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a  b  s  t  r  a  c  t

The  effect  of  the  ratio of two retarders  for  the  demodulation  in  the  intensity  modulation
spectropolarimeter  is proposed.  The  five-channel  autocorrelation  function  is  introduced
for the  first  time,  its forming  conditions  and the  principle  of spectrum  reconstruction  are
analyzed.  From  the  analysis  of the  spectropolarimeter  based  on the interference  spectrom-
eter,  we  can  conclude  that  the  spectral  resolution  of some  Stokes  parameters  reconstructed
by the  five-channel  interferogram  is  improved  compared  with the  seven-channel  interfer-
ogram. The  simulation  experiment  of  spectrum  recovery  of five-channel  autocorrelation
function  is  carried  out.  The  simulation  results  are  in good  agreement  with  the theory,  and
the results  show  that  the  scheme  of the  five-channel  is  feasible,  which  provides  a good
theoretical  basis  and  reference  for the  optimization  design  of  the spectropolarimeter.

© 2017  Elsevier  GmbH.  All  rights  reserved.

. Introduction

Spectral and polarization information can be used to analyze and identify the target [1]. Spectral analysis can obtain the
arget component information [2], and the surface structure and edge features of the target can be known by the polarization
nformation [3–5], and polarization information of light can be completely described by Stokes vector [6–8]. The intensity

odulation spectropolarimeter is the combination of these two  technologies together to achieve the simultaneous detection
f spectral and polarization information [9].

The intensity modulation spectropolarimeter was first described by Oka and Kato in 1999 [10]. The design has the
dvantage of compact structure, and no moving parts, can quickly obtain the target spectral information and polarization
nformation [11]. The main components of the spectropolarimeter are composed of two parts: the polarization modulation
art and the spectrometer part, when a beam of light passes through a polarization modulation part, four Stokes parameters
f light can be modulated at different frequencies of the carrier signal, which forms a linear superposition of power spectrum,
he spectrometer and detector will detect the power spectrum and then transmit the detected signals to the computer [9,12].
inally, Stokes vector and spectrum information of target can be obtained by computer.

Since the polarization modulation section is the key part of spectropolarimeter for spectrum recovery, we focus on the
olarization modulation part. The five-channel autocorrelation function and the principle of spectrum reconstruction of five-
hannel autocorrelation function of spectropolarimeter is described in Section 2. Section 3 gives the simulation experiment

f spectral reconstruction and presents the advantage of five-channel interferogram. The simulation result is discussed and
onclusion is contained in Section 4.
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Fig. 1. The optical layout of the spectropolarimeter.

2. Five-channel autocorrelation function of spectropolarimeter

2.1. The modulation principle of spectropolarimeter

The optical layout of the spectropolarimeter is depicted Fig. 1. It can be seen from the figure that the components of
the spectropolarimeter are modulator, spectrometer, detector and computer. The modulator section is composed of two
retarders R1, R2 and a polarizer P, the fast aexs of R1 is aligned with the transmission axes of P at an angle of 45o relative to
the fast aexs of R2.

When the light passes through the polarization modulation section, four Stokes parameters of light can be modulated at
different frequencies of the carrier signal. According to the theory of polarization optics, the modulated Stokes vector can
be expressed in the following form [13]:⎡
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(1)

Where the right side of the equation is the Mueller matrix of polarizer, retarder R2 and R1, and the Stokes vector of the
incident light, ϕ1(�) and ϕ2(�)are the phase retardations of R1 and R2,ϕj = 2��ndj�(j = 1, 2), � is wave number, dj is the
thickness of R1 and R2 and �n  is the birefringence of the birefringent crystal. S0 is the total intensity of the light, S1 is the
difference between linear polarizations of 0◦ and 90◦, S2 is the difference between linear polarizations of ± 45◦, and S3 is
the difference between right and left circular polarization [11]. Because the digital camera is just responding to radiation
intensity instead of polarization state [14], only s

′
0 (�) can be measured. s

′
0 (�)can be expressed as [10]:

P(�) = (1/2)S0(�) + (1/2)S1(�)cos [ϕ2(�)] + (1/2)S2(�)sin [ϕ2(�)] sin [ϕ1(�)] − (1/2)S3(�)sin [ϕ2(�)] cos [ϕ1(�)] (2)

The Stokes vector can be obtained by demodulating the autocorrelation function, Fourier transform demodulation is a
good choice for demodulation [15]. Eq. (2) can be rearranged into

P(�) = (1/2)S0(�) + (1/4)S1(�)(ei2�L2� + e−i2�L2�) + (1/8)
[
S23(�)ei2�(L1−L2)� + S∗

23(�)e−i2�(L1−L2)�
]

−(1/8)
[
S23(�)ei2�(L1+L2)� + S∗

23(�)e−i2�(L1+L2)�
] (3)

With

S23(�) = S2(�) − iS3(�) (4)

where Lj is the optical path difference of R1 and R2, Lj = �ndj(j = 1,2), �n  is almost constant for the general crystal, so the
optical path difference mainly depends on the thickness of the retarder. It can be seen from Eq. (3) that each Stokes parameter
is modulated on seven different frequency components, respectively are0, ±ϕ2, ±[ϕ1 − ϕ2], ±[ϕ1 + ϕ2], the center frequency
of each carrier signal is determined by these.

The autocorrelation function is the Fourier inverse transform of Eq. (3):

C(h) = (1/2)A (h) + (1/4)A (h − L ) + (1/4)A∗ (−h − L ) + (1/8)A h − (L − L )
0 1 2 1 2 2 [ 1 2 ]

+(1/8)A∗
2 [−h − (L1 − L2)] − (1/8)A3 [h − (L1 + L2)] − (1/8)A∗

3 [−h − (L1 + L2)]

= C0 + C−1 + C1 + C−2 + C2 − C−3 − C3

(5)
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Table  1
The number of channels for different thickness ratio of two  retarders.

L1 : L2 h

−(L1 + L2) −L2 −(L1 − L2) 0 L1 − L2 L2 L1 + L2 The number of channels

w

w
F
r
c

2

c
t
c
t
f
o
S
c
t

w

1:2 −3L1 −2L1 L1 0 −L1 2L1 3L1 7
1:1  −2L2 –L2 0 0 0 L2 2L2 5
2:1  −3L2 –L2 –L2 0 L2 L2 3L2 5

here

A0(h) = F−1 [S0(�)] (6a)

A1(h) = F−1 [S1(�)] (6b)

A2(h) = F−1
[
S∗

23(�)
]

(6c)

A3(h) = F−1
[
S∗

23(�)
]

(6d)

here h represents the different optical path difference, F−1is Fourier inverse transform. Eq. (5) is composed of seven items.
rom Eqs. (5) and (6a)–(6d) we can see that the first item containsS0(�), the second and third item containS1(�), and the
emaining four items all contain S2(�)andS3(�). These seven items are selected by filtering, and then four Stokes parameters
an be demodulated from Eq. (7a)–(7c).

F1(�) = (1/2)S0(�) (7a)

F2(�) = (1/4)S1(�) exp(−i�2(�)) (7b)

F3(�) = (1/8) [S2(�) − iS3(�)] exp
{

i [�1 (�) − �2 (�)]
}

(7c)

.2. The spectrum reconstruction of five-channel autocorrelation function

It can be seen from Eq. (5) that the autocorrelation function has seven optical path difference channels, and the different
hannels can be used to reconstruct each Stokes parameter. The previous theory only considers the situation in which
he seven channels are separated from each other, we  find that the number of channels becomes five in some special
onditions. Although some channels overlap, the Stokes vector can still be reconstructed. As can be seen from Table 1, when
he thickness ratio of the two retarders is 1:1 or 2:1, the number of channels reduced to five. We  choose the ratio of 2:1
or detailed description, optical path difference of L1 − L2 and L2 of the two  channels overlap, and optical path difference
f −(L1 − L2) and −L2 of the two channels overlap, meaning that the item contains the S1(�) information and containing
2(�), S3(�) information overlap with each other, so the autocorrelation function only contains five channels. There are other
hannels containingS2(�), S3(�) without overlapping with others, which just makes it difficult to reconstruct theS1(�), but
he S1(�) can be demodulated by using some mathematical transformation.

At this time, Eq. (5) becomes:

C(h) = (1/2)A0(h) + (1/4)A1(h − L2) + (1/4)A∗
1(−h − L2)

−(1/8)A3 [h − (L1 + L2)] − (1/8)A∗
3 [−h − (L1 + L2)]

= C0 + C−1 + C1 − C−3 − C3

(8)

here

A0(h) = F−1 [S0(�)] (9a)

A1(h) = F−1
[
S1(�) + (1/2)S∗

23(�)
]

(9b)

A3(h) = F−1
[
S∗

23(�)
]

(9c)

We  choose the first and the forth items of Eq. (8) to demodulateS0(�), S2(�)and S3(�).

F0(�) = (1/2)S0(�) (10a)

F3(�) = (1/8) [S2(�) + iS3(�)] exp
{

−i [�1(�) + �2(�)]
}

(10b)
After getting S2(�) and S3(�), the Fourier transform of the second item of Eq. (8) can be used to demodulate S1(�).

F1(�) = (1/4)[S1(�) + (1/2)S∗
23(�)] (11)

S1(�) = 4 ∗ F1(�) − (1/2)S∗
23(�) (12)
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Fig. 2. Input Stokes Spectrum.

The principle of spectrum reconstruction of five-channel autocorrelation function is obtained now. For the ratio of 1:1 of
two retarders, we can get the reconstruction spectrum by the same mathematical method. It is important to note that when
the ratio is 1:1, the three channels with the optical path difference of −(L1 − L2), 0 and L1 − L2 completely overlap.

3. The simulation experiment of spectrum reconstruction of five-channel autocorrelation function and the
advantage of five-channel interferogram

3.1. The simulation experiment of spectrum reconstruction

We  assume that the input spectral range is 1.4 × 104cm−1(714nm)∼2.6 × 104cm−1(385nm), and the retarder material
is quartz, its birefringence �n  is approximate 0.01. For seven-channel, the thickness of R1 and R2 are 0.6 cm and 1.2 cm,
respectively. For the five-channel, the ratio is 1:1, the thickness of R1 and R2 both are 0.6 cm,  and when the ratio is 2:1, the
thickness are 1.2 cm and 0.6 cm.  The spectra of the four Stokes vectors of the simulated input light are shown in Fig. 2.

There are different modulation spectrums for different thickness ratio of two retarders. Fig. 3 shows that the different
modulation spectrum and autocorrelation function for different ratio of two retarders.

It can be seen from Fig. 3(b*) and (c*) that although both of them are five-channel autocorrelation function, the optical
path difference of each channel is different with each other, so the channel selection for spectrum reconstruction is different.
The retarder ratio of 2:1 of five-channel autocorrelation function is chosen to describe the spectrum reconstruction process.
According to Eq. (10a) and (10b), we select the two channels with the optical path difference of 0 and L1 + L2 to reconstruct
spectrum, we can get the spectrum of S0(�), S2(�) and S3(�), and then the optical path difference channel of L2 is demodulated,
combined with Eq. (12), the spectrum of S1(�) can be obtained. Fig. 4 is the Stokes vector spectrum we obtained by the above
method.

Fig. 4 shows the spectrum of the four Stokes parameters, which is obtained when the ratio of the two retarders is 2:1,
and it can be seen that the reconstructed spectrum coincide well with the original spectra, which indicates that the method
of five-channel autocorrelation function is feasible for the spectrum reconstruction. For the ratio of 1:1, the Stokes vector
spectrum can also be obtained in a similar way, except that the channel selection is somewhat different from the ratio of 2:
1.

3.2. The advantage of five-channel interferogram

We  now analyze the spectropolarimeter based on the interference spectrometer. After the incident light passes through
the modulator and the interference spectrometer, the expression of the intensity of the light detected on the detector as
follow:

I ∝
∫

(1+cosϕ)
2

{
S0(�) + S1(�)cos [ϕ2(�)] + S2(�)sin [ϕ2(�)] sin [ϕ1(�)]

−S3(�)sin [ϕ2(�)] cos [ϕ1(�)]
}

d�

(12)
ϕ is the phase difference produced by the light through the interference spectrometer. Fig. 5 is the interferogram for
the ratio of two retarders of 2:1 and 1:2, the red curve is seven-channel interferogram and the green curve is five-channel
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i
s

Fig. 3. The different modulation spectrum (a–c) and autocorrelation function (a*–c*) corresponding to different retarder ratios.

nterferogram. It can be seen from Fig. 5 that the maximum optical path difference of one-side sampling for each channel of
even-channel interferogram as follow:
�7s = �max

7
(13)
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Fig. 4. The original spectrum and reconstruction spectrum of four Stokes parameters.

Fig. 5. The interferogram of retarder ratio of 2:1 and 1:2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web  version of this article.)



s

c
2
w

s
c

i

4

a
r
F
r
s
s
c
a
o

A

t
a
t

R

[

J. Zhang et al. / Optik 157 (2018) 1259–1266 1265

�max is the maximum optical path difference of the spectropolarimeter. The spectral resolution of the reconstructed
pectrum of each channel has the following relation to the one-side maximum optical path difference:

ı�7 = 1
2�7s

= 7
2�max

(14)

For five-channel interferogram, the two channels with optical path difference of L1 − L2 and L2 overlap, and the two
hannels with optical path difference of −(L1 − L2) and −L2 overlap. There is no channel at the optical path difference of
L2and −2L2, so the one-side maximum optical path difference (as indicated by the blue arrow in Fig. 5) of the two  channels
ith the optical path difference of L2 and L1 + L2can be expressed as:

�5s = 2�max

7
(15)

The spectral resolution of the reconstructed spectrum of the two  channels is:

ı�5 = 1
2�5s

= 7
4�max

(16)

It is meaning that the spectral resolution of S1, S2 and S3 reconstructed by the five-channel interferogram is 7⁄4�max, this
hows that the spectral resolution of S1, S2 and S3 for the recovery spectrum of the five-channel interferogram is improved
ompared with the recovery spectrum of the seven-channel interferogram:

m = ı�7

ı�5
= 2 (17)

The same method can be used to obtain that the spectral resolution of S2 and S3 in the reconstructed spectrum is also
mproved by 3 times for the retarder thickness ratio of 1: 1.

. Conclusion

The concept of five-channel autocorrelation function is proposed in this paper, and we can realize the five-channel
utocorrelation function when the ratio of the two  retarders is 1:1 and 2: 1, and the principle and method of its spectrum
econstruction are discussed in detail. A complete formula for spectral modulation and spectrum reconstruction is obtained.
rom the analysis of the spectropolarimeter based on the interference spectrometer, we can conclude that the spectral
esolution of some Stokes parameters reconstructed by the five-channel interferogram is improved compared with the
even-channel interferogram, when the ratio is 2:1, the spectral resolution of S1, S2 and S3 is increased by 2 times, and the
pectral resolution of S2 and S3 is increased by a factor of 3 when the ratio is 1:1. The spectral reconstruction of the five-
hannel autocorrelation function with the ratio of 2:1 is simulated, the simulation results are consistent with our theoretical
nalysis, and the results show that the five-channel method is feasible, which provides a good theoretical reference for the
ptimization design of the higher resolution spectropolarimeter.
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