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Abstract: Gain ratio calibration error is one of the most significant factors affecting the accuracy of a polariz-
ation lidar depolarization ratio. This paper analyzes the basic principles of various existing gain ratio calibra-
tion methods and compares the advantages and disadvantages of the +45° method, +45° method, A45° meth-
od, rotation fitting method and pseudo-depolarizer method in practice though experiments. Results show that:
the A45° method, +45° method and rotation fitting method are relatively accurate when the misalignment
angle is small, but the operation of the £45° method and rotation fitting method are more complicated. The
+45° method still has a large calibration error without a misalignment angle. The pseudo-depolarizer method
is the easiest to operate, but it is restricted by a non-ideal pseudo-depolarizer. Through comparison of theory
and experiment, this paper provides a suggestion for the best choice of gain ratio calibration method. It is re-
commended that the £45° method be used for calibration with a half-wave plate, and the pseudo-depolarizer
method be used for calibration with a high-precision depolarizer.
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1 Introduction

Polarization lidar is one of the earliest mem-
bers of lidar family. Since its birth in 1971, polariza-
tion lidar has become a research tool widely used in
atmospheric cloud and aerosol detection'. The de-
polarization ratio obtained by polarization lidar in-
version can be used to distinguish spherical and
non-spherical particles, so it is often applied to the
identification of aerosol type and the identification
of thermodynamic phase state of clouds®.
Moreover, the depolarization ratio can also be used
to identify the tropospheric boundary layer and to
distinguish polar stratospheric clouds from other
types of clouds in terms of morphology®?. At the
same time, the depolarization ratio can be used to
study the long-distance transmission characteristics
of dust!. It can be seen that the high-precision de-
tection of depolarization ratio is of great signific-
ance to atmospheric science research. However,
how to improve the detection accuracy of depolariz-
ation ratio has always been the research focus of po-
larization lidar™.

The main causes for depolarization ratio error
include: the calibration error of polarization lidar
gain ratio, the error caused by the impurity of laser
ray polarization, the alignment angle error between
laser polarization vector and Polarization Beam
Splitter (PBS) incidence plane, as well as the polar-
ization crosstalk error caused when the reflectance
and transmittance of PBS cannot reach 100%. In or-
der to simplify the description, the above four er-

rors are referred to as gain ratio calibration error,

doi: 10.37188/C0.2020-0136

linear polarization error, alignment angle error and
polarization crosstalk error respectively. Among
them, gain ratio calibration error is particularly im-
portant and has a decisive effect on the accuracy of
depolarization ratio®®. The gain ratio calibration er-
ror varies with the gain ratio calibration method. For
nearly half a century, more and more researchers
have proposed new gain ratio calibration methods.
However, there is still a lack of effective guidance
and suggestions on the selection of gain ratio calib-
ration method in the actual use of polarization lidar.
This paper analyzes the basic principles of
various existing gain ratio calibration methods and
compares the accuracy and advantages and disad-
vantages of +45° method, +45° method, A45° meth-
od, rotation fitting method and pseudo-depolarizer
method at different misalignment angles through ex-
periments. Through the comparison of theory and
experiment, this paper provides a suggestion for the

best choice of gain ratio calibration method.

2 Basic principles and structure

The typical polarization lidar is a two-channel
lidar'"!. According to the definition of depolariza-

tion ratio 6™, we can obtain

g=bels (1)

B ﬂH - P Il
where B represents atmospheric backscattering
coefficient, P represents the echo signal power, and
the subscripts | and || respectively represent the ver-
tical and parallel components of the above paramet-

€r8S.
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Fig. 1 Basic principle and structure diagram of polariza-

tion lidar system
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As shown in Fig. 1. the vertical component P,
and parallel component P, of echo signal can be de-
composed into the following components after the
coordinate rotation transformation relative to the in-

cident plane of PBS:

{PS, (6) = P,cos’ (8) + P,sin’ (§) (2)

P, () = P,sin’ (8) +P,cos’ (9)

where the subscripts S’ and P’ respectively repres-
ent the directions perpendicular to and parallel to the
incident plane of PBS, and 6 represents the angle
between the laser polarization vector and the incid-
ent plane of PBS (here referred to as misalignment
angle).

Because there is polarization crosstalk in the
actual PBS, the parameters R;, R, T, and T respect-
ively represent the reflectance and transmittance ra-
tios of P and S light in PBS (the above four para-
meters are generally known, and are labeled by PBS
manufacturer). After the light passes through the
PBS, the detected power P, and P; in the reflection

channel and transmission channel can be expressed as

{PR (@) =[Py (O)R, + Py, (6) Rs] K (3)

P.(0) =[P, (OT,+ P, (O)T] K, ’

where K, and K, respectively represent the gain

coefficients of reflection channel and transmission
channel, G=K,/K;. According to the Eq. (3), the ac-
tually measured depolarization ratio §” (6) can be ob-

tained:

P (6
5O =50 -
[1+dtan® (O)] R, + [tan® (0) + 5] R, .

[1+6tan’ (8)] T, + [tan’ (8) + 6] Ts

(4

It can be seen from the equations (1) ~ (4) that
the gain ratio G must be calibrated before the calcu-
lation of the depolarization ratio, and that the gain
ratio calibration error will affect the calculation res-
ult of the depolarization ratio!"”. Next, we will intro-

duce several typical gain-ratio calibration methods.

3 Gain ratio calibration methods

3.1 Method of clean atmospheric molecule

The method of clean atmospheric molecule is a
method to calibrate the gain ratio by comparing the
actual depolarization ratio of clean atmosphere de-
tected by the system and the theoretical depolariza-
tion ratio of clean atmosphere, assuming that only
atmospheric molecules (no aerosols and clouds) ex-
ist in the high air. The calculation formula of depol-
arization ratio in the method of clean atmospheric

molecule is
Ope = — (5)

where 7 and B respectively represent the vertical
and horizontal components of the backscattering
coefficient of atmospheric molecules. In the experi-
ment, a relatively clean atmospheric area at the alti-
tude r, was selected, where only atmospheric mo-
lecules could exist. It should be noted that the influ-
ence of misalignment angle and polarization
crosstalk is generally not considered in the method
of clean atmospheric molecule (i.e., 6=0°, Ry=T,=1,
R,=T=0). Therefore, the gain ratio G can be calcu-
lated by Eq. (4):

G=— |, (6)
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where ¢ and ¢, respectively represent the atmo-
spheric molecular depolarization ratio actually
measured at the altitude r, and the theoretical atmo-
spheric molecular depolarization ratio. d,, can be
calculated according to the theory of atmospheric

U but it is not fixed. Atmospheric mo-

scattering
lecular scattering is mainly composed of Rayleigh
scattering and vibration Raman scattering (with a
negligible intensity). Rayleigh scattering is mainly
composed of pure rotational Raman line and central
Cabannes line!"™. In the Rayleigh scattering spec-
trum, Cabannes lines constitute the central peak of
Doppler broadening, while pure rotational Raman
lines are distributed on both sides of Cabannes lines
to constitute the sidebands!'*. The depolarization ef-
fect caused by pure rotational Raman lines is much
greater than that caused by Cabannes lines. For a
lidar system, the value range of ¢,, is between
0.00363~0.0143 when the filters with different
bandwidths (BWs) are used"”. If the filter band-
width in the lidar system is narrow (BW<0.3 nm
@532 nm), 6,, will be the lower limit, namely
0,,=0.003 63. Conversely, if the filter bandwidth is
wide (BW=15 nm@532 nm), §,,, will be the upper
limit, namely ¢,,,=0.014 3.

Due to convenient operation and no need to
add other devices to the light path of the system, the
method of clean atmospheric molecule was widely
used in the 1980s and 1990s. However, its short-
coming is also very obvious. Because clean atmo-
sphere rarely exists, the calibration result obtained
from a calibration area with aerosols or clouds
present will have a large error. Moreover, when the
filter bandwidth ranges from 1 nm to 15 nm, the
proportion of pure rotational Raman lines in the
scattered atmospheric molecules cannot be accur-
ately evaluated. This may lead to the inaccurate cal-
culation of the theoretical depolarization ratio of
clean atmosphere, resulting in a calibration error. In
addition, it should be noted that the method of clean
atmospheric molecule is generally applicable to the
lidar with a laser wavelength of less than 550 nm.
For the lidar with a detection wavelength of more

than 800 nm, this calibration method is likely to

cause a large calibration error because the Rayleigh
scattering intensity is weak!"’l. Therefore, this meth-
od is rarely used at present.

3.2 +45° method

+45° method is a method of placing a Half-
Wave Plate (HWP) in the receiving optical path
(generally in front of PBS) and rotating it in one dir-
ection (clockwise/counterclockwise) to realize the
gain ratio calibration. In particular, this method as-
sumes that the properties of HWP are ideal and that
the atmospheric state does not change during calib-
ration. In addition to the above two basic assump-
tions, two more assumptions should be added to the
+45° method, that is, neither a misalignment angle
nor polarization crosstalk will exist!'¥,

As shown in Fig. 2 (Color online), the HWP is
placed in the upstream optical path of PBS. In this
case, the laser polarization vector is considered to be
parallel to the incident plane of PBS, as shown in
Fig. 2(a).

A4
“ vy
PBS (.

HWP y
+90°
® ., ¥
PH PH +P%, Ky
G D
P, O” P £ P, Ky
45°|_| X
PBS .
HWP ye=rz

Fig. 2 Schematic diagram of +45° method. (a) Before
HWP rotation. (b) After HWP rotation by +45°
Bl2 +450k s (a) DR RS Z HiTs (b) 3 i
¥erasoZ)m

Since the impact of misalignment angle and
polarization crosstalk is not considered, the Eq. (3)

can be simplified as

7

Py (OO) =P (OO)KR
P, (Oo) =P (00) K,

Then, the HWP is rotated clockwise around the
optical axis (similar to the counterclockwise case),
so the angle between the laser polarization vector

and the incident plane of PBS is +90°, as shown in
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Fig. 2(b). In the Eq. (7), P;(0°) becomes P,(90°).
The specific formula is not repeated here. In this
case, the gain ratio G can be expressed as

_ P(0°)
" P090%)

(8

The advantage of this method is easy operation.
Its disadvantage is that the alignment angle error
and polarization crosstalk error can be easily intro-
duced as the effects of misalignment angle and po-
larization crosstalk are ignored.
3.3 +45° method

+45° method is a method of placing a HWP in
the receiving optical path and rotating it twice (by
+22.5° and —22.5° respectively relative to the initial
position) to realize the gain ratio calibration. This
method was proposed by Freudenthaler et al. from
the University of Munich, Germany'"”.. Based on the
+45° method, the £45° method has considered the
effects of both misalignment angle and polarization

crosstalk. As shown in Fig. 3 (Color online).

0.
(a) xi v init P K
( & Rer Ry
( 9 24 @ -y T, T.
-t P S
2 ” L My Pr K
“ (11
X
PBS t
HWP yrE
(b) 0, T45°
x4 X4 y Py, Ky
PH | PH kRP’ R
G @ &
P, - P, ;: Py, Ky
+22.5°
I_l PBS t,.
HWP y
(c) ginnf45°
¥ g Py Ky
! PH P\ RP’ Rs
4 v 1 T, T
P \ {* PT> K‘r
2| ¥
’ PBS -
HWP y

Fig.3 Schematic diagram of +45° method. (a) Before
HWP rotation. (b) After HWP rotation by +22.5°.
(c) After HWP rotation by —22.5°
K3 450k R BRIET . (a) PR BERE Z Al (b) 2 g
5+22.5°2 )75 (o) M T i —22.5°2 )5

In Fig. 3, a HWP is placed in the upstream op-
tical path of PBS. It is assumed that there is an ini-
tial misalignment angle 6., between the laser polar-
ization vector and the incident surface of PBS, and
that 6, is the quantitative misalignment angle intro-
duced artificially.

After the HWP rotation, the following equa-
tion can be derived from Eq. (4):

Py (6 +6) _
P (6, +6,)
[1+6tan® (6, + 6,)] R, + [tan® (6,,, + 6,) + 5] Rs

[1+6tan® (0, +6,)] T, + [tan® (6,,, +6,) + 5] T o
D)

6 (ginil + gh) =

In order to reduce the influence of initial mis-
alignment angle 6,,, the HWP is rotated twice con-
tinuously in the £45° method. At first, the HWP is
rotated by +22.5° clockwise around the optical axis
relative to its initial position. Then, the HWP is ro-
tated by —45° counterclockwise around the optical
axis based on the first rotation, or by —22.5° coun-
terclockwise around the optical axis relative to its
initial position. In the two rotations, the angles
between the laser polarization vector and the incid-
ent surface of PBS are +45° and —45° respectively.

At this time, the gain ratio G can be expressed as

oo Lty

= -0 (0, +45)5 (6, —45) . (10
R+R. VO (6, +45) 5 ( )

It can be seen from Eq. (10) that in the +45°
method, the polarization crosstalk error of PBS is
considered, but the influence of alignment angle er-
ror cannot be completely eliminated. It is proved by
facts that the error source has little to do with the
Signal-to-Noise Ratio (SNR) in the +45° method"*.
If 6,

init

= 1°, the relative error of G can be controlled
within 5%!"l. With the advantages of simple opera-
tion and high accuracy, the +45° method has been
used in MULIS (Multichannel Lidar System), POL-
IS (Portable Lidar System) and other high-precision
polarization lidar systems for gain ratio calibra-

"I Tts shortcoming is that the alignment angle

tion!
error cannot be eliminated.
3.4 A45° method

A45° method is a method of placing a HWP in
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the receiving optical path and rotating it by 45° in
one direction (clockwise/counterclockwise) to real-
ize the gain ratio calibration. This method has the
same operation as +45° method, but different calcu-
lation approach. In addition, it doesn’t need initial
0° search. This method was proposed by Luo Jing et

[17]

al. from Zhejiang University''”, as shown in Fig. 4

(Color online).
(@)
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Fig. 4 Schematic diagram of A45° method. (a) Before
HWP rotation. (b) After HWP rotation by 45°
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In Fig. 4, a HWP is placed in the upstream op-
tical path of PBS. It is assumed that there is an ini-
tial misalignment angle between the laser polariza-
tion vector and the incident surface of PBS.

Before the HWP rotation, the following equa-

tion can be derived from Eq. (4):

Py (0) = {[ Py sin’ (6) + Prcos’ ()| Rt
| Pocos’ (0,.) + Ppsin’ (6,.) | Ry} Ki

Py (6,) ={[ Posin’ (0,,) + Ppcos’ (0,,)| To+ '
| Po.cos’ (0,.) + Ppsin’ (6,.) | T} K
(1D
Then, the HWP is rotated around the optical
axis, as shown in Fig. 4(b). After rotation, the terms
P.(6,) and P.(0.) (11) turn into
P (0,;190°) and P(6;,;+90°). The specific formula

is not repeated here. In this case, the gain ratio can

in Eq.

be expressed as

_ Pe(0,)+ P, (0,,+90°) T,+T;
© Pi(0) + P (6, +90°) R,+Rg

a2

where Py (6,,), Pr (6,), P(6;790°) and P, (6;,;790°)
can be considered as known quantities. It can be
seen from Eq. (12) that A45° method not only elim-
inates the alignment angle error, but also reduces the
polarization crosstalk error. Moreover, the initial
direction of laser polarization vector can be arbit-
rary, which reduces the need to adjust the orienta-
tion of HWP fast axis before rotating the HWP.
A45° method can not only improve the calibration
speed, but also ensure the calibration accuracy. Its
disadvantage is that the influence of atmospheric
state change cannot be eliminated.

3.5 Rotation fitting method

Rotation fitting method is a method of placing
a HWP in the receiving optical path and rotating it
for several times to realize the gain ratio calibration
through the nonlinear least square fitting and the in-
version of gain ratio, depolarization ratio and initial
misalignment angle 6,,"®. This method was pro-
posed by Alvarez et al. from NASA.

As shown in Fig. 5 (Color online), a HWP is
placed in the upstream optical path of PBS. It is as-
sumed that there is an initial misalignment angle 6,
between the laser polarization vector and the incid-
ent surface of PBS.

If the HWP is rotated artificially by 6, /2 relat-
ive to its initial optical axis, a series of misalign-
ment angles 6,;, can be introduced artificially and
quantitatively. From Eq. (9), the following equation

can be derived:

PR (einil + 9}.,,;‘) _
Pr(6+6,,)
[1+6tan’ (0, + 6,,)] Ry + [tan® (6, + 6,,) + S| Ry

[1+6tan’ (6, + 6,,)] Ty + [tan’ (B, + 6,,) + 0] Ts
(13)

6 (Omn + eh./) =

s

where j represents the j-th rotation of the HWP. In
the Eq. (13), as 6" (6,,+6,,), 6., Re, Rs, Ty and T can
be considered as known quantities, only three quant-
ities, namely gain ratio G, initial misalignment angle
6., and theoretical depolarization ratio ¢, are un-

known. In this case, the three unknowns cannot be
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solved by a single equation. However, multiple
equations can be obtained by rotating the HWP for
many times. Then the nonlinear least square meth-
od can be used to solve the equation set so as to
solve the three unknowns. It should be noted that at
least three equations need to be obtained in this
method, namely j > 3.

The advantage of this method is that the three
unknowns, namely gain ratio, depolarization ratio
and initial misalignment angle, can be inverted sim-
ultaneously through one calibration, and no a priori
value is required. However, due to time-consuming
calibration and complicated operation, this method
is only suitable for a relatively stable atmospheric

environment.

APy, Ky
Py Ry, R

Py 418
.
- . T T
@PL H @P = PLK

Ay P A
“ ™y
PBS

yﬁhz

3

HWP
0i||il+0h,j
(b)
x4 P X A Pr, Ky
I P, R R
@ . . ‘_L TP’ TS
P, P P, K,

N 2,
I

6,2
PBS yt B

J
Fig. 5 Schematic diagram of rotation fitting method. (a)
Before HWP rotation. (b) After HWP rotation by
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3.6 Pseudo-depolarizer method

The pseudo-depolarizer method is a method
that adds an optical element to the optical path to
convert the echo signal received by the system into
unpolarized light so as to realize the gain ratio calib-
ration. The gain ratio is calibrated by using the ratio
of signal intensities of two detection channels. From

Eq. (4), the gain ratio G can be obtained:
G== . (14

A typical example is found in the CALIOP,

where the non-depolarizing signal generated by a
depolarizer is used for gain ratio calibration!"”’. The
specific operation procedure is as follows. A mov-
able depolarizer is placed in the upstream optical
path of PBS during the system calibration, and is re-
moved after the calibration completion, as shown in
Fig. 6. In the CALIOP, this method is used to calib-
rate the gain ratio of the system on orbit at night and
then the method of clean atmospheric molecule is

used to verify the calibration result®”.

Polarization =~ Detectors and data
Narrow band  beam splitter acquisition electronics

optical filter = | |
D : - I_J G =P
Insertable
5 depolarizer
H o Lr
._] L
D +P

Fig. 6 Schematic diagram for CALIOP gain ratio calibra-
tion
6 CALIOP 155 b5 b J 2 ]

The advantage of this method is that it can be
operated easily and calibrated in real time, so as to
eliminate the influence of atmospheric state change.
Its disadvantage is that other errors will be intro-
duced easily due to the difficulty for a commercial

depolarizer to produce completely depolarized light.

4 Experimental results and analysis

The polarization lidar used in the experiment is
a typical dual-channel lidar, whose structure is
shown in Fig. 1 (where the same device is only
marked once). The pseudo-depolarizer between the
convergent lens and the HWP is only used in the
pseudo-depolarizer method. To reduce linear polar-
ization error, a polarizing prism was added to the
emergent light path in the experiment system, so
that the extinction ratio of the outgoing laser
reached 2x10° : 1.
crosstalk error, a PBS was glued with a polarizing
film to achieve T,:Ts(R;:R,)>30000 : 1. There-

fore, the effect of alignment error on gain ratio is

To reduce the polarization
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discussed instead of the effect of linear polarization
error and polarization crosstalk error. The specific

parameters of the system are shown in Table 1.

Tab.1 Main parameters for polarization lidar system

T 1 RIRHAREREEESH

Main parameters Value
Laser center wavelength 532 nm
Laser energy Sml]
Repetition frequency 10 Hz
Pulse width 8 ns
Diameter of telescope primary mirror 210 mm
Field of view of telescope 1 mrad
Focal length of telescope 2000 mm
Filter bandwidth 3nm

Due to the large calibration error of clean at-
mospheric molecules, the experiment in this paper
mainly compares the influence of five methods,
namely, +45° method, +45° method, A45° method,
rotation fitting method and pseudo-depolarizer
method, on the gain ratio calibration at different
misalignment angles (alignment angle errors).

To ensure a high signal-to-noise ratio, the ex-
periment was carried out at night. Meanwhile, in or-
der to reduce the impact caused by atmospheric
changes, the detection in horizontal direction (pitch
angle: 0°) was adopted. After the optical axis calib-
ration of the system was completed, an electric ro-
tating motor (accuracy: 0.005°) was used to adjust
the half-wave plate to the position where the laser
polarization vector was parallel to the incident sur-
face of PBS (when 200 signals on average were
passed and the maximum power of transmission
channel was detected visually). At this point, the
HWP angle was the initial 0°. It should be noted

that, for the convenience of description, the initial
misalignment angle 6, is not included in the actual
total misalignment angle when the misalignment
angle 6, is introduced artificially and quantitatively
to the following section. However, each actual mis-
alignment angle contains the initial misalignment
angle 6,,, (an unknown quantity). Then, with 6,=0°
(the actual misalignment angle is 6,,,+0°) as the zero
point, an electric rotating motor is used to rotate the
HWP. In the actual operation, the alignment angle
usually does not exceed 15°*'2%, However, to en-
sure the experiment integrity, the misalignment
angle under discussion is expanded to 45° in this pa-
per.

In the +45° method, +45° method, A45° meth-
od and rotation fitting method, the HWP was ro-
tated with a step size of 2.5° within the 6, range of
—45°~67.5° to obtain a total of 46 sets of original
echo signals. By processing the above data, a step
size of 5° and a 6, range of —45° ~ +45° (that is, the
difference between the two angles in each group of
data before and after the HWP rotation are 45°)
were selected in the four methods. After calculation,
a total of 19 groups of gain ratio data were obtained.

Before starting the experiment, a pseudo-depol-
arizer was added to the optical path of the system, as
shown in Fig. 1. Since the pseudo-depolarizer was
not ideal, the HWP was rotated with a step size of
10° within the 6, range of —80° ~ +100° to obtain a
total of 19 sets of original echo signals in order to
observe the change of pseudo-depolarizer in at least
one cycle. By processing the above data, a total of
19 groups of gain ratio data were obtained after cal-
culation.

The calibration results of the above five meth-

ods are given in Table 2 (6,=0°).

Tab. 2 Calibration results of five methods at 6,=0°
2 0,=0°8% 5 M AR ERRLE R

Calibration method

+45° +45° Ad4se Rotation fitting Pseudo-depolarizer

Calibration result 1.2185+0.1379 1.2679+0.1518 1.2676+0.1524 1.2716+0.0250 1.1977+0.1483
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As can be seen from Table 2, when there is no
misalignment angle (6,=0°), the calibration results of
+45° method, A45° method and rotation fitting
method are close to each other and can be con-
sidered closest to the true value. Therefore, the aver-
age value of the gain ratios measured by the above
three methods at 6,=0° is defined as the true value.
The curves of the relative errors of the five calibra-
tion methods changing with the misalignment angle
are shown in Fig. 7 (the calculation processes of ro-
tation fitting method and pseudo-deflector method
are described in detail in the Sections 4.2 and 4.3).

22.5
- +45° calibration method
-£x +£45° calibration method
150 -[3 ‘A45° calibration method
=% ‘Fitting method
- JEOY <> ‘Pseudo-unpol method
e 715 \
E 9
)
S xBab EE‘QA ’*g B4
2 /
5 gsp A
= A \A
15 0‘l > i
Bt O -
k%
-22.5

—-45 =30 -15 0 15 30 45
Misalignment angle/(°)
Fig. 7 Relative errors changing with the misalignment
angle for the five calibration methods
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4.1 +45°, +45° and A45° methods

As shown in Fig. 7, when |6,|<15°, the calibra-
tion results of +45° method and A45° method are
similar with a small relative error. However, even if
the misalignment angle is 0°, the calibration result
of +45° method is still greatly different from those
of the above two methods, with a relative error up to
4%. When |6,[>15°, the calibration results of +45°
method and A45° method will remain almost stable.
However, with the increase of misalignment angle,
the calibration result of +45° method will become
more unstable and its relative error will increase
sharply even up to 12.93%. The main reason for
such error distribution is that the +45° method cal-
culates the geometric average of the two measure-

ments before and after rotation, while the A45°

method calculates the arithmetic average of the two
measurements before and after rotation based on the
+45° method. The reasons for the above phenom-
ena of +45° method will be explained below through
specific theoretical analysis.

The relative error between the two methods
was analyzed™*.. The powers detected in the re-
flection channel and transmission channel before
and after the HWP rotation in the two methods are
denoted as P, P; and P:, P:. Then

AG,.\
(51 2: —_—] =
R
(AP’ +(AP)) (AP + (AP (15
(Py+ Py Pi+Py

2 a2 \2
G 4\ P
(AP, 1{AP:\ 1(AP:Y
- = = 16
4(P;)+4(P; i) o e
where 6, and ¢, represent the relative errors of the
calibration results of A45° method and +45° method,

and AP, (SisRorT and nisaorb) represents the
uncertainty (standard deviation) in each measured
value. The photon counting signal in lidar can be
considered to be subject to Poisson distribution®],
so the statistical error is equal to the root mean
square of the mean value of the signal, i.e. Al = VI.
Therefore, the equations (15) and (16) can be fur-

ther deduced as follows

1 1
(6, = — + — , an
P+P, Pi+P

11 11
+ +
4P ap Tap T ap

(6,) = (18)

It can be found that (6,)* < (6,)’, that is, the un-
certainty of A45° method is less than or equal to that
of £45° method. According to the experimental res-
ults, when the misalignment angle is large, the oscil-
lation amplitude of gain ratio profile of £45° calib-
ration method is indeed greater than that of A45°
method. This also explains why the error of +45°
method in Fig. 7 is much greater than that of A45°

method when the alignment angle is large.
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4.2 Rotation fitting method

Considering that the error of misalignment
angle was not greater than 15° in the actual process,
13 sets of data satisfying |6,|<<15° (that is, 6,; = 0°,
+2.5°, £5° --- £15°) were selected for fitting. The
calculation results of rotation fitting are shown in
Fig. 8 (Color online). According to Eq. (13), solv-
ing the three unknowns (gain ratio G, initial mis-
alignment angle 6, and theoretical depolarization
ratio &) in the equations is a nonlinear least square
problem. Before solving G, 6., and ¢, their initial
values need to be predicted. Their optimum initial

predicted values are shown in Fig. 8.
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Fig. 8 Curve of the actually measured depolarization ratio
changing with the misalignment angle, where the
blue circle represents the ¢* (6) values measured at
different 6 angles, and the red and green dotted lines
represent the fitting curve and 6., respectively
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It can be found that the relationship between

6 (0,,+6,;) and 6,; (blue circle) can be approxim-

ately represented by a quadratic polynomial™”,

Therefore, the following quadratic polynomial is

constructed with the artificially and quantitatively

introduced misalignment angle 6,; as an independ-
ent variable and the actually measured depolariza-

tion ratio ¢* (6,,,+6,,) as a dependent variable:
0 (6, +6,,) =A+A, X6, +A, X6, 19

where A, A, and A, are quadratic polynomial coeffi-

cients. The fitting result is shown as the red dotted
line in Fig. 8. The minimum value of the quadratic
polynomial represents the initial misalignment angle
0., whose result is calculated to be 6, =-A,/
(2% A,) =-0.35°. This value can be used as the op-
timum initial predicted value of 6,,. Then, 6, =
—0.35° is substituted into Eq. (13) and the equation
set is solved with nonlinear least square method to
obtain the gain ratio, namely G=1.271 6.
4.3 Pseudo-depolarizer method

The calculation result of pseudo-depolarizer
method is shown in Fig. 9 (Color online), in which
the blue circles represent the gain ratios calculated
at different angles of the HWP. It can be observed
that the distribution of blue circles is in line with the
cosine curve distribution law. Therefore, the follow-
ing cosine function polynomial is constructed with
the HWP rotation angle ¢ (6,=2¢) as an independ-
ent variable and the gain ratio G as a dependent

variable:
G=B,cos(B,x¢+B,)+B, , (20)

where B,, B, B, and B, all represent the coefficients
of the cosine function polynomial. The fitting result
is shown as the red dotted line in Fig. 9.
Theoretically, if the echo signal is completely
unpolarized light, its state will remain unchanged,
irrespective of how the HWP angle is changed. In
other words, the rotation of HWP will not affect the
value of gain ratio. The result of gain ratio calibra-
tion should be represented by a line parallel to the x-
axis, rather than by a cosine curve as shown in
Fig. 9. The reason for this problem is that the exist-
ing commercial depolarizer cannot completely trans-
form the polarized light into unpolarized light, so
that the echo signal still contains part of the polar-
ized light after passing through the depolarizer.
When using laser as the light source to test the de-
polarizing effect of a depolarizer, Luo Jing et al.
from Zhejiang University found that the test result
was similar to the cosine distribution in Fig. 9%,
This indicates that the result of gain ratio calibra-

tion will still be affected by this portion of polar-
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ized light even if the misalignment angle is 0°.
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Fig. 9 Gain ratio calibration result of pseudo-depolarizer
method. The blue circles represent the gain ratios
measured at different misalignment angles, and the
red dotted line represents the cosine polynomial fit-
ting curve
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It should be noted that among the measure-
ment data obtained by pseudo-depolarizer method,
only 5 sets of data satisfy 6, = —45° ~ +45°. There-
fore, only 5 points are marked in Fig. 7 according to
this method. At 6, = 0°, the relative error of pseudo-
depolarizer method is 5.6%. This indicates that the
result of gain ratio calibration will still be affected
by this portion of polarized light even if the mis-
alignment angle is 0°.

4.4 Discussion

Through the analysis of experimental results,
we know that the calibration results of £45° method,
A45° method and rotation fitting method are the
most accurate. This is consistent with the above the-
oretical analysis result. However, the error of +45°
method will increase with the misalignment angle.
The rotation fitting method is only suitable for a rel-
atively stable atmospheric environment due to time-
consuming calibration and complicated operation. In
comparison, A45° method has obvious advantages:
easier operation, robust calibration results not af-
fected by misalignment angle, and no need to search

for the initial 0° angle. However, A45° method can-

not eliminate the influence of atmospheric state
changes. In contrast, the pseudo-depolarizer method
is not only easy to operate, but also capable of elim-
inating the influence of atmospheric state changes
and free from the problem that multiple HWP rota-
tions will increase the accumulated angle error. But
so far, the commercial depolarizer still cannot pro-
duce completely depolarized light, which will intro-
duce a new error that is difficult to evaluate. In con-
clusion, we suggest the use of A45° method for cal-
ibration as a general rule and the use of pseudo-de-
polarizer method for calibration when a high-preci-

sion depolarizer is available.

5 Conclusion

The calibration accuracy of gain ratio has a
great influence on the detection accuracy of polariz-
ation lidar. This paper compares a variety of the ex-
isting gain-ratio calibration methods theoretically
and experimentally for the first time, and provides
some suggestions on the selection of gain-ratio cal-
ibration methods.

As far as the operability is concerned, the
pseudo-depolarizer method only needs a depolar-
izer inserted into the system to realize the calibra-
tion, and can eliminate the influence of atmospheric
state changes. The other four methods require at
least two rotations of the HWP in relatively com-
plicated operation and cannot eliminate the influ-
ence of atmospheric state changes. In terms of calib-
ration accuracy, this experiment mainly compared
the influence of +45° method, +45° method, A45°
method, rotation fitting method and pseudo-depolar-
izer method (excluding the method of clean atmo-
spheric molecule due to its large calibration error)
on the gain ratio calibration at different misalign-
ment angles. The experimental results show that the
calibration accuracy of +45° method, A45° method
and rotation fitting method is relatively high, but the
operation of £45° method and rotation fitting meth-
od is quite complex. The error of £45° method is big
when the misalignment angle is large. In the A45°

method, the result of gain ratio calibration is not af-
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fected by the misalignment angle, and there is no
need to search for the initial 0° angle. Compared
with the first three methods, +45° method has a lar-
ger error when the misalignment angle is 0°. The
pseudo-depolarizer method is greatly affected by the
use of non-ideal depolarizer. If an ideal depolarizer

is available, this method will be an ideal gain-ratio
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calibration method. By comparing different gain-ra-
tio calibration methods theoretically and experi-
mentally, this paper gives the best choice of gain ra-
tio calibration method, suggesting the use of A45°
method for calibration as a general rule and the use
of pseudo-depolarizer method for calibration when a

high-precision depolarizer is available.
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