarized light. One might
also require A–B to be a large positive quantity,
requiring a grating that ideally diﬀracts only s-polarized light. We demonstrate preliminary results
for such gratings and show that the polarization
dependence of these gratings can be accurately
described by coupled-wave analysis.
The derivation of the coupled-wave equations
for arbitrary polarization is straightforward and
can be found in [17]. Here, we present the result
o
U i ¼ ijð^
ui  ^
ud ÞU d ;
oz
ð2Þ
o
cos hd U d ¼ ijð^ui  ^
ud ÞU i :
oz
^i  u
^d ¼ 1, the equations reduce
Note that for u
to the case of perpendicular polarization. The diffraction eﬃciency for general polarization follows
from Eq. (2):
cos hi
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For the case of parallel polarization the dot
product ^ui  ^ud ¼  cosð2ðhi  /ÞÞ, and the equations for the diﬀraction eﬃciency of each polarization are as follows:
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One can observe what can be considered a holographic Brewster angle for geometries such that
hi  / = 45.
Studies of the polarization dependence of the diffraction eﬃciency have been carried out for the case
of achieving elimination of one unwanted polarization, using the holographic Brewster angle method,
for the purpose of creating holographic optical
elements [21,22]. We are interested in establishing
the precision with which the observed polarization
diﬀraction contrast matches the analytic theory.
In particular, this requires an indirect determination of the index modulation amplitude from the
diﬀraction eﬃciency of one polarization. This value
is then used to predict the diﬀraction eﬃciency at
the other polarization, in order to compare with
the experimental value. Finally, this is the ﬁrst time
where the polarization contrast gratings have been
made in the Memplex material, which is a key candidate for realizing the Stokesmeter.
The Memplex material we use is a dye-doped
photopolymer with an index of refraction of
1.482 and a sample thickness of 2 mm. Given the
index of this material, it is not possible to achieve
the required hi  / = 45 condition using beams
incident on the same surface. However, if one were
to use a cubic geometry the condition is easily
achievable. The gratings used here were written at
532 nm with writing angles of 52.5 and 57 to produce a slanted grating. Reading was done at the
same wavelength and at 57. Six individual gratings
were written using diﬀerent exposure times. The
diﬀraction eﬃciency was then measured for various
angles of the polarization of the incident read
beam. The readout setup is shown in Fig. 2.
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Fig. 2. Readout setup.

Theoretical results were calculated using Eq. (4).
The value of n 0 was calculated using Eq. (4) with
measured values of the diﬀraction eﬃciency and
compensating for Fresnel reﬂection loss.
The gratings were read at the Bragg angle, so
the angles of the incident and diﬀracted beam are
known and were used to determine Fresnel reﬂections. These reﬂections were taken into account
and Eq. (4) was used to determine the theoretical
diﬀraction eﬃciency. The theoretical and experimental results are plotted in Fig. 3 without using
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Fig. 3. Diﬀraction eﬃciency vs. polarization. 0 and 90 are s-polarized and 45 is p-polarized. Dashed line indicates theoretical
calculations.
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exhaustive search through the entire parameter
space is required to fully optimize the measurement matrix. The variance of the noise used was
25, 30, 35 and 40 dB compared to a maximum normalized intensity of 1.
The results for case one are shown in Fig. 4. We
see from the ﬁgure that as the contrast ratio increases, the average percent error decreases, with
limiting gains in the improvement past 50% contrast. These error results are speciﬁc to the chosen
input Stokes vector, but the general trend is the
same for an arbitrary input.
The results for case two are shown in Fig. 5.
This case shows the same trend of decreasing error
as the contrast ratio increases. Note the unusually
large error for contrast ratio values less than 50%
in this case. This is due to the fact that the noise is
added to the measurement matrix in this scenario,
and for average noise values that are larger than
the diﬀerence between the parallel and perpendicular polarization components of the diﬀraction eﬃciency, the sign of the terms Ai + Bi in Eq. (1) will
change. This can lead to very large errors in the
calculation. As the contrast ratio increases, this effect lessens and the percent error rates approach
normal values.
As we can see from the data in Figs. 4 and 5, for
contrast ratios of greater than 50%, a relatively
noise-tolerant holographic Stokesmeter can be

any free ﬁtting parameter. Note that the experimental deviation from the coupled-wave theory
is very small. These results also demonstrate a high
degree of contrast in diﬀraction eﬃciency between
the s- and p-polarizations, greater than 70% in
some cases.
Two separate numerical simulations were performed in order to simulate the performance of
the holographic Stokesmeter in the presence of
noise. The ﬁrst case considered the eﬀect of additive white Gaussian noise (AWGN) added to the
four intensity measurements. The measurement
matrix is assumed to be known without error.
The second case considers no noise in the intensity
measurements, but includes noise in the measurement matrix itself. For each of these cases a variety
of Stokes vectors were tested. Shown here are the
results for the Stokes vector ½ 1 0:6 0 0:8 
averaged over 200 runs. Percent error is plotted
versus the contrast ratio of the gratings. The grating parameters used in the simulation were in favor of stronger diﬀraction of perpendicular
polarization for the ﬁrst and fourth grating and
in favor of stronger diﬀraction of parallel polarization for the second and third grating. The rotation
angles used were 5 and 40. Using these grating
parameters leads to an improvement of the measurement matrix, however, these parameters do
not necessarily represent the optimal set. A more

Percent Error versus Contrast Ratio, AWGN in intensity measurements
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Percent Error versus Contrast Ratio, AWGN in measurement matrix
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Fig. 5. Percent error plotted versus contrast ratio for each Stokes parameter for the case of AWGN in the measurement matrix. The
separate lines in each graph represent the diﬀerent noise levels: + = 25 dB; s = 30 dB; · = 35 dB; h = 40 dB; * = no noise.

constructed depending on the noise level and the
desired percent error. The gratings shown here
demonstrated a contrast ratio of above 70%, indicating that they will be adequate for use in constructing a preliminary version of the
holographic Stokesmeter.
If a further improvement in signal-to-noise ratio
is desired, a heterodyne receiver conﬁguration can
be easily added to the holographic Stokesmeter
architecture. This architecture is illustrated in
Fig. 6. The four diﬀracted beams represent the four
intensities to be measured. These beams are mixed
with a strong local oscillator using polarizing
beamsplitters. The local oscillator is chosen to be

linearly polarized at 45 so that both the perpendicular and the parallel components of the diﬀracted
light will be mixed with the local oscillator evenly.
Each of the eight beams is then sent through a
standard heterodyne receiver architecture and the
value of the perpendicular and parallel components
of each of the four diﬀracted beams is recovered.
These can then be used in conjunction with the
measurement matrix to determine the four Stokes
parameters. The heterodyne architecture has the
advantage of helping to overcome the system noise
and improve the signal-to-noise ratio by providing
additional input intensity.
We have demonstrated that highly polarizationsensitive holographic gratings required for a holographic Stokesmeter can be made. These gratings
can be accurately described by coupled-wave analysis. We have performed a numerical analysis of
the noise tolerance of the Stokesmeter, and the
gratings demonstrated will allow the construction
of a preliminary holographic Stokesmeter. The
use of a heterodyne receiver architecture can lead
to additional gains in the signal-to-noise ratio.
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