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Polarization calibration unit (PCU) has become an indispensable element for solar telescopes to remove the instru-
mental polarization; the polarimetric accuracy of calibration depends strongly on the properties of PCU. In the paper, we
analyze the measurement errors induced by PCU based on polarized light theory and find that the imperfections of the wave-
plate generate the main calibration errors. An optimized calibration method is proposed to avoid the effects from waveplate
imperfections, and a numerical simulation is given to evaluate the polarization accuracy by analyzing the relation between
calibration error and intensity instability. The work is very important for solar telescopes with high polarization precision
up to 10−4 Ic.
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1. Introduction

Magnetic field is one of the most important physical
quantities in the study of solar physics. All the phenomena
and processes in the sun are closely related to the solar mag-
netic field. At present, the solar magnetic field is mainly
measured by polarization technique based on Zeeman effect
theory and the polarized radiation transfer model of the so-
lar atmosphere,[1,2] especially in the visible and near infrared
wavelength region. Therefore, polarization measurement[3,4]

is the core technology of the solar telescope. Now the
next-generation large-aperture solar telescopes are expected
to achieve extremely high polarization measurement accuracy.
For example, the 4-meter Daniel K. Inouye Solar Telescope
(DKIST)[5] in USA and European Solar Telescope (EST)[6]

are required to reach up to 5× 10−4 Ic (Ic is the continuum
intensity of standard solar spectrum). Moreover, the 8-meter
China Giant Solar Telescope (CGST)[7] proposed by China
is required even to reach up to 2× 10−4 Ic. How to real-
ize the high-accuracy polarization measurement becomes the
most important technical index for large-aperture solar tele-
scopes to obtain the accurate magnetic field observation.

Most large-aperture solar telescopes usually employ a
Gregorian main optical system and an Alt–Azimuth tracking
mount to guide solar image into the Coude room. For the Gre-
gorian main optical system, geometrical optics includesonly
primary and secondary mirrors, it will have a very small instru-
mental polarization and can be neglected for solar polariza-
tion signals at 10−4 Ic level if the optical system is symmetric.
Conversely, if the optical system is off-axis, then it will have a

little large instrumental polarization. However, the instrumen-
tal polarization is fixed and can be calibrated accurately by
some methods,[8–10] which is beyond the scope of our paper.
In comparison, the instrumental polarization mainly comes
from the Alt–Azimuth mounted optics between Gregorian fo-
cus and Stokes polarimeter, and it gives rise to large crosstalk
among Stokes parameters IQUV and also varies strongly with
time.[11] Therefore, the classical calibration strategy for so-
lar telescopes is to place a group of polarization calibration
units (PCUs) near Gregorian focus of telescope to calibrate the
instrumental polarization of the whole Alt–Azimuth mounted
optics between Gregorian focus and Stokes polarimeter.[12] In
this case, polarization accuracy depends on the properties of
PCU, which is usually taken as an ideal and standard Stokes
generator to obtain the pure linear polarization and circular
polarization.[13,14] However, it is important to understand that
nothing is perfect. Some effects of a non-ideal PCU, such as
polarization parameter variation with spectrum and space due
to manufacture error, interference, the misalignment of optic
axis and calibration optics design, etc., will affect the polar-
ization calibration and lead to a loss of polarization accuracy.

In this paper, we analyze the main measurement errors in-
duced by PCU and optimize its calibration method to improve
calibration accuracy up to 10−4 Ic.

The rest of this paper is organized as follows. In Section 2
the PCU and calibration method are described. In Section 3 the
error analysis of an imperfect PCU is made. In Section 4, an
improved polarization calibration method is designed; a nu-
merical simulation error analysis is given and discussed. Fi-
nally, some conclusions are drawn from this study in Section 5.
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2. Polarization calibration unit (PCU) and cali-
bration process
Figure 1 shows the schematic diagram for polarization

calibration of solar telescope. There are two identical PCUs,
one is placed near Gregorian focus plane to calibrate the in-
strumental polarization of Alt–Azimuth mounted optics, and
the other is placed behind the Coude focus to calibrate the
Stokes polarimeter. The PCU consists of a polarizer and a
quarter waveplate, a group of known incident Stokes vectors
can be obtained by rotating both elements from 0◦ to 360◦ sep-
arately.

According to polarized light and Mueller matrix theory,
assume that 𝑋 is the polarized response matrix of Stokes po-
larimeter, 𝑀T is the mueller matrix representing the instru-
mental polarization of Alt–Azimuth mounted optics, and 𝑋 ′

is the polarized response matrix of the whole telescope com-
bined with Alt–Azimuth mounted optics and Stokes polarime-
ter. Theoretically,

𝑋 ′ =𝑋×MT. (1)

In a real polarization calibration process, all the optical
system behind PCU, including Alt–Azimuth mounted optics
and polarimeter, can be seen as a blackbody under calibration
according to the following steps:

Step 1 insert the second PCU into the optical path to cal-
ibrate the Stokes polarimeter, and obtain the response matrix
𝑋;

Step 2 move the second PCU out and insert the first PCU
into the optical path to calibrate the whole telescope, and ob-
tain the response matrix 𝑋 ′;

Step 3 calculate instrumental polarization 𝑀T of the Alt–
Azimuth mounted optics by 𝑋−1×𝑋 ′.

Obviously, polarization calibration accuracy depends
strongly on properties of PCUs. The Stokes polarimeter is a
little easy to calibrate to a very high accuracy[15,16] even if the
second PCU is not perfect because they are placed in Coude
room and the properties are stable, but not for Alt–Azimuth
mounted optics nor the first PCU. Therefore, it is necessary
and important for solar telescope to be used to analyze and
optimize the first PCU and its calibration method.

Sin 

geometrical

optics
Alt-Azimuth

mounted optics

gregorian focus

coude focus

polarimeter

spectrometer
detector

PCUPCU

P QWPP QWP

Fig. 1. (color online) Schematic diagram for polarization calibration of solar telescope.

3. Error analysis of an imperfect PCU
3.1. Polarization calibration requirement

Polarization calibration requirement can be best de-
scribed by the tolerance matrix ∆ as Eq. (2) defined by Ichi-
moto et al. at 2008,[16] where ε is polarization accuracy of
a telescope, q, u, and v are the max linear polarization and
circular polarization at sunspot respectively. The real toler-
ance requirement will be calculated by Eq. (2) if we assume
q = u = v = 0.1 Ic and ε = 10−4 Ic as shown in Eq. (3), which

indicates that the crosstalk is 10−4 from I to Q, U , V , and
10−3 among Q, U , and V for Stokes vector. It is noted that the
crosstalk 10−4 from I to Q, U , and V can regularly calibrated
by solar continuum polarization measurement, what we con-
cern in the paper is to analyze an imperfect PCU and to see
how to reduce PCU’s crosstalk among I, Q, U , and V to 10−3.

∆ =


ε ε/q ε/u ε/v
ε ε/q ε/u ε/v
ε ε/q ε/u ε/v
ε ε/q ε/u ε/v

 , (2)
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∆10−4Ic =


− 10−3 10−3 10−3

10−4 10−3 10−3 10−3

10−4 10−3 10−3 10−3

10−4 10−3 10−3 10−3

 . (3)

3.2. Error analysis of an imperfect PCU

The error analysis is made for an imperfect PCU in this
subsection to see what factors are the main error sources,
which limit the polarization calibration accuracy of PCU up
to 10−4 Ic. Four error sources, including the manufacture er-
ror, interference, misalignment of fast axis and Field of view
effect, are analyzed.

According to the theory of polarized light, the incident
light from the Sun is conventionally described through the
Stokes vector 𝑆in = [I Q U V ]T, where I is the intensity, Q and
U are two independent linear polarizations, and V is the circu-
lar polarization. The polarization properties of any polarized
element before and after the light beam has passed through,
can be conveniently described by a 4× 4 Mueller matrix 𝑀 .
In other words, Mueller matrix 𝑀 is the eigenmatrix of the
polarized element and represents the relation between the in-
cident Stokes vector 𝑆in and the exit Stokes vector 𝑆out, ex-
pressed by the formula 𝑆out =𝑀 × Sin. In the following, all
the error analysis focuses on the Mueller matrix of each polar-
ized element in PCU, by calculating the tolerance of each of
error sources to make sure that the crosstalk among I Q U V is
below 10−3 (equivalently, to ensure that the absolute error of
each element in Mueller matrix is below 10−3).

3.2.1. Manufacture error

The manufacture error is inevitable for any polarized el-
ement in PCU, which may lead to the low extinction ratio of
polarizer and the large retardation error and nonuniformity of
quarter waveplate.

𝑀p =



1
ER−1
ER+1

0 0
ER−1
ER+1

1 0 0

0 0
2
√

ER
ER+1

0

0 0 0
2
√

ER
ER+1


, (4)

𝑀ER→∞
p =


1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

 . (5)

Generally, a polarizer’s eigen Mueller matrix can be de-
scribed by Eq. (4), where ER is the extinction ratio. When
ER tends to infinity (∞) the polarizer acts as an ideal polar-
izer and its eigen Mueller matrix is written as Eq. (5). Prac-
tically, ER is not infinity due to manufacture limit, it mainly
reduces the polarization degree of incident light and induces
crosstalk between Stokes U and V . Mueller matrix error

∆𝑀p of a polarizer can be calculated from ∆𝑀p = |𝑀p −
𝑀ER→∞

p |, where only ∆𝑀p(1,2), ∆𝑀p(2,1), ∆𝑀p(3,3), and
∆𝑀p(4,4) are not zero, moreover, ∆𝑀p(1,2) = ∆𝑀p(2,1),
and ∆𝑀p(3,3) = ∆𝑀p(4,4). Figure 2 shows the relationship
between 𝑀p(1,2) and 𝑀p(3,3) and the extinction ratio ER.
Obviously, the maximal error is from 𝑀p(3,3) and 𝑀p(4,4),
but their values can be relaxed to 0.1 because the normalized
Stokes vector from sun incident into the polarizer is less than
0.01 in magnitude. By comparison, 𝑀p(1,2) and 𝑀p(2,1)
are required to reach 10−3 and the extinction ratio ER must be
larger than 2000:1.

𝑀wp =


1 0 0 0
0 1 0 0
0 0 cosδ sinδ

0 0 −sinδ cosδ

 , (6)

𝑀QWP =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 −1 0

 . (7)
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Fig. 2. Dependence of Mueller matrix element errors (a) ∆𝑀p(1,2) and
(b) ∆𝑀p(3,3) of a polarizer on extinction ratio ER.
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A pure waveplate’s eigen Mueller matrix can be described
by Eq. (6), where δ is the retardation. When δ = π/2, its
Mueller matrix is written as Eq. (7). Retardation error comes
from the thickness error of a waveplate in manufacture, and
it leads to the retardation of quarter waveplate deviating from
the π/2, and will induce the crosstalk between linear polariza-
tion and circular polarization. Mueller matrix error ∆𝑀wp of
quarter waveplate can be calculated from ∆𝑀wp = |𝑀wp−
𝑀QWP|, where only ∆𝑀wp(3,3), ∆𝑀wp(3,4), ∆𝑀wp(4,3),
and ∆𝑀wp(4,4) are not zero, and also, ∆𝑀wp(3,3) =

∆𝑀wp(4,4), and ∆𝑀wp(3,4) = ∆𝑀wp(4,3). Figure 3 ex-
hibits the relationship between ∆𝑀wp(3,3) and ∆𝑀wp(3,4)
and retardation error ∆δ = δ −π/2, and it is required that re-
tardation error is less than 0.001 rad if crosstalk is less than
10−3 among I, Q, U , and V .
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Fig. 3. Dependence of Mueller matrix element errors (a) ∆𝑀wp(3,3) and
(b) ∆𝑀wp(3,4) of a quarter waveplate on retardation error ∆δ .

3.2.2. Interference

Multiple-beam interference behaves identically to a
Fabry–Pérot interferometer. As a consequence of the fun-
damental nature of the device, any waveplate also acts as a
weak partial polarizer. The weak polarization arises from the
difference between the reflectance of the waveplate face for
fast and that for slow axis.[17] Effects from this property af-
fect dichroism in wavelength, especially, the transmittances of
fast and slow axis are not the same and oscillate with wave-
length. The effect cannot be completely eliminated even if it
can be degraded by an anti-reflective coating. The waveplate’s
eigen Mueller matrix with interference can be described by
Eqs. (8) and (9), where R is the reflectivity, no and ne are the
refractive indexes of ordinary and extraordinary light respec-
tively, d is the thickness of waveplate and λ is the wavelength.
Mueller matrix error ∆𝑀wp of the waveplate can be calcu-
lated from ∆𝑀wp = |𝑀 i

wp−𝑀QWP|. Similarly, it is easy to
obtain that none of ∆𝑀wp(1,2), ∆𝑀wp(2,1), ∆𝑀wp(3,3),
∆𝑀wp(3,4), ∆𝑀wp(4,3), and ∆𝑀wp(4,4) are zero, and
∆𝑀wp(1,2) = ∆𝑀wp(2,1), ∆𝑀wp(3,3) = ∆𝑀wp(4,4), and
∆𝑀wp(3,4) =∆𝑀wp(4,3). Figure 4 shows the calculation re-
sults of three Mueller matrix elements 𝑀wp(1,2), 𝑀wp(3,3),
and 𝑀wp(3,4) of a zero-order quarter waveplate with reflec-
tivity R theoretically for the case of a quarts material with re-
fractive index values no = 1.54697631 and ne = 1.556177127,
and d = 0.0144661 mm at λ = 532.4 nm. The reflectivity R
must be less than 0.0004 if we want to ensure the crosstalk
among Stokes I Q U , and V within 10−3.

𝑀 i
wp =



1
To−Te

To +Te
0 0

To−Te

To +Te
1 0 0

0 0
2
√

ToTe

To +Te
cosδ

2
√

ToTe

To +Te
sinδ

0 0 −2
√

ToTe

To +Te
sinδ

2
√

ToTe

To +Te
cosδ


,

(8)

To =
(1−R)2

1+R2−2Rcos(2δo)
,

Te =
(1−R)2

1+R2−2Rcos(2δe)
,

δo =
2πnod

λ
,

δe =
2πnod

λ
. (9)

3.2.3. Misalignment of fast axis

Misalignment of fast axis, for the zero order or achro-
matic waveplate, is another error source, which must be taken
into account. The true zero waveplate made of a single piece
of material is too thin to be fabricated, usually two thicker
pieces may be used, with the fast axis of one piece aligned par-
allelly to the slow axis of the other to cancel out retardations
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Fig. 4. Dependence of Mueller matrix element errors (a) ∆𝑀wp(1,2), (b) ∆𝑀wp(2,1)∆𝑀wp(3,3), and (c) ∆𝑀wp(3,4) of a quarter waveplate on reflectivity.

all but the desired retardation: the two thicker pieces are called
zero-order waveplates. Besides, achromatic waveplates which
have almost the same retardations over a given wavelength
range can be made from two or more different materials. The
combined waveplates are widely used in optical instrumenta-
tion and the residual errors associated with these devices can
be very important in high-resolution spectro-polarimetry mea-
surements. The misalignment of fast axis in a double or more
crystal waveplates is one of the main sources of error and leads
to elliptical eigenpolarization modes in the retarder and the os-
cillation of its orientation according to the wavelength.[18]

𝑀m
wp = R(∆θ)𝑀⊥R(−∆θ)𝑀‖, (10)

R(∆θ) =


1 0 0 0
0 cos∆θ −sin∆θ 0
0 sin∆θ cos∆θ 0
0 0 0 1

 , (11)

R(−∆θ) =


1 0 0 0
0 cos∆θ sin∆θ 0
0 −sin∆θ cos∆θ 0
0 0 0 1

 , (12)

𝑀⊥ =


1 0 0 0
0 1 0 0
0 0 cosδ⊥ −sinδ⊥
0 0 sinδ⊥ cosδ⊥

 , (13)

𝑀‖ =


1 0 0 0
0 1 0 0
0 0 cosδ‖ sinδ‖
0 0 −sinδ‖ cosδ‖

 , (14)

δ‖ =
2π∆nd‖

λ
, δ⊥ =

2π∆nd⊥
λ

. (15)

The waveplate’s eigen Mueller matrix with misalignment
of fast axis can be described by Eqs. (10)–(15), where ∆θ is
the misalignment angle of fast axis, ∆n = no− ne is the bire-
fringence index, d‖ and d⊥ are the thickness of both plates.
Mueller matrix error of the waveplate can be calculated from
∆𝑀wp = |𝑀m

wp −𝑀QWP| where only the first row and the

first column are zero. Figure 5 shows the calculation results
of nine Mueller matrix nonzero elements of a zero-order quar-
ter waveplate with misalignment of fast axis, with setting data
no = 1.54697631, ne = 1.556177127, d‖ = 1.0144661 mm,
and d⊥ = 1 mm at λ = 532.4 nm. The misalignment angle
of fast axis must be less than 0.03◦ if we want to control the
crosstalk to be within 10−3.

3.2.4. Field of view effect

The field of view (FOV) effect is unavoidable for any
waveplate described above, and it mainly leads to retardation
variation with FOV. Generally, the retardation of a uniaxial
crystal can be described by Eqs. (16) and (17), where φ is
the azimuth angle. Figure 6 gives the FOV effect of zero-order
quarter waveplate made of quartz crystal with FOV. It is known
from Eq. (6) that FOV effect induces the FOV-dependent
distribution of ∆𝑀wp(3,3), ∆𝑀wp(3,4), ∆𝑀wp(4,3), and
∆𝑀wp(4,4) as shown in Fig. 7. In the collimation optical
path, each spatial point of quarter waveplate undergoes the
same incident angle and thickness, and the retardation value
only depends on FOV, which is the same as the scenario in
Fig. 7. The FOV must be limited within 0.5◦ if the crosstalk is
required to be within 10−3. In a convergent optical path, i.e.,
another way each spatial point undergoes different incident an-
gles and thickness, the total retardation value is a superposi-
tion of different incident angles. After averaging 𝑀wp(3,3)
and 𝑀wp(3,4) in Fig. 7 over all the FOVs, we obtain the
mean values of ∆𝑀wp(3,3) and ∆𝑀wp(3,4) to be 1.24×10−4

and 4× 10−4, respectively, far less than 10−3. Therefore, the
crosstalk induced by convergent optical path is very small and
can be ignored.

δ =
2πd

λ

(
A1

no
−A2

)
, (16)

A1 =

√
n2

en2
o− (n2

e cos2 φ +n2
o sin2

φ)sin2(FOV ),

A2 =

√
n2

o− sin2(FOV ). (17)
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3.3. Tolerance analysis

Table 1 lists the tolerances of all the error sources with
requirement for crosstalk less than 10−3 according to Subsec-
tion 3.2. The tolerances, induced by extinction ratio and FOV
effect in a convergent path, are loose. Contrarily, the other
ones are very strict. More specifically, it is known from tol-
erance analysis that the large measurement errors are mainly
from four error sources: retardation error, interference, mis-
alignment of fast axis and FOV effect in collimated path. The
four error sources are all impossible for PCU in manufacture to
meet the calibration requirement of telescope. The polarimet-
ric accuracy of the calibration will depend strongly on these
imperfect properties of the PCU. Therefore, An improved po-
larization calibration method is desired for PCU to calibrate

and calculate these errors, hence eliminating the effects from
these errors.
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Fig. 7. The Distributions of (a) 𝑀wp(3,3) and (b) 𝑀wp(3,4) of zero-
order quarter waveplate with variation of FOV .
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Table 1. Tolerances of error sources.

Error sources Parameters Tolerance

Extinction ratio ER 2000:1

Retardation error ∆δ 0.001 rad

Interference R 0.0004

Misalignment of fast axis ∆θ 0.03◦

Field of view effect (collimated) FOV 0.5◦

Field of view effect (convergent) FOV ignored

It is noted that we have not considered the beam devia-

tion of light beam induced by rotating waveplate and polar-

izer, in error analysis of PCU. Because we have proposed a

new method in another paper to reduce the first order beam

deviation,[19] the error can be ignored.

4. Optimal design of polarization calibration
method

4.1. Optimal polarization calibration method

In general, retardation error and FOV effect in collimated

path belong to the same type of error, each of which leads to

retardation value δ of quarter waveplate being not exactly 90◦;

Interference mainly affects dichroism and can be described by

a parameter “dichroism angle Ψ” (Ψ will be 45◦ for waveplate

without dichroism); The misalignment of fast axis changes a

waveplate from linear retarder into elliptical retarder and can

also be described by another parameter “ellipticity angle e” (e

will be zero for a linear retarder). In optimization, these errors

are taken as unknown parameters during the whole calibration

procedure, and they will be calculated with the instrumental

polarization of telescope simultaneously to remove the effects

of these non-ideal properties.

The incident light beam to PCU is conventionally de-

scribed through the Stokes vector 𝑆in = [I Q U V ]T. Then,

the polarized light 𝑆in
c behind PCU in front of Azi–Alt optics

and polarimeter can be completely described by the following

function:

𝑆in
c = 𝑅(θwp +θ0)𝑀wp(δ ,Ψ ,e)𝑅(−θwp−θ0)

×𝑅(θp)𝑀p𝑅(−θp)𝑆in, (18)

𝑅(θ) =


1 0 0 0

0 cos(2θ) sin(2θ) 0

0 −sin(2θ) cos(2θ) 0

0 0 0 1

 , θ = θwp,θp, (19)

a = sin(δ/2)sin(2e),

b = cos(δ/2),

c = sin(δ/2)cos(2e),

A = a2 +b2 + c2 = 1,

B = b2 + c2−a2,

C = b2− c2−a2,

D = b2 +a2− c2, (20)

𝑀wp =


1 −cos(2Ψ) 0 0

−cos(2Ψ) B 2ab −2ac

0 −2ab C sin(2ψ)−2bcsin(2ψ)

0 −2ac 2bcsin(2ψ) Dsin(2ψ)

 ,
(21)

𝑀p =


1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0

 , (22)

where 𝑅 is the rotation matrix; 𝑀p and 𝑀wp are the Mueller

matrices of polarizer and waveplated respectively; adjusting

polarizer’s transmitted axis to +Q direction; θp is the rota-

tion angle of polarizer’s transmitted axis relative to +Q di-

rection; θ0 is the origin angle of waveplate’s fast axis relative

to +Q direction; θwp is the rotation angle of waveplate’s fast

axis relative to its original direction; δ , Ψ , and e are retarda-

tion, dichroism angle and ellipticity angle of waveplate respec-

tively. We suppose that the polarizer is perfect, which is rea-

sonable because the extinction ratio of the polarizer employed

is larger than 2000:1. Thus, the general equation between the

calibrated Stokes vector 𝑆in
c and measured output 𝑆out

c during

the calibration is given by,

𝑆out
c =𝑋 ′𝑆in

c , (23)

where 𝑋 ′ is derived from the measurements after arranging

the calibrated Stokes vectors into an optimal 4 by 6 matrices

by rotating polarizer and waveplate of PCU at the following

angles respectively,

[
θwp θp

]
=



0◦ 0◦

45◦ 45◦

90◦ 90◦

135◦ 90◦

135◦ 135◦

135◦ 180◦


. (24)

In Eqs. (18)–(22), there are another 7 parameters in addition

to the 16 elements of 𝑋 ′:

– The incident Stokes parameters Q, U , and V ;

– An offset angle, θ0, between PCU polarizer and retarder

to account for misalignment;

– Retardation δ , dichroism Ψ and ellipticity e of wave-

plate, including all the four main errors of PCU.
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The 23 free parameters are all computed by minimizing

the χ2 value,

χ
2 = ∑

i=0,...,3
(𝐼out

c − Iout
c )2

i (25)

where 𝐼out
c and Iout

c are the measured values and the theoretical

values of the polarization measurement and calibration sys-

tem.

4.2. Error control and simulation

Intensity instability of the incident beam is the main error

source. On the one hand, the sun is the only light source in

calibration process, and it is easily disturbed by seeing, thus

leading to intensity instability; on the other hand, the instru-

mental polarization of Alt–Azimuth optics changes over time

strongly, the faster the better for calibration, but it is difficult in

this case to improve signal-to-noise ratio of incident intensity

by operating long time exposure and integration. A numeri-

cal simulation will efficiently demonstrate the relevance of the

calibration error tointensity instability.

Numerical simulation process is as follows:

(i) simulate a group of original values of the incident

Stokes parameters Q, U, V , the parameters of PCU δ , Ψ , e,

and the polarized response matrix 𝑋 ′ of the whole telescope

combined with Alt–Azimuth mounted optics and Stokes po-

larimeter according to Section 2, Subsection 4.1, and NVST’s

polarization model;[11]

(ii) simulate a group of observation data 𝐼out
c based on the

original values above and Subsection 4.1;

(iii) add different intensity instabilities from 10−1 to 10−4

to each element of 𝐼out
c and simulate the real measurement

state;

(iv) calculate 𝑋̃ ′ through the optimal polarization cali-

bration method;

(v) calculate the calibration error from intensity instabil-

ity by ∆𝑋 ′ = |𝑋 ′−𝑋̃ ′|;
(vi) repeat the above steps (iii)–(v) 100 times, the root

mean square (RMS) of ∆𝑋 ′ will be used to evaluate the rele-

vance of the calibration error to intensity instability.

The time-dependent polarized response matrix 𝑋 ′ in one

day are shown in Fig. 8, from which we can evaluate rela-

tionship between the calibration error and intensity instabil-

ity in different time, which is very important for Alt–Azimuth

mounted telescope because its instrumental polarization varies

greatly during a day. Besides, set Q= 0.01, U =−0.02, V = 0,

δ = 96◦, Ψ = 48◦ and e = 2◦. Figure 9 displays the simulated

results, where the longitudinal coordinate is RMS of calibra-

tion error of 𝑋 ′ obtained using the optimal calibration method,

different colors represent different intensity instabilities from

10−1 to 10−4, the unit of longitudinal coordinate is log10 (log-

arithm). It is shown by comparing Eq. (3) and Fig. 9 that the

intensity instability must be less than 10−3 if controlling cal-

ibration accuracy goes up to 10−4, also the trends almost do

not change with time during a day. Noted that the cross-talk

from I to QUV is a little larger than 10−4 in instability 10−3,

however, the crosstalk can be removed by observing the quiet

sun without using the optimal calibration method.
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Fig. 8. Simulated polarized response matrix 𝑋 ′ of the whole telescope combined with Alt–Azimuth mounted optics and Stokes polarimeter based on
NVST’s polarization model. x axis is time, y axis is variations of each element in 𝑋 ′ with time during a day.
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Fig. 9. (color online) Relations of calibration error and intensity instability. x axis is time, y axis is variations of each element in RMS of ∆𝑋 ′ with time
during a day.

5. Conclusions
The polarimetric accuracy of the calibration depends

strongly on property of the PCU. We analyze the main mea-
surement errors and tolerance errors induced by an imperfect
PCU, and it is found that the errors from extinction ratio and
field of view effect in convergent path, are small and can be
ignored in calibration. But, the main error sources affecting
calibration accuracy are retardation error, interference, mis-
alignment of fast axis and FOV effect in collimated path.

We optimize the calibration method for PCU. Classical
method does not take into account the non-ideal properties
of PCU, such as incident linear polarization, dichroism and
ellipticity of retarder, etc. In our optimization, these errors
are taken as unknown parameters during the whole calibration
procedure, and they are calculated with the instrumental polar-
ization of telescope simultaneously to remove effects of these
non-ideal properties.

Intensity instability of the incident beam is the main error
source. A numerical simulation is given to evaluate the rele-
vance of the calibration error to intensity instability. Results
show that the intensity instability must be less than 10−3 if
controlling calibration accuracy goes up to 10−4.
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