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Demonstration of a spectrally scanned holographic Stokesmeter
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Abstract
A holographic Stokesmeter (HSM) utilizes the inherent polarization sensitivity of volume gratings to determine all the Stokes parameters of input beams. A unique feature of the HSM is that it can be designed for spectral multiplexing at a high speed. Here, we report the
demonstration of such a spectrally scanning HSM for two diﬀerent wavelengths. Integration of such an HSM with a polarimetric imaging system will produce a device of potentially signiﬁcant practical usage: a multi-spectral Stokes parameter camera (MSPC).
Ó 2007 Elsevier B.V. All rights reserved.
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Polarimetric imaging [1–3] can discriminate an object
from its background by taking advantage of the fact that
a given object emits and scatters light in a unique way
depending on its polarimetric signature [4]. This polarimetric signature is dependent upon several characteristics of
the target, including the roughness of the target surface
and the shape and orientation of the target. On the other
hand, the spectral signature of an object depends on properties such as surface coatings or chemical compositions.
This speciﬁc combination of reﬂected and absorbed beams
at varying wavelengths can be used to identify an object
uniquely [5,6]. In general, polarization and multispectral
imaging data are somewhat complementary because they
depend on diﬀerent optical characteristics of the object.
Thus, it is in principle possible to perform contrast enhancement of a scene by using both polarization and spectral
images of the scene. This type of imaging is potentially useful
in applications such as target recognition, remote sensing,
computer vision and scene discrimination [7–11].
Identifying the Stokes vector of a light ﬁeld completely
characterizes its polarization state. Current architectures
*

Corresponding author. Tel.: +1 847 491 2797.
E-mail address: jshen@ece.northwestern.edu (J.T. Shen).

0030-4018/$ - see front matter Ó 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.optcom.2007.05.023

for such a Stokesmeter include mechanical quarter wave
plate/linear polarizer systems, photo-detectors with polarization ﬁltering gratings etched directly onto the pixel, and
liquid crystal variable retarders [12–14]. While these architectures can be limited in speed or by the lack of an ability
to determine the complete Stokes vector, a holographic
Stokesmeter (HSM) [15] determines all the four Stokes
parameters in parallel and at a high speed, limited primarily by the detector speed and the signal-to-noise ratio.
Azzam and others [16,17] have proposed grating-based
spectral Stokesmeters, but these devices are based upon
thin gratings and the large spectral bandwidth of these
gratings makes it diﬃcult to implement a polarization
imaging system [18].
The compact architecture of the HSM we proposed earlier, as shown in Fig. 1, consists of a pair of spatially separated gratings in a single substrate, two electro-optic
modulators, and a single imaging system [19]. A pair of
scanning mirrors are needed when the HSM is designed
to perform spectrally multiplexed polarimetry.
We recall brieﬂy [15,18,19] that the polarization imaging
function can be analyzed using a set of Mueller matrices for
each grating. The resulting measurement matrix relates the
observed signals to the incident Stokes vector as follows:
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Fig. 1. (a) Polarimetric imaging system using two EOMs and a single Holographic substrate (b) input voltage signal scheme of two EOMs (EOM: electrooptic modulator, PBS: polarization beam splitter, HOE: holographic optical element, M: mirror, L: lens, FPA: focal plane array, FPGA: ﬁeld
programmable gate arrays).
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Here, (I, Q, U, V) represents the input Stokes parameters to
be determined. These values are found by making measurements of the diﬀracted beams during two time periods as
shown at the bottom of Fig. 1. During the interval T1, It1
(It2) are found from the diﬀracted intensity from the 1st
(2nd) grating. It3 (It4) is the diﬀracted intensity from the
1st (2nd) grating during the interval T2. The electro-optic
modulators, active during T2, serve to interchange the U
and V parameters as described in reference [19]. A1, A2
(B1, B2) characterize the diﬀraction eﬃciencies of the two
gratings for s(p)-polarized input beams, taking into
account the Fresnel reﬂections and transmissions at the
interfaces. The angle c1 (c2) denotes the rotation of the substrate containing grating 1 (2). By measuring all four diffracted intensities from the holographic optical element
(HOE) for each pixel of two focal plane arrays during
interval T1 and T2, we can construct the polarimetric
image, by processing the signals with precalibrated ﬁeld
programmable gate arrays, for example.
The spectral resolving function of this design is achieved
by multiplexing several gratings in each spatial location of
the HOE. Each grating would be designed to produce a diffracted beam orthogonal to the substrate for a speciﬁc
band of frequencies at a speciﬁc angle of incidence.
Fig. 2a and b illustrate the geometry of such an HSM during the writing step. In this ﬁgure, n1 and n2 are the indices
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of refraction outside and inside the substrate, respectively.
For one of the gratings (Fig. 2a), 2h0 is the angle between
the two writing beams. 2h00 shows the corresponding angle
inside the substrate. Similarly, for the other gratings
(Fig. 2b), 2h1 is the angle between the writing beams, and
2h01 is the corresponding angle inside the substrate. Both
gratings are written with light ﬁeld of a single color (kG).
From the Bragg condition for a thick hologram, the grating periods for the two gratings are given by
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In the reading step, an input beam at kG incident at angle
2h0 will produce a diﬀracted beam perpendicular to the
substrate for the ﬁrst grating, as shown in Fig. 2c. For
the second grating, to be read at a diﬀerent wavelength
(kR), we can ensure that the diﬀracted beam will be perpendicular to the substrate by choosing the proper value of 2h1
and d. The grating period of the second grating will have
the following relations for two diﬀerent wavelengths in order to satisfy the Bragg condition as shown in Fig. 2d:
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Fig. 2. (a) Writing condition with Nd–Yag laser beam (532 nm) for grating 1 (b) Writing condition with Nd–Yag laser beam (532 nm) for grating 2 (c)
Reading condition with Nd–Yag laser beam (532 nm) for grating 1 (d) Reading condition with He–Ni laser beam (633 nm) for grating 2. (K0, K1: the
grating periods, G: Nd–Yag laser, R: He–Ni laser).
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where n02 ðn01 Þ is the refractive index inside (outside) the substrate for the writing wavelength of kR. Therefore, an input
beam at kR incident at angle 2hR for the 2nd grating
 0
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In order to demonstrate the feasibility of the spectrally
multiplexed Stokesmeter, we wrote two angle-multiplexed
gratings in both spatial positions of a 2 mm thick
MemplexÒ [24] sample with a 532 nm frequency doubled
Nd:YAG laser using the rotation angles of c1 = 0° and
c2 = 4° for the substrate. To simplify the analysis, we chose
the same writing angles of 2h0 and 2h1  48° for each grating, and a rotation angle of d  5.1° from Eq. (6) for the
writing condition. By scanning the angle of incidence
between 48° and 58.2° for wavelength of 532 nm and
633 nm, the output diﬀracted beams orthogonal to the
HOE have been produced.
Fig. 3 shows the measured diﬀraction eﬃciencies from
the two gratings in a thick hologram for two diﬀerent

2hR ¼ sin1

532nm : 1st grating

Diffraction efficiency

will produce a diﬀracted beam orthogonal to the substrate.
Using this method, we can create many angle-multiplexed
gratings at the same location in a HOE of our compact device, where the maximum number of gratings would be limited by the M/# of the material [20,21]. Thus, by scanning
the angle of hR without changing the location [22], it is possible to produce a spectrally resolved polarimetric image for
a desired wavelength band. In principle, there can be as many
wavelength bands as the M/# [20,21] (which can be as high as
40 [23]). One can choose to write a number of gratings larger
than the M/# at the expense of the diﬀraction eﬃciency,
which in turn will reduce the signal-to-noise ratio.
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Fig. 3. Diﬀraction eﬃciencies vs. incident polarization of the two anglemultiplexed gratings, shown for four diﬀerent contrast ratios (CR).
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and the standard deviations of I, Q, U and V using this compact architecture for each wavelength (532 nm, 633 nm). The
average values of the Stokes parameters for each wavelength
are approximately equal to the actual values within the error
range. This shows the feasibility of a spectrally multiplexed
HSM in its compact architecture. One of the interesting
applications for this device will be a multi-spectral Stokes
parameter camera, which will consist of the spectrally scanning HSM in front of the imaging system, and be equipped
with an FPGA based processor. The output of this camera
will be four Stokes parameter images for any given spectral
band.
In conclusion, we have demonstrated a spectrally scanned
HSM, as a variation of the compact HSM developed earlier,
by measuring arbitrary Stokes parameters of input beams for
two diﬀerent wavelengths. The ability to combine spectral
discrimination with polarization imaging in a single device
makes this HSM a unique device of signiﬁcant interest: the
multi-spectral Stokes parameter camera (MSPC). Such a
device is expected to be of widespread practical utility.
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Fig. 4. The average values and the standard deviations of I, Q, U and V
measured by the compact architecture of HSM for three diﬀerent
polarization states of the input beams (532 nm: s, 633 nm: d).

wavelengths of 532 nm and 633 nm. These diﬀraction eﬃciencies yield contrast ratios of 53.3% and 49.5% for
532 nm, and of 71.9% and 74.7% for 632 nm at two spatially separated locations. Based on this data, we can construct the measurement matrix of Eq. (1) for each
wavelength. Here, we considered three diﬀerent polarizations of the input beam: horizontal-linear [1, 1, 0, 0], linear
[1, 0.94, 0.35, 0], and elliptical [1, 0.94, 0.17, 0.30]. Note
that since operating speed is not an issue for this proofof-principle demonstration, we have implemented the
HSM by using a quarter wave plate and a half wave plate
instead of a pair of EOMs, which are necessary only for high
speed operation. Fig. 4 displays the measured average values
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