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Detection of atmospheric winds is needed in many fields in order to support our understanding of the atmosphere. One 
application of considerable interest is the monitoring of the dynamics of the thermosphere and upper mesosphere. The 
Michelson interferometer is an instrument capable of measuring wind velocity by detecting the Doppler shift of airglow 
emission lines. With the aim to get the Doppler shift needed to calculate the wind velocity, researchers have developed the 
four-phase-step and divided mirror technologies. A wide angle Michelson Interferometer that combines the divided mirror 
and phase stepping is described in this paper. Fringes of equal thickness are used to achieve excellent parallelism between 
the two mirrors of the Michelson Interferometer with using an iterative algorithm. Wind observations with this instrument 
were simulated in laboratory using a visible laser beam and rotating wheel, and the phase shifts for different wind velocities 
were obtained by observing fringes of equal inclination. Using a four-intensity algorithm, the wind velocity was obtained. 
Compared to the traditional systems wherein the four-intensity algorithm is used to detect wind velocity, the proposed 
system has the advantage of easily getting the phase interval of 90 degrees. The feasibility of the proposed method was 
proven by experiments in the visible channel.  
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1. Introduction 
 
The air motion from high- to low-pressure areas 

associated with spatial variations in atmosphere 

temperature is called the geostrophic wind. The 

atmosphere motion is the main perturbing factor causing 

deviations in the flight path and flight attitude of the 

aircraft. Wind measurement helps in understanding 

stratosphere dynamics and the g lobal distribution of ozone 

and other chemical species in the upper and middle 

atmosphere. Therefore, special attention is paid on wind  

measurement by researchers in  the field of earth  

environment, space science, weather forecast and military  

science. The field widened Michelson Interferometer 

based on Doppler imaging [8,23,1-5] was designed for 

two-dimensional measurement of wind in the atmosphere 

using airglow emissions.  

The typical wind measurement instruments include 

the Wind Imaging Interferometer (WINDII) [6-8], the 

High-resolution Doppler imager (HRDI) [9], the 

Mesospheric Imaging Michelson Interferometer (MIMI)  

[10], the Stratospheric Wind Interferometer for Transport 

Studies (SWIFT) [11-13], the Michelson Interferometer 

for Airglow Dynamics Imaging (MIADI) [14], the Waves 

Michelson Interferometer (WAMI) [15], the Po larizing  

Atmospheric Michelson Interferometer (PAMI) [16] and 

the Wide-angle Michelson Interferometer based on liquid 

crystal on Silicon, LCoS [17]. 

The WINDII measures wind velocity using Doppler 

shifting by exactly changing the optical path difference by 

quarter wave steps to obtain phase intervals of 90 degrees. 

The step distance is changed for different incident 

emission lines. The MIMI realizes the phase intervals of 

90 degrees by coating films of different thicknesses on one 

of the back mirrors in four segments. Adjacent quadrants 

differ in phase by 90 degrees  [18] for a specific 

wavelength (in this case 1270 nm), so that four intensities 

are recorded simultaneously. However, if the wavelength 

of the incident radiat ion changes, the phase interval will 

not be 90 degrees. The HRDI measures winds using Fabry 

Perot interferometers to determine the Doppler shift  of 

emission and absorption lines in the O2 atmospheric band 

that is located at 762 nm. The SWIFT measures winds in  

the stratosphere from a satellite using a field -widened 

Michelson interferometer working in the mid-IR. The 

MIADI is developed for two-dimensional measurement of 

wind in order to achieve grav ity wave observations in the 

Earth’s mesosphere/lower thermosphere (MLT) region. It  

controls the orientation of the back mirror and steps at 

specified stepping intervals and determines the exact phase 

values of each step using an iterative algorithm[21,14]. 

Fringes of equal inclination are imaged and used to 

calculate phase and wind velocity images. However the 
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back mirror is not a segmented mirror, so it cannot 

measure different phases simultaneously. The WAMI 

combines div ided mirror and phase stepping technique to 

provide simultaneous measurement of dynamical and  

constituent signatures in the upper stratosphere, 

mesosphere and lower thermosphere by detecting visible 

and near-IR emissions simultaneously. The PAMI is used 

to measure winds in the thermosphere using the Doppler 

shift of atomic oxygen airglow emission, where the optical 

path difference is simply changed by rotating a polarizer 

external to the interferometer, which allows a very simple 

scanning mechanism. The wide-angle Michelson 

interferometer based on LCoS is a novel device with no 

moving part fo r effective measurement of upper 

atmospheric temperature and wind. 

The wide angle Michelson wind imaging 

interferometer discussed in this paper combines the 

divided mirror with a moving mirror and uses the visible 

channel of WAMI to demonstrate that obtaining exact 90 

degrees phase intervals for two different wavelengths 

simultaneously is possible. Once the phase steps are 

determined, the phase and wind associated with Doppler 

shifts in the airglow emission is determined using the 

standard four-point intensity algorithm. The appropriate 

steps are generated by combin ing the segmented mirror 

with mirror stepping. Deviat ions in the phase interval 

away from 90 degrees between each two quadrants can 

cause errors in Doppler wind retrieval. Using the approach 

outlined in detail in the next  sections, it is possible to 

calculate the phase value at any wavelength while 

maintaining the mirrors at a  fixed  relative orientation. Th is  

is significant for a wide angle d ivided mirror Michelson 

wind imaging interferometer fabricat ion because it allows 

lower demand on the control of phase step of each 

quadrant and the accuracy of the coated film. 

In this paper, an algorithm that combines the divided 

mirror and stepping mirror is developed to calculate the 

phase difference in the quadrants of a Michelson 

interferometer with a segmented mirror. An experimental 

system was designed to realize the parallelism of two  

mirrors using fringes of equal thickness. The wind was 

simulated by scattering laser light off spinning disk and  

the Doppler shifts are measured in the laboratory [see 14 

for details]. The Doppler phase shift can be obtained by 

imaging equal inclination fringes associated with the 

Doppler shifted incident light. An iterat ive algorithm is 

used to select with phase difference of 90 degrees from 

sets of images at a range of path differences. By applying  

the four-point intensity algorithm, we can calculate wind  

velocity and obtain the phase value for any wind velocity. 

For wind velocity less than 40 m/s, the detected wind 

velocity is in good agreement with the expected wind  

velocity calculated using the rotation rate of the rotating 

wheel. 

The paper is organized as fo llows. In Sect ion 2, the 

measurement of Doppler wind with the four-point  

intensity algorithm is presented. How phase intervals of 90 

degrees using the proposed equipment is summarized. In  

Section 3, the experimental system for the wide angle 

divided mirror Michelson wind imaging interferometer is 

presented, and method and algorithm for the parallelis m 

adjustment of the two mirrors are introduced and results 

are described. In  addition, the experimental system used to 

simulate and measure Doppler wind in laboratory and the 

profile of wind velocity are also described. In Section 4, 

the recorded equal inclination fringes are presented and the 

method to find four points with phase interval of 90 

degrees is introduced. In addition, the method to get the 

phase difference between zero wind velocity and measured 

wind velocity is introduced, and the plots of measured and 

expected Doppler wind is given. A brief conclusion is 

given in Section 5. 
 

 

 
 

 

2. Wind velocity measurement 
  

2.1. Doppler wind measurement with the four- 

       point intensity algorithm  

 

The airg low emission lines used for WaMI include the 

atomic oxygen emission (O(
1
S)) at 557.7 nm and lines in  

the (0-0) vib rational t ransition of the O2 infrared  

atmospheric band (O2(
1
Δ)) near 1270 nm. The intensity 

recorded by the interferometer at each bin is given by: 

 )]2cos(1[)( 00  UVII                 (1) 

where 0I denotes the mean measured intensity, U  

represents the instrument visibility, V is the line visibility 

dependent on line shape, 0  denotes the wave number of 

central emission line corresponding to a stationary source, 

and   is the path difference between two arms. 

If the source has a line-of-sight velocity   relative to 

the observer, which is different from zero, a Doppler shift  

occurs. The resulting wave number  can be defined by:  

)1(0 c                                   (2) 

where c  is the velocity of light. The fringe phase 

  2 , depends on the wavelength and wind velocity. 

This Doppler shift causes the path difference to change to 

  due to dispersion in the interferometer glass , and 

 0 , where 0  is the path difference at 0 , and 

  is the change of path difference. If we substitute them 

in Eq. (1), we get the following: 

)]2cos(1[)( 00   UVII                  (3) 

cD 02                              (4) 

where D is the effective path difference [19].  

Thus, the measured wind velocity can be determined  

using the phase  , and   can be calculated using the 

four-point intensity algorithm [20]. If we increase   from 

0  by a quarter wavelength each time, the 
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corresponding four detected intensities 1I , 2I , 3I  and 4I  

can be used to solve   by:  

31

241tan
II

II




                                 (5) 

 

If four points with the phase interval of 90 degrees 

which corresponds to zero wind velocity  can be found, the 

phase 0  can be calculated by Eq. (5). If the same method 

is used with fringes taken with light from a moving source, 

the phase 1  can be obtained. The phase difference 

( 01   ) corresponds to the phase   in Eq. (4), thereby 

allowing the wind velocity to be calculated. 

2.2. Principle to obtain phase interval of 90 degrees  

 

The accuracy of wind velocity depends on   

calculated by Eq. (5), and whether the four intensities are 

taken at phases separated by 90 degree interval. Th is is not 

easy to achieve in pract ice. However, by combining the 

divided mirror and stepping mirror, it is possible to obtain 

the correct 90 degrees interval. 

The four quadrants of the d ivided mirror are coated to 

induce the path difference of a quarter wavelength at 

certain wavelength such as 1270 nm, so the corresponding 

phase interval is 90 degrees. However, for the visible 

channel at 632.8 nm, the phase interval between two 

adjacent quadrants is no longer 90 degrees. In addition, 

should the coating be uneven and/or the mirrors 

misaligned, different points in each quadrant could have 

different phase values i  (index i denotes the i
th

 point). 

The phase j  (index j means the j
th

 position) of each 

position of moving mirror is determined by its phase and 

wavelength. An iterative algorithm is used here to 

calculate the phase value of each i  and j  when the 

moving mirror steps through arbitrary intervals for fixed  

mirror orientations. Out of these sets of images, four 

images can be found, where the sums of i  and j  differ 

for 90 degrees. The corresponding four intensities are 

chosen from these images and the phase   caused by 

wind velocity can be calculated. 

 

 

3. Experimental system 

 

This system was designed for two emission lines at 

557.7 nm and near 1270 nm, respectively. However, for 

convenience (brightness and stability) a frequency 

stabilized He-Ne laser (632.8 nm) was used for the results 

presented here. The optical setup for the visible channel is 

presented in Fig. 1. The source is effect ively at infin ity and 

light from it passes through the 1
st

 telescope, enters into 

the wide angle Michelson Interferometer. The 

interferometer is manufactured by LightMachinery to have 

a divided  moving mirror mounted on piezoelectrics. It ’s 

position and alignment is controlled through a capacitive 

feedback system (called MALICE which was 

manufactured by COMDEV Ltd.).  Thin film coatings 

were deposited on the quadrants of the moving mirror so 

that there were 90 degree intervals between adjacent 

quadrants at 1270 nm. The exiting two beams went  

through the 2
nd

 telescope and then through a pyramid  

shaped prism behind the filters. Four images, one for each 

sector of the Michelson mirror, were focused using a lens 

onto the CCD. 

 

 
Fig. 1. Experimental system for wind measurement using  

the visible channel 

 

 

3.1. Parallelism control system 

 

The mult i-application low-voltage piezoelectric 

instrument control electronics (MALICE) and its control 

software, developed by COMDEV Ltd, were used to 

maintain the orientation of the moving mirror  during its 

stepping. Thus, the phase j  was the same for all points  in  

the image. The MALICE system mounted on moving  

mirror is illustrated in Fig. 2.  

 

 
 

Fig. 2. Position of capacitors (Ci) and piezoelectric posts  

(PZTi) on the mirror side of air gap arm of WAMI  
Interferometer 
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A series of equal thickness fringes were recorded with  

this system by stepping the moving mirror. To ensure that 

the mirrors were parallel, fringes of equal thickness were 

imaged on the CCD. This also resulted in the back mirror 

being focused on the detector so that a clear image of the 

four quadrants was observed. The system used to obtain 

equal thickness fringes is presented in Fig. 3. 

 
 

Fig. 3. System used to obtain equal thickness fringes 

 

 

Achieving parallelism between the two mirrors ensures 

that the phase differences of all points between two 

mirrors are the same when fringes of equal thickness are 

observed. To achieve this parallelis m, an iterative 

approach was undertaken. An initial guess at suitable 

parallelism (based on visual inspections) was made and the 

phase i  for each point on the resulting fringes of equal 

thickness was calculated. These phases were averaged 

over  55  pixel bins to decrease the calculation time. 

A Least Mean Square algorithm, developed by Ward 

[21] was used to calculate the phase values using j scans 

and i steps approximately a 2 period in fringes. This 

permits arbit rary mirror steps to be used to determine the 

phase steps and phase of each bin to be simultaneously 

determined. Th is algorithm was modified for the 

segmented mirror system. The intensity jA , visib ility 
jV  

and phase 
j  are regarded as the values of the 

interferogram at each b in, and the i represent the value of 

each phase step and is constant across each image. To get 

the phase of each quadrant, 25 points in each quadrant of 

each interferogram are needed. 100 points in total were 

used to calculate the values of 
jA ,

jV and 
j . 20 step 

scans were performed in the experiments and as a result 

the scans spanned more than one period for the 

wavelength of 632.8 nm.  

The calculated values of 
j  for this experiment after 

the mirrors were made parallel are shown in Fig.  4. The 

film was coated on the segmented mirror to get 2  phase 

differences between adjacent quadrants for the wavelength 

of 1270 nm. As a result, for the wavelength of 632.8 nm, 

the phase difference between adjacent quadrants was 

almost equal to  . The phase difference between points in  

the upper left  quadrant and lower left  quadrant was close 

to the expected value of  . The phases of the lower left  

quadrant and upper right quadrant were also determined. 

The calculated average phase values j  for the quadrants 

were 0.6984rad, 0.5575rad, 0.5236rad, and 0.4719rad, 

respectively. So the maximum optical path variations 

relative to the mean value in each quadrant were: 0.0556  , 

0.0444  , 0.0417  , and 0.0376  . Hence, to less than 

λ/10 these two mirrors were parallel with each other. [22] 

 
 

Fig. 4.  Calculated phases of four quadrants after 
 parallelism adjusting 

 

 

3.2. System for wind measurement 

 
A spinning wheel [14] was used to simulate the wind 

using light from a frequency stabilized He-Ne laser at 

632.8 nm. The system used to simulate and measure the 

Doppler wind is shown in Fig. 5. The light from He-Ne 

laser was reflected by a beam splitter and reached to the 

edge of a spinning wheel whose plane was at the angle of 

45 degrees from the horizontal optical axis. The spinning 

wheel had a diameter of 10 cm, and its rotating speed was 

accurately controlled by a motor.  

The line of sight speed corresponding to Doppler shift  

caused by rotating wheel [23] is given by:  

2 2 cos( ( , ))fr x y                      (6) 

where r is the radius of spinning wheel (r=0.043 m), and f 

is the rotation rate of the wheel g iven in Hz and α(x,y) is 

the azimuth of a position (x,y) on the wheel [14]. An  

image of a reg ion of the wheel was collimated  and entered 

the 1
st

 telescope, and then passed through the Michelson 

interferometer. The 1
st

 telescope formed the entrance pupil 

on the back mirror to ensure that the light from any part  of 

the view field contributed equally to each quadrant. The 

2
nd

 telescope formed an image of the back mirror on the 

pyramid-shaped prism. The exiting two beams coming  

from different quadrants of the mirror passed through 

pyramid pris m and  were deviated into four different  

directions. Adjacent directions had optical path differences 

relative to the others as a result of the back mirror coating. 

laser 

Michelson Interferometer 

telescope 

CCD detector 

lens 

diffuser 
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small hole 
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static  
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Four images, one for each direct ion were formed by the 

camera lens on different parts of the CCD.   

 

 

Fig. 5. System used to measure simulated wind 

 

 

The CCD was located on the focal plane of the lens to 

form equal inclination fringes. A ruler was placed at the 

field stop of the 1
st

 telescope, and its image was clear 

when the CCD was placed on the focal plane o f the lens. 

The clear images of the lines on ruler can be seen in Fig. 6.  

 
Fig. 6. Clear images of lines of ruler 

 

 

The fringes for zero wind velocity and non-zero wind 

velocities were obtained in the experiment by taking phase 

scans when the wheel was rotating and when it was 

stationary. The corresponding phase values were 

calculated and the wind  velocity determined using Eq. (4). 

The rotation rate of the wheel was increased by 10 Hz 

from 10 Hz to 80 Hz. The associated wind velocity is 

shown in Fig. 7. To  allow thermal variat ions to be 

accomodated, images for zero wind velocity were recorded 

when the wheel motionless between each of the velocity 

measurements. Twenty images were obtained by stepping 

the moving mirror at controlled and repeatable intervals. 

One of the 1
st

 series of images for zero wind velocity is 

shown in Fig. 8. Sets of images at the same phase steps 

were taken when the wheel was rotating so that the light 

was Doppler shifted. One of the images of the 

corresponding equal inclination fringes is shown in Fig. 12.  

 

 
Fig. 7. Simulated wind velocity 

 

 

 
Fig. 8. Equal inclination fringes for zero wind velocity 

 

4. Data processing  
 

In order to demonstrate that images from the different  

quadrants (as would be produced with a satellite  

instrument with 90 degree phase steps between quadrants) 

corresponding to these conditions must be selected from 

the scans described above. There are two components to 

this process. The first is the determination of the relative 

phase across each of the quadrants and the selection of 

images which correspond to the 90 degree steps required 

for this analysis. The second is the use of these images to 

show that the wind can  be determined using the four-point  

algorithm. 

The first component to this analysis involves using the 

iterative algorithm described in Sect ion 3.2 to calculate the 

fringe phase of different bins in the scan images. The 

phases, j , of these bins were calculated and are shown in  

Fig. 9. In order to constrain the phase difference between  

different points to lie between 0 and 2π, phase values 

below zero were augmented by 2 . The phase values i  

for 20 steps were also obtained, see Fig. 10. The expected 

sinusoidal variat ion of the mean intensity of each of the 

four quadrants as a function of the mirror position is 
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shown in Fig. 11. By examining the sum of each i  and 

j , four images with  phase differences of 90 degrees 

were found. The four-point intensity algorithm was then 

used to calculate the phase of each scan. The zero wind  

velocity was calculated from the stationary wheel scans to 

determine the phase 0  and the Doppler winds from the 

rotating wheel scans to get the phase  . The phase 

difference   corresponding to the measured wind 

velocity was calculated using these phase determinations. 

 
Fig. 9. Calculated phase values for 100 points 

 

 
Fig. 10. Calculated values of   for 20 steps 

 

 

 
Fig. 11. Intensity distribution of four quadrants 

 

 

Images of the fringes corresponding to the first of the 

four images used to determine the wind velocity are shown 

in Fig. 12. 

 
Fig. 12. Equal inclination fringes for rotating rate of 100 Hz 

 
 

The comparison between calculated and simulated wind  

velocity using this approach is shown in Fig. 13. The 

crosses denote the Doppler wind calculated at each  

rotation rate of the wheel and the line is the expected wind  

velocity. The resulting good fit p roves the feasibility of the 

proposed method. 

 

 

Fig. 13. Comparison of calculated and simulated  

wind velocity 

 
 

5. Conclusion  

 

WAMI is designed to allow the dynamics from the 

upper stratosphere to the middle  thermosphere to be 

monitored  by using two different emissions at 557.7 nm 

and 1270 nm simultaneously. The divided mirror 

technique using thin film coatings  can be used to achieve 

phase steps between quadrants  of 90 degrees for one of the 

desired wavelengths (557.5 or 1270 nm). 

A combination of divided mirror and moving mirror is 

proposed to allow the 90-degree phase intervals for other 

wavelengths to be achieved.  

The approach to determine Doppler wind velocity  

images using a four quadrant mirror stepped at 90 degree 

intervals is validated using the visible channel of WAMI. 

Multiple scans of multip le steps were obtained and out of 

these, the required subset corresponding to the desired 90 

degree phase steps was obtained.  

The Doppler wind measurement was simulated using a 

frequency stabilized  laser and rotating wheel in  laboratory. 



550                                   Shaojun Lu, William E. Ward, Jeffery A. Langille, Samuel Kaare Kristoffersen, Chunmin Zhang 

 

 

Equal inclination fringes were recorded using a CCD 

detector to form four images of the back mirror and ensure 

the scanning and fixed mirrors in the interferometer were 

parallel. An iterative algorithm was adapted for use with 

the segmented mirror and moving mirror and used to 

calculate phase images and to find a sequence of four 

images with the phase difference between consecutive 

images being exactly 90 degrees. The four-point intensity 

algorithm was applied  to the images associated with the 

zero wind velocity and those for which the wheel was 

rotating to verity that winds can be determined using this 

approach. The measured wind velocity fitted the expected 

wind velocity very well. Th is experiment demonstrates the 

feasibility of the proposed method. The equipment and 

method proposed in this paper are convenient for 

measuring the Doppler wind, and it is convenient to get 

phase intervals of 90 degrees.  

The divided mirror with  coated thin films  designed for 

one wavelength, combined with the moving mirror can be 

used to measure wind velocity from another emission. The 

successful wind determinations using light at 632.8 nm 

using coated films designed for 90-degree phase step 

intervals at 1270 nm, shows that this approach can be used 

to detect winds using two emissions simultaneously using 

a dichroic filter to separate the two emissions . 
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