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Abstract: A Stokes white-light channeled imaging polarimeter using Savart plates and a
polarization Sagnac interferometer (IPSPPSI) is presented, which provides an effective solution
to the problem of channel aliasing in broadband polarimeters. The expression for the light
intensity distribution and a method to reconstruct polarization information are derived, and an
example design for an IPSPPSI is given. The results reveal that a complete measurement of the
Stokes parameters in broad band can be achieved with a snapshot on a single detector. The use
of dispersive elements like gratings suppresses broadband carrier frequency dispersion so the
channels in the frequency domain do not affect each other, ensuring the integrity of information
coupled across the channels. Furthermore, the IPSPPSI has a compact structure and does not
employ moving parts or require image registration. It shows great application potential in remote
sensing, biological detection, and other fields.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Traditional imaging techniques use cameras to measure light intensity incident on photosensitive
surfaces to record information about the color and shape of the imaged object. Polarization
imaging technology can record not only the intensity but also the polarization of the optical fields,
including the degree of polarization [1], the polarization angle [2], the polarization ellipticity
[3], and so on, which significantly increase the amount of information. The polarization state of
electromagnetic waves can be described by the four Stokes parameters. Many areas like space
exploration [4], biomedicine [5,6], and environmental testing [7,8] require the instantaneous
acquisition of the Stokes parameters.

Stokes imaging polarimeters can identify either the partial or complete polarization state of an
object by determining the Stokes parameters. To completely characterize the Stokes parameters
requires sequentially recording light intensity from the target with at least four different polarized
states, for example by using a rotating retarder, a linear polarizer, an imaging lens, and a detector
[9,10]. Such time-sequential measurements are compatible with traditional spectrometers, but
there are moving elements in the optical path, which lead to poor system stability and an
inability to measure moving objects or scenes containing motion. There are also time-sequential
polarimeters without moving parts, which change the polarization states of light by applying
devices such as liquid-crystal variable retarders [11,12] or piezoelectric retarders [13], and so on.
However, these polarimeters still cannot acquire multiple polarization parameters at once and

#487423 https://doi.org/10.1364/OE.487423
Journal © 2023 Received 10 Feb 2023; revised 13 Apr 2023; accepted 19 Apr 2023; published 15 May 2023

https://orcid.org/0000-0003-1975-1261
https://orcid.org/0000-0003-0669-8908
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.487423&amp;domain=pdf&amp;date_stamp=2023-05-17


Research Article Vol. 31, No. 11 / 22 May 2023 / Optics Express 18178

have a weak ability for dynamic measurements. In many applications, the measure of polarization
parameters is obtained from moving platforms [14,15].

To measure moving targets, the apparatus must acquire multiple light intensities in parallel.
Instruments based on division of focal plane [16,17], division of amplitude [18–21], division of
aperture [22–24], and channeled imaging polarimeters [25–27] can obtain all or several Stokes
parameters within a single measurement (a snapshot). The channeled imaging polarimeter has
an intrinsic advantage compared with other listed polarimeters because it possesses inherent
image registration: the Stokes vectors are spatially dependent and modulated onto various
interferometrically generated carrier frequencies [28].

The method of encoding Stokes parameters onto spatial carrier frequencies was proposed
by K. Oka [29], who established a complete Stokes imaging polarimeter [30] through the use
of optimized Wollaston prisms. On the basis of channeled modulated polarization imaging
technology, different polarization interference imaging polarimeters have been designed using
Savart plates [31], polarization Sagnac interferometers [32], polarization gratings [33], and
so on. However, imaging polarimeters with Savart plates are only suitable for operation in
quasi-monochromatic light conditions because of carrier frequency dispersion. The narrow
bandwidth limits the application range of these polarimeters and often adversely affects the
signal-to-noise ratio. Michael W. Kudenov achieved polarization imaging over the white light
range (400-700 nm) by using gratings to compensate dispersion for the carrier frequency, but he
only measured partial Stokes parameters of the target in a snapshot [28].

In this paper, we present the theoretical development of a new type of channeled modulated
snapshot polarimeter working across the white light range, which we call the Imaging Polarimeter
using Savart Plates and Polarization Sagnac Interferometer (IPSPPSI). The IPSPPSI is capable
of acquiring the complete, two-dimensional distribution of the Stokes polarization parameters in
broadband. In addition, the instrument possesses a simple and compact structure, high stability,
and low cost. This paper describes the principles of the IPSPPSI in detail and provides a
theoretical design. The polarimeter is numerically simulated in the range from 400 nm to 700 nm,
and finally, the simulation results are presented.

2. System model

The basic configuration of the IPSPPSI is depicted in Fig. 1. The IPSPPSI consists of Savart
plates (SP), a wire-grated polarizing beam splitter (WGBS), two reflective blazed gratings (G1
and G2 in Fig. 1), a linear polarizer (LP), an imaging lens, and a CCD camera. The proposed
polarization imager generates a spatial shear parallel to the y-axis through the Savart plates and a
shear parallel to the x-axis using the Sagnac interference structure (comprising WGBS, G1, and
G2). The Savart plates comprise two uniaxial crystals of the same thickness, which are rotated
45° clockwise around the z-axis, as shown in Fig. 2(a). The optic axes (indicated by the blue
dashed line in Fig. 2(a)) of the two Savart plates are located in the ABCD plane and the ADEF
plane, respectively, and at an angle of 45 degrees with the z-axis. The two mirrors of the classic
Sagnac interference structure are replaced with gratings G1 and G2, which are angled 67.5° from
the x-axis and the z-axis, respectively. G1 and G2 are the same distance from the WGBS. The
usual orientation of the WGBS is at a 45° angle to the x- and z-axes. The linear polarizer is
perpendicular to the direction of light transmission, and its polarization direction is 45°. The
CCD camera is placed in the focal plane of the imaging lens.

A geometric ray model was used to explore the system’s principles. The incident light undergoes
lateral shear after transmission through the SP, splitting into two orthogonally polarized beams.
Because the SP rotates 45° around the z-axis, the polarization directions of the two beams also
change, with each beam polarizing at 45° with respect to the x- and y-axes, as illustrated in
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Fig. 1. Optical layout of an IPSPPSI with ray tracing at three representative wavelengths.
“oe” and “eo” denote two possible changes in polarization through the Savart plates (SP):
“oe” indicates a change from ordinary (o) to extraordinary (e) light, and “eo” indicates the
reverse. ∆1 and ∆2 represent the shearing distances caused by the Savart plates and the
polarization Sagnac interferometer, respectively.
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Fig. 2. (a) Schematic of the Savart plates (SP), including arrows that indicate the light
propagation direction. (b) The polarization directions of the output light from the SP.
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Fig. 2(b). The shear distance ∆1 produced by the SP is [34]:

∆1 =
√

2
n2

o − n2
e

n2
o + n2

e
t (1)

where ne and no are the extraordinary and ordinary refractive indices of the SP, respectively. t
represents the thickness of a single Savart plate. Because the SP are birefringent, a geometric
optical path difference (OPDsp) is created between the ordinary and extraordinary rays, which
can be expressed as [35]:

OPDsp =
√

2t
n2

o − n2
e

n2
o + n2

e
cosω sinα (2)

where ω denotes the angle between the plane of incidence and the principal section of the Savart
plates, and α is the incident angle. Normally ω= 0, so Eq. (2) can be simplified to:

OPDsp = ∆1 sinα (3)

Similar to the SP, the WGBS divides the light into two linearly polarized beams perpendicular
to each other, with one transmitted and the other reflected.

G1 and G2 are identical blazed diffraction gratings. It is well known that:

d(sin i − sin θ) = mλ (4)

where d is the period of G1 and G2, i is the incident angle, θ is the diffraction angle, m is
the diffraction order, and λ is the wavelength. Light is spatially modulated by the polarization
Sagnac interference structure (i.e. WGBS, G1, and G2), producing a shear displacement ∆2
perpendicular to the SP. Assuming the diffraction angle is small, then ∆2 has the form [28]:

∆2 =
2mλa

d
(5)

where a denotes the distance between G1 and G2. Therefore, under certain conditions, the shear
∆2 generated by the polarization Sagnac interferometer is proportional to the wavelength. The
optical path difference (OPDSag) produced by the polarization Sagnac interferometer is similar to
that of the SP. It can be written as follows:

OPDSag = ∆2 sin β (6)

where β is the incidence angle. The input light undergoes spatial modulation in different
orientations after passing through the SP, the WGBS, and G1 and G2, splitting from one beam
into four. The polarizations of these rays become parallel after passing the linear polarizer.
Finally, the rays are imaged on the CCD camera using the lens to obtain an interference fringe
image.

The Stokes parameters can be defined by the following formulae:

S0 = ⟨ExEx
∗⟩ +

⟨︁
EyEy

∗
⟩︁

S1 = ⟨ExEx
∗⟩ −

⟨︁
EyEy

∗
⟩︁

S2 =
⟨︁
ExEy

∗
⟩︁
+
⟨︁
Ex

∗Ey
⟩︁

S3 = j
(︁⟨︁

ExEy
∗
⟩︁
−
⟨︁
Ex

∗Ey
⟩︁)︁ (7)

where< > indicates the time average and * signifies conjugate calculations. The two-dimensional
distribution of the Stokes parameters of the input image is defined as S0(x, y), S1(x, y), S2(x, y),
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and S3(x, y), where x, y are spatial coordinates in the scene. Then the light intensity distribution
acquired by the CCD camera is:

I(x, y) =
1
2

S0(x, y) +
1
2

S1(x, y) cos(φ2 − φ1)

+
1
4

S2(x, y) cos(φ3 − φ1) +
1
4

S3(x, y) sin(φ3 − φ1)

−
1
4

S2(x, y) cos(φ4 − φ2) −
1
4

S3(x, y) sin(φ4 − φ2)

(8)

where φ1, φ2, φ3, φ4 are the cumulative phases of each ray. Under ideal conditions, φ1 through
φ4 can be written as [36]:

φ1 = − 2π
λf
∆2x
2 , φ2 =

2π
λf
∆2x
2

φ3 =
2π
λf (
∆2x
2 + ∆1y), φ4 =

2π
λf (−

∆2x
2 + ∆1y)

(9)

where f is the focal length of the imaging lens. Replacing the phase factors φ1 to φ4 in Eq. (8)
with these expressions produces:

I(x, y) =
1
2

S0(x, y) +
1
2

S1(x, y) cos(2πU2x)

+
1
4

S2(x, y) cos[2π(U2x + U1y)] +
1
4

S3(x, y) sin[2π(U2x + U1y)]

−
1
4

S2(x, y) cos[2π(U2x − U1y)] +
1
4

S3(x, y) sin[2π(U2x − U1y)]

(10)

The spatial carrier frequencies (frequencies of the interference fringes) represented by U1 and
U2 in Eq. (10) are related to the SP and the polarization Sagnac interferometer, respectively. U1
and U2 are:

U1 =
∆1
λf =

√
2t(n2

o−n2
e )

λf (n2
o+n2

e )

U2 =
∆2
λf =

2ma
df

(11)

Aside from the wavelength λ, the structural parameters of the IPSPPSI can be regarded as
constants. Consequently, U1 changes when the input wavelengths change, while U2 is invariant
within the spectral range 400-700 nm.

As illustrated in Eq. (10), S0 is a DC term unaffected by the carrier frequencies; S1(x, y)
implicitly depends on x, while S2 and S3 are spatially modulated by U1 and U2 simultaneously.
Hence, the Stokes parameters except S0 are amplitude-modulated onto several carrier frequencies.
As a result, Fourier filtering can be applied to decouple the polarization information in the
frequency domain and obtain different channels that contain the Stokes vectors. By taking
an inverse Fourier transform of the filtered carrier frequencies, or “channels,” it is possible to
demodulate the polarization information and extract the Stokes parameters [37]. Performing a
Fourier transform on the interference pattern I(x, y) yields:

F [I(x, y)] = S0(x,y)
2 ∗ δ(fx, fy) + 1

4S1(x, y) ∗ [δ(fx + U2, fy) + δ(fx − U2, fy)]

+ 1
8 [S2(x, y) + jS3(x, y)] ∗ δ(fx + U2, fy + U1)

+ 1
8 [S2(x, y) − jS3(x, y)] ∗ δ(fx − U2, fy − U1)

− 1
8 [S2(x, y) − jS3(x, y)] ∗ δ(fx + U2, fy − U1)

− 1
8 [S2(x, y) + jS3(x, y)] ∗ δ(fx − U2, fy + U1)

(12)

where δ donates the Dirac delta function, and f x and f y are the angular spectral components of x
and y, respectively.
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According to Eq. (12), there are seven channels in the Fourier domain. Their distribution is
shown in Fig. 3, where red boxes indicate the channels required to demodulate the polarization
parameters. The S2 and S3 Stokes vectors are convolved by two shifted delta functions (U1 and
U2), and the S1 parameter is influenced by the delta function of U2, while S0 is unmodulated.
Inverse Fourier transformation of channels C0, C1, and C2 yields:

F −1(C0) =
1
2

S0(x, y) (13)

F −1(C1) =
1
4

S1(x, y) exp(j2πU2) (14)

F −1(C2) = −
1
8
(S2(x, y) + jS3(x, y)) exp(−j2πU1) exp(j2πU2) (15)

Fig. 3. The two-dimensional interference pattern when the incident light is monochromatic
(550 nm). Channels C0-C2 are labeled and indicated by red squares. The diffraction order is
considered to be 1; the grating separation a is 35 mm; the imaging lens focal length f is 100
mm; the pixel size is 13 µm, and the dimensions of the sensor are 1024× 1024 pixels.

According to Eq. (13), S0 can be obtained directly by Fourier transforming twice. The
exponential phase factors exp(-j2πU1) and exp(j2πU2) interfere with the extraction of S1, S2, and
S3. However, these phase factors are determined by the polarimeter parameters but independent
of the incident beams, so they can be decoupled using reference beam calibration. It is appropriate
in most cases to demodulate the Stokes parameters using a uniformly polarized image formed by
a linear polarizer oriented at 22.5° as the Ref. [38].

The complete Stokes vectors contained in the channels can be calculated using reference light
demodulation technology, and the unknown sample data are recovered as follows:

S0,reference,22.5◦ (x, y) = |F (C0,reference,22.5◦ )| (16)

S0,sample(x, y) = |F (C0,sample)| (17)

S1,sample(x, y) = ℜ

[︃
F (C1,sample)

F (C1,reference,22.5◦ )

S0,reference,22.5◦

S0,sample

]︃
(18)

S2,sample(x, y) = ℜ

[︃
F (C2,sample)

F (C2,reference,22.5◦ )

S0,reference,22.5◦

S0,sample

]︃
(19)



Research Article Vol. 31, No. 11 / 22 May 2023 / Optics Express 18183

S3,sample(x, y) = ℑ

[︃
F (C2,sample)

F (C2,reference,22.5◦ )

S0,reference,22.5◦

S0,sample

]︃
(20)

where ℜ and ℑ represent the real and imaginary parts of the expression.

3. Method of reconstruction

Previous applications of the polarization Sagnac interferometer to polarization imaging polarime-
ters in the white light range have been reported [39], but they can only obtain partial Stokes
parameters of the target in a single snapshot. Complete polarization information about the
target can be measured by including two Savart plates [40], but because of the limitations of the
operating principle—the carrier frequency of the SP varies with wavelength, resulting in channel
aliasing in frequency domain and decreased interference fringe visibility—can work well only
when light is quasi-monochromatic. The interference fringe period is the reciprocal of the carrier
frequency:

Tk =
1

Uk
, k = 1 or 2. (21)

In the IPSPPSI, the carrier frequencies along the x- and y-axes of the CCD are inconsistent,
resulting in different interference fringe periods in the two directions. Note that the SP consists
of birefringent crystals (like calcite), and according to Eq. (11), the refractive indices of ordinary
and extraordinary light are related to the spatial carrier frequency U1, which may affect the value
of T1. The refractive indices of ordinary and extraordinary light in a birefringent crystal are
calculated by (also taking calcite as an example) [41]:

n2
o = 1.73358749 +

0.96464345λ2

λ2 − 1.94325203/100
+

1.82831454λ2

λ2 − 120
(22)

n2
e = 1.35859695 +

0.82427830λ2

λ2 − 1.06689543/100
+

0.14429128λ2

λ2 − 120
. (23)

When λ varies from 400 nm to 700 nm, the fluctuation amplitude of no is 1.76% and that of ne
is 0.90%, so it is reasonable to ignore the effect of the refractive index on the fringe periods.
Therefore, T1 is not fixed because U1 varies with the wavelength of a broadband light source,
while T2 remains almost constant.

Simulated images of the white-light interference fringes and the channels in the interferogram
are shown in Fig. 4. Figure 4(a) and Fig. 4(b) are consistent with Eq. (21). Because of the broad
bandwidth, the profile along the y-axis of the polarization interference image (Fig. 4(b)) has that
there is no obvious periodicity. Figure 4(c) and Fig. 4(d) show the frequency domain distribution.
C0 is at zero frequency without being affected by the change in carrier frequency, but in order to
better observe the effect of broadband imaging on the remaining channels, the DC component
has been removed. The channels can still be clearly distinguished in white light. Compared with
the data in Fig. 3, the position of each channel on the x-axis has not changed, but S2 and S3
extend into lines along the y-axis. Matching the SP’s thickness and grating constants ensures
the integrity of the information contained in each channel, thus ensuring the high-precision
reconstruction of the Stokes parameters.
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Fig. 4. Simulation results for the white-light interference image profile and its angular
spectrum. (a) The image section at 0 of the x axis in the focal plane. (b) The image section at
0 of the y axis in the focal plane. (c) Fourier spectra of the 2D interference pattern produced
by the IPSPPSI. (d) Top view of (c).

4. Numerical simulation

To more intuitively demonstrate the advantages of the imaging polarimeter described in this paper,
specific structural parameters were chosen to simulate the model. The simulation is based on the
following parameters: t= 5 mm, no= 1.6613, ne= 1.4875, d = 28 µm, and f = 100 mm; the pixel
size is 13 µm, and the CCD pixel array is 1024× 1024. The reference data used for calibration
come from a uniformly polarized image formed by a linear polarizer at 22.5°, with standard
Stokes values of S1 = 0.707, S2 = 0.707, and S3 = 0. An image corresponding to a uniformly
polarized picture in white light with different polarization states was simulated. Figure 5 depicts
the variation of carrier frequencies along the x and y axes as a function of wavelength. The
positions of the seven channels on the x axis in the frequency domain do not change because
U2 is constant. The reconstructed Stokes and reference data are presented in Fig. 6. The RMS
deviations of the reconstructed values of S0, S1, S2, and S3 from the input values were calculated
for each pixel and summarized in Table 1; the parameter with the largest deviation is S2. The
reference and reconstructed data values are very close, with only 0.0126 mean RMS error.

Table 1. The RMS error between the reconstructed and the theoretical value of normalized Stokes
parameters for a uniformly polarized picture

Stokes parameter S0 S1 S2 S3

RMS error 0.0091 0.0043 0.0223 0.0145

Mean 0.0126
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Fig. 5. The carrier frequencies U1 (blue dashed line) and U2 (pink line) as a function of
wavelength along their respective axes.

Fig. 6. Comparison between the reconstructed Stokes parameters and standard values when
a 45° linear polarizer and a quarter-wave plate that rotates between 0° and 180° are added in
the front of the IPSPPSI to simulate different polarization states. (a) The theoretical values
of S0 (S0_S, black curve) and the reconstruction values of S0 (S0_R, yellow curve). (b) The
theoretical and the reconstruction values of S1 (red and blue triangles), S2 (magenta circle
and cyan square), and S3 (green bow and red line), where _S and _R are defined as above.
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Next, the ideal Stokes object depicted in Fig. 7(a) was used as input. The object simultaneously
contains different polarization states. The simulated polarization interference pattern that results
when the IPSPPSI modulates the input is shown in Fig. 7(b). Figure 8 shows the images of
S0, S1, S2, and S3 reconstructed from the polarization interference pattern. A two-dimensional
rectangular filter was used to extract the desired channels and minimize the impact of adjacent
ones. However, some high-frequency information is lost while adjacent channels’ high spatial
frequencies are retained; these are difficult to decouple because they are obscured by lower spatial
frequencies. Nevertheless, the IPSPPSI retains high accuracy, as shown in Table 2: the mean
RMS error is 0.0223.
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Fig. 7. (a) The ideal Stokes object; (b) The polarization interference pattern through the
IPSPPSI.

Table 2. The RMS error between the reconstructed and the theoretical value of normalized Stokes
parameters for a picture contains different polarization states

Stokes parameter S0 S1 S2 S3

RMS error 0.0297 0.0043 0.0277 0.0275

Mean 0.0223

The most important optical elements of the IPSPPSI are the Savart plates and gratings,
whose structural parameters directly affect the shearing distance and, in turn, the extraction
and reconstruction of polarization information. Figure 9 explores the influence of changes in
the grating period and the thickness of the Savart plates on the position of channel C2 in the
frequency domain. Figure 9(a) illustrates how the grating period affects C2’s x-axis coordinates.
The position of C2 is very sensitive to grating fabrication error when the grating constant is small,
and a slight change in d can cause a drastic change in position. If C2 is located near pixel 0
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Fig. 8. The reconstructed Stokes parameters.

or 512, it will be difficult to extract the polarization information completely, which will affect
the reconstruction results. To ensure the accuracy of the reconstructed Stokes parameters, the
grating groove density should not be too large, and the channel should be centered. For example,
gratings with a period greater than 5µm and the x-axis position in Fig. 9(a) from 100 to 400 are
more conducive to data processing. Figure 9(b) shows the y-axis dispersion of broadband light
between 400 and 700 nm as a function of the thickness of the Savart plates. When t is in the range
from 9.389 mm to 17.714 mm, polarization information from the target cannot be completely
extracted because of the periodicity of the Fourier transform in the limited space, and the error
on the reconstructed Stokes parameters is large. The corresponding part of the range in the figure
is blank because it is not considered suitable for the viable range of t. As t increases, the 400 nm
and 700 nm boundaries switch position. The principle to follow when selecting the SP thickness
is that the channel boundaries (the locations of 400 nm or 700 nm in Fig. 9(b)) cannot be too
close to 0. For instance, we suggest channel boundaries be less than -15.

Fig. 9. (a) Effect of the grating period on the x-axis position of channel C2 in the frequency
domain. (b) The relationship between the y-axis position of channel C2 at wavelengths
between 400 and 700 nm and the thickness of a single Savart plate. For frequency domain
space, the center is set to 0, and x and y range from -512 to 512.

5. Conclusion

This work presents a compact design for a snapshot polarization interferometric imaging
polarimeter, the IPSPPSI. The IPSPPSI contains a Savart plate and a polarization Sagnac
interferometer. The polarization characteristics of the SP and interferometer are analyzed in
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detail, and a theoretical design is provided. Unlike traditional polarization interference imaging
polarimeters, the IPSPPSI can completely characterize the Stokes parameters within a broadband
snapshot. Its blazed gratings effectively suppress carrier frequency dispersion under broadband
conditions and ensure the independence of the channels so the coupled polarization data will not
affect each other, which maintains high precision in the reconstructed data.

An example of an IPSPPSI is provided. Simulations show that the proposed polarimeter can
separate the polarization information carried by the target in the frequency domain. The use of
gratings makes the position of each channel along the x axis of the frequency domain wavelength-
independent, suppressing the channel aliasing over the visible spectrum. The distribution of
channels can be determined using the parameters of the SP and gratings. For objects with either
uniformly polarization or complex polarization states, the reconstructed Stokes parameters retain
high accuracy.

In addition, the influence of the grating period and SP thickness on the channel distribution
are analyzed. The grating period can be selected within a wide range, but it should not be too
small, in order to avoid large effects from grating fabrication errors. The thickness of the SP also
needs to fall within a specific range.

Finally, the IPSPPSI has the advantages of a compact structure, no moving parts, and no need
for image registration. We expect that the IPSPPSI will have great application potential in many
fields, such as space exploration, biomedicine, environmental testing, and remote sensing.
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