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ABSTRACT:

Polarization array based polarization Michelson wind field detection interferometer is a new type of interferometer for detecting
atmospheric temperature and wind field velocity. We proposed a theoretical model and design of the novel static polarization
wind imaging interferometer (NSPWII). It consists of a group of polarizers and waveplates, a polarization beamsplitter, a field
widened Michelson interferometer, a pyramid prism, and a polarization array. Based on the principle of polarization interference,
a polarization array composed of four polarizers with 45° polarization directions differences is directly in front of the detector,
and four modulated light beams from the pyramid prism pass through the four polarizers. Then, interferograms with four different
intensity are imaged on the detector simultaneously, which further provides the atmospheric temperature and wind field velocity.
The advantages of this instrument are static (no moving parts), achromatic, and temperature compensated. It is capable of measuring

the upper atmospheric wind field in real time with a high precision.

1. INTRODUCTION

The Earth’s atmosphere is a natural barrier to protect the life
on Earth and plays an important role in maintaining the climate
stability of the Earth. Understanding of the Earth’s atmosphere
is the cornerstone of saving the global environment. In recent
years, due to a variety of reasons, the Earth’s atmosphere has
been damaged, causing a series of problems such as the hole
in the ozone layer and global climate change. Solving these
problems first requires high-precision, large-scale atmospheric
dynamic detection. Wind is the main carrier of atmospheric en-
ergy and momentum. Wind field and atmospheric temperature
are important parameters of atmospheric dynamics. The meas-
urement of the temperature, velocity and pressure of the upper
atmospheric wind field will provide a large amount of data for
the research of atmospheric physics and geophysics, medium
and long-term weather forecasting, aerospace, and coping with
global climate change.

The passive detection of the upper atmospheric wind field is
based on the interference imaging spectroscopy and the Dop-
pler effect of electromagnetic waves. It uses the airglow (au-
rora) in the upper atmosphere as the detection source, and de-
tects the modulation of interference fringes using the interfer-
ometer with a large optical path difference. By measuring the
Doppler shift of the wavelength of the emission lines, the tem-
perature, velocity and other information of the upper atmo-
sphere can be retrieved using the four-point algorithm. Inter-
ferometric atmospheric wind field detection has a good sensit-
ivity, approximately Sm/s. It does not need to bring additional
light source, which means it is more suitable for space borne
detection. Thus it has become a research focus in recent years.

Michelson interferometer can be used for passive detection
of atmospheric wind field. According to the different ways
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of obtaining the interference pattern, it can be divided into
three types, the detection system of the moving mirror scan-
ning mode, the detection system of the four-zone coating mode,
and the detection system based on the polarization Michel-
son interferometer. Shepherd et al. proposed the principle
of wide-angle Michelson interferometer (WAMI) (Shepherd,
2002). Subsequently, a series of detection systems with moving
mirror scanning modes were developed, such as the wide-angle
Michelson Doppler imaging interferometer (WAMDII) (Shep-
herd et al., 1985), the Wind imaging interferometer (WINDII)
flew on the UARS satellite from 1991 to 2005 (Shepherd et
al., 2012), the infrared Doppler Michelson interferometer for
measuring stratospheric winds (SWIFT) (Gault et al., 2001),
the E-Region wind interferometer (ERWIN) (Kristoffersen et
al., 2013), as well as the ground based Michelson interfero-
meter for airglow dynamics imaging (MIADI) (Langille et al.,
2013). They require precise moving mirror scanning and cannot
accurately detect rapidly changing targets. The four-zone coat-
ing mode system, such as the mesospheric imaging Michelson
interferometer (MIMI) (Babcock, 2006), generate four phase
steps 0°, 90°, 180°, and 270° by coating four different multi-
layer dielectric films on the four zones of the mirror of one arm
of the field widened Michelson interferometer. It can get four
interferograms of the target at the same time to realize real-
time detection. This mode has very high requirements for the
performance of multi-layer dielectric films and is difficult to
manufacture. The polarization Michelson wind imaging inter-
ferometer system uses a polarization interferometer (Ramsey
et al.,, 1980). By rotating the polarizers, four interference in-
tensities of different phases of the target light source are ob-
tained. The representative instrument is polarizing atmospheric
Michelson interferometer (PAMI), which also contains moving
components and cannot realize real time measurement (Bird et
al., 1995).

In this paper, we propose a novel static polarization wind ima-
ging interferometer (NSPWII). It uses a combination of a pyr-

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-V-1-2020-383-2020 | © Authors 2020. CC BY 4.0 License. 383



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume V-1-2020, 2020
XXIV ISPRS Congress (2020 edition)

Mirror 1
|
QWP 1
Glass 1
F1Eer Polaﬂzer Glass 2
£
2
[\S)
PBS
B B QWP 3 Qo
L—~
Pyramid Prism | ™ E

P

z

| |/
/\

Polarizer Array

CCD

Figure 1. The system structure scheme of NSPWII

amid prism and a polarizing array instead of sequentially ob-
taining four interference intensities by rotating the polarizer
four times in PAMI. It can obtain four interferograms with dif-
ferent phases on the four partitions of the detector simultan-
eously. Therefore, NSPWII can realize real time detection of
targets, and the defect that the moving mirror scanning mode
cannot accurately detect fast-changing targets has been over-
come.

2. PRINCIPLE

The structure of NSPWII is shown in Fig. 1. It is mainly com-
posed of a filter, a fore-optics system, a field widened polar-
ization Michelson interferometer system, and imaging system.
The function of the filter is to select the wavelength of the incid-
ent light wave and let the target wavelength that the instrument
needs to detect pass through. The fore-optics system allows as
much light as possible to enter the interferometer system, in-
creasing the luminous flux of the system. The function of the
pyramid prism is to make a beam of light equally divided into
four beams in four different directions, and then the four beams
are focused on the CCD through a imaging lens and a polariza-
tion array.

The field widened polarization Michelson interferometer is the
core part of NSPWIL. It consists of a polarizer, a polarization
beamsplitter (PBS), two glass arms for field widening, three
quarter wave plates (QWP), and two total reflection mirrors.
Among them, the azimuth of the polarizer (specified as the
angle between the transmission direction and the x axis) and the
azimuth of the three quarter-wave plates (specified as the angle
between the fast axis and the z axis) are 37 /4. Passing through
the optical filter, light at the specific wavelength is collimated
by the fore-optics system, and incident into the polarizer. The
exit light is linearly polarized with an azimuth of 37 /4. The lin-
early polarized light can be decomposed into two components
perpendicular to each other, s component (the vibration direc-
tion is perpendicular to the paper surface) and p component (the
vibration direction is parallel to the paper surface). Assume that

the light vector of the incident light wave passing through the
filter, fore-optics, and polarizer is E, the two components of the
light vector can be expressed by

]E‘S = A cos <%T7T> exp [—z(wt — k- 1‘5)] (])
E, = Acos (%) exp [—i(wt — k- 1p)] (@)

where A is the amplitude, wt is the initial phase and k is the
wave vector of the incident light. rs and r, represent the pos-
ition vectors of the s and p components of the light wave, re-
spectively. After the light wave passes through the polarization
beamsplitter PBS, its s component is reflected and transmitted
into arm 1, and the p component is transmitted into arm 2. Since
both ends of the arms have a 1/4 wave plate and a total reflec-
tion mirror, the path of transmitting light waves through the 1/4
wave plate and then reflecting through the 1/4 wave plate is
equivalent to the light wave passing through a 1/2 wave plate.
The s light of arm 1 will turn into p light when returning and
pass through the PBS without loss (assuming the performance
of PBS is ideal). Its light vector components E;’ in the fast axis
direction and slow axis direction of the wave plate are

Ei; = Acos (%) exp [—i(wt —k - r1)] cos (%) 3)

E.s' = Acos (%r) exp [—i(wt —k - r1)] sin (3%) 4

Similarly, the p light of arm 2 will turn into s light when re-
turning and reflecting by the PBS without loss. Its light vector
components E>’ in the fast axis direction and slow axis direc-
tion of the wave plate are

E2f' = Asin (%) exp [—i(wt — k - r2)] cos (g) )
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Eos’ = Asin (%) exp [—i(wt — k - r2)] sin (%) (6)
In above equations, r; and rz are the position vectors of light
waves in arm 1 and arm 2, respectively. At the exit position
of the interferometer, the light waves E;” and Eo’ will pass
through the third quarter wave plate QWP 3. Let E;’ become
E; after passing QWP 3. E; can be decomposed into a vibra-
tion component E; ; along the fast axis of QWP 3 and a vibra-
tion component E;, along the slow axis, which are expressed
as

Bij = o Aexp [~i(wt — k1)) ™

1 . T
Ei, = _iA exp [—i(wt — k- r1)] exp (—15) 8)
It is clear from Eq.7 and Eq.8 that linearly polarized light
becomes right-handed circularly polarized light after QWP 3.
Similarly, the fast and slow axis components of E, after QWP
3 are

ng = %Aexp [—i(wt —k- I‘Q)] (9)
Eo = %A exp [—i(wt — k - r2)] exp (fzg) (10)

Linearly polarized light Eo’ passes through QWP 3 and be-
comes left-handed circularly polarized light. Two circularly po-
larized lights will be superimposed, and the superimposed E ¢
and E; in the fast and slow axis directions of QWP 3 are

E; = Eiy + Eof

— —con [ 1 =) exp [ (s -k 2]

2
(11)
Es:Els+E25
I I B . . Titre
= Asm[2k (r1 rg)}exp[ z(wt k 5 )]
(12)

From Eq.11 and Eq.12, it can be seen that two circularly po-
larized lights are superimposed into linearly polarized light.
After that, the linearly polarized light is divided into four beams
with equal intensities by the pyramid prism, and after passing
through the imaging lens, they respectively pass through four
polarization units with different polarization directions on the
polarization array as shown in Fig.1. Define the angles of the
polarization directions of the four polarization units to the fast
axis of QWP 3 as ¢; (1 = 1,2, 3,4), then the light vector after
passing through each unit of the polarization array is

E{" = Ef cos; + Essint;
1
= —Acos [ik (ri —r2) — z/)l} (13)

- exp [—i (wt—k- rl;rz)]

Finally, the intensities measured by CCD can be expressed as

I; = ES* B2 = A%cos? Bk (ry —r2) — wz} (14)

where k- (r1 — r2) = 2moAg. Ao is the optical path difference
between the two arms of the interferometer. Assuming the total
incident intensity is o, half will lost when passing the polarizer.

Then, Eq.14 becomes
Io
I, = vy [1 4 cos (2moAg — 2¢;)] (15)
Considering that the actual detection spectral line is Gaussian,
the interference fringe visibility V' must be introduced into the

interferogram. Meanwhile, by implementing the Doppler shift
o = oo(1 + v/c), the intensities can be write as follow

I; = I; [1 + V cos (QTI'O'()AQ + 27rUOA0E - 21/11')]
I ‘ (16)
= : [1+ Vcos (po + puw — 29)]

It is known that the polarization directions of the polarization
units 1, 2, 3, and 4 in the polarization array are 0°, 45°, 90°, and
135°, respectively. Finally, four interferogram with different
phases will be obtained on the detector simultaneously

I = % (14 VcosV) 17)
Io .

Iy = (14 Vsin®) (18)
Iy

Is = Z(I—VCOS\I/) (19)
Io .

Iy = 1 (1—-Vsin?¥) (20)

where ¥ = ¢ + ¢.. By solving Eq.17 to Eq.20, we can get

Io = 2(I1 + I3) = 2(I2 + I4) 21
2 213
V= 2[(]1 - ]3) + (]2 - 14) } (22)
Io
U = arctan (2 : ﬁ) (23)

Thus, the wind velocity and temperature of the target atmo-
sphere can be obtained as

C

V=5 (¥~ ) (24)
T—- ' mv (25)
QAR

where Q = 2n%ko?/(mc?), k is the Boltzmann constant and
m is the molecular weight. Therefore, by obtaining four inter-
ferograms from the system detector at the same time, extracting
four intensity values and fixing the reference optical path dif-
ference of the interferometer system through instrument design
and calibration, the wind velocity and temperature of the target
atmosphere can be obtained.

3. FIELD WIDENING DESIGN

Because the prism splits the interference beam into quarters, the
intensity of each interferogram is reduced to 1/4, which means
that the throughput of the system is also reduced to 1/4. When
the aperture and spectral resolution are constant, the throughput
of the interferometer is completely determined by the incident
intensity. The throughput of the system can be increased by
increasing the amount of incident light if the optical train has
been perfectly aligned. Field widening is one of the effective
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measures that can be taken. The target source for passive de-
tection of the atmospheric wind field is faint airglow or aurora.
In order to collect more light energy in the measurement, the
interferometer is usually designed to allow oblique incidence at
a relative large angle with a small change in optical path dif-
ference, which is called field widening. Field widening is usu-
ally achieved by adding glasses of different thicknesses and re-
fractive indices to the two arms of the Michelson interferometer
(Thuillier, Shepherd, 1985).

As is shown in Fig.1, we designed a field widening scheme us-
ing two glasses and a gap. According to the principle of Michel-
son interferometer, the original optical path difference is

A =2 (nidy + na2dz + nads)

— sin2i0 <ﬂ + é + ﬁ)

n1 n2 ns

4.
sin“ig [ d1 da ds
4(@*%*@)

(26)

where 7 is the angle of the light beam incident into the beams-
plitter, di, d2, ds, n1, n2, n3 are the thicknesses and refractive
indices of glass 1, glass 2 and the air gap, respectively. To real-
ize the field widening of the system, the reference optical path
difference should be non-sensitive to the field of view, which
means the high order of Eq.26 should equal to zero. Gener-
ally, there are three requirements for field widening and thermal
compensation: the optical path difference does not vary with the
incident angle; the optical path difference does not vary with the
incident wavelength; the optical path difference does not vary
with temperature (Thuillier, Hersé, 1991). The field widening
requirements can be expressed as

b dy s o7
ni no ns

d1 817,1 d2 87),2 d3 ang

i ki R Ees A R 28

n? OX  n2 X  n3 OA 0 28)

di (n1a1 + B1)+dz (n2as + B2)+ds (nsas + B3) =0 (29)

where a; (i = 1,2,3) is the thermal expansion coefficient of
each layer and f3; is the thermal coefficient of the refractive in-
dex.

According to the field of view compensation principle, when
designing a field widened interferometer, two pieces of com-
pensation glass and an air gap are usually used to achieve
the field widening. We give a compensation scheme for the
NSPWII system with the reference optical path difference of
Ao = 4.5cm, which is shown in Table 1. Detailed data of glass
LF5 and N-LaF21 can be found in the glass database provided
by SCHOTT, Germany (SCHOTT, 2018). According to the de-

Name Material  Thickness(cm)
Glass 1 LF5 6.07636
Glass 2 N-LaF21 6.52867
Air gap none 0.19100

Table 1. NSPWII system compensation glass design scheme

signed scheme of compensation glass in Table 1, the deviation
of the reference optical path difference with the incident angle
under the incidence of different wavelengths is obtained using
the relevant glass parameters, which is shown in Fig.2. It can
be seen that in the range of a 3° field of view, the deviation of
the reference optical path difference of the three wavelengths

can be controlled within 0.00005cm. Comparing with the refer-
ence optical path difference of 4.5cm, it can be considered that
the field widening and achromatic compensation are achieved.
Figure 3 shows the variation of dAo/dT with temperature. The
variation can be controlled on the order of 10~ %cm/K (at 20°
(), and a good thermal compensation is obtained.
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Figure 2. The deviation of the reference optical path difference
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Figure 3. The variation of dA/dT with temperature

Besides, the pyramid prism is one of the core devices in the
NSPWII system. Its function is to divide a beam of light into
four beams in order to achieve four-intensity simultaneous de-
tection. The prism has a square bottom surface and four sides
are symmetrical isosceles triangles. A beam of uniform incid-
ent light within a certain incident angle passes through the four
sides, and is refracted by the sides and bottom of the pyramid
prism. Thus, it can be divided into four beams to achieve beam
splitting. However, in the design, the light should be separated
outside the pyramid prism. If the light split before the bottom
surface, the designed prism size will be very large, which is not
suitable for the installation of the NSPWII system.

While designing a pyramid prism, there are usually two factors
to consider: one is to maximize the energy of light passing
through the prism, the other is to match the size of the pyr-
amid prism with the imaging lens and CCD in the NSPWII sys-
tem. Considering the above two factors, choosing a proper side
length of the prism and the material of the prism is significant
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to the optimization design of the pyramid prism. In addition,
quartz glass has good thermal stability, good light transmission
performance, high temperature resistance, corrosion resistance,
and good electrical insulation properties, which is a good choice
for the pyramid prism.

4. MODELING AND SIMULATION

Based on the principle designed system scheme of NSPWII, we
modeled the instrument in TracePro to verify its feasibility by
computer simulation. The parameters of every component are
defined in the software, including the size, material, refraction
index, and polarization properties of the PBS, two glass arms
and the pyramid prism. After defining the optical properties
of the NSPWII system, the next step is to set the light source.
According to the requirements of the NSPWII system, a sur-
face light source was used here. The emitting angle of the light
at each point of the surface light source is controlled within a
range of 3°. Then the ray tracing has been done.

We analyzed the system using the results from ray tracing. Sev-
eral detector surfaces were inserted into different parts of the
instrument to obtain the polarization states of the light when
passing through a specific component. First, we analyzed the
polarization states of the light emitted from the arm 1 and arm
2 after passing through the third quarter wave plate, as shown
in Fig. 4 and Fig. 5, respectively. It can be seen that the light
waves emitted from the arm 1 and arm 2 become right-handed
and left-handed circularly polarized light after QWP 3, respect-
ively, which is consistent with the results of theoretical analysis.
Second, we analyzed the polarization state of the light wave
after passing through the polarization array, which is shown in
Fig. 6. Finally, we analyzed the light intensity distribution ob-
tained on the CCD. Figure 7 shows the light flux distribution
on CCD obtained by optical simulation. It can be seen that the
light beam is divided into four beams by the pyramid prism,
and four interferograms with different intensities formed on the
CCD at the same time after passing through the imaging lens,
which preliminary verified that the optical structure of the NSP-
WII system is feasible.

The images of the field of view are not shown here because
we didn’t add the fore-optics nor the field stop in the system
simulation. In the simulation, we verified the feasibility of the
field widened polarization Michelson interferometer, which is
the core component of the NSPWIL. In practice, there are still
many detailed problems need to be analyzed. For a totally solid
system, we can replace the air gap with a third glass slab. The
PBS and the glass slabs are cemented together, and the quarter
wave plates and reflecting mirror can be evaporated on the glass
slabs. These techniques provide a more static, compact NSP-
WII instrument.

5. CONCLUSION

In conclusion, we proposed a theoretical model and design of
the NSPWII. The incident light pass through a group of polar-
izers and waveplates, a field widened Michelson interferometer.
Then it is split by a pyramid prism, and modulated by a polar-
ization array. Based on the principle of polarization interfer-
ence, four interferograms with different phases on the four par-
titions of the detector can be obtained simultaneously. There-
fore, NSPWII can realize real time detection of targets, and the
defect that the moving mirror scanning mode cannot accurately
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Figure 4. The polarization state of the light wave emitted from
arm 1 after passing through QWP 3
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Figure 5. The polarization state of the light wave emitted from
arm 2 after passing through QWP 3

detect fast-changing targets has been overcome. The advant-
ages of this instrument are static (no moving parts), achromatic,
and temperature-compensated. It is capable of measuring the
upper atmospheric wind field in real time with a high precision.
The field widening design is demonstrated and the simulation
is conducted. The feasibility of the system is verified. Further
research will focus on the optimization and the error analysis of
the system.
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