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(57) ABSTRACT 

An apparatus for spectroscopic Doppler imaging comprises 
collection and focusing optics, a field splitter configured to 
form a composite image from multiple fields of view, and a 
Fabry-Perot etalon configured to spatially modulate the 
incoming light in order to analyze the spectral content of the 
light from spatially resolved regions of a scene. Methods for 
Doppler imaging of a scene comprise split-field imagery and 
scene Scanning techniques to create a spatially resolved 
spectral profile spectra of a scene, useful for measuring and 
profiling wind vectors and temperatures within the scene. 
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SPLT FELD SPECTRAL IMAGER 

PRIORITY CLAIM 

The present Application for Patent claims priority to U.S. 
Provisional Patent Application No. 61/846,986 by Marchant 
et al., entitled “Split Field Spectral Imager, filed Jul. 16, 
2013, assigned to the assignee hereof, and expressly incor 
porated by reference herein. 

TECHNICAL FIELD 

The present disclosure relates to optical spectroscopy, and 
more specifically to devices and methods for spectral imag 
ing. Spectral imaging may refer to collecting and analyzing 
radiation from a scene in order to create a spatially resolved 
characterization of electromagnetic spectral content of the 
scene. The present disclosure relates to devices and methods 
for detecting spatial Doppler shifting of electromagnetic 
radiation that may be the result of the behavior or conditions 
of a target Surface or an intermediate medium, Such as an 
atmosphere or a liquid or gaseous Volume. 

SUMMARY 

The following specification relates to methods, appara 
tuses and improvements in spectroscopy and Doppler imag 
ing. Weather models and measurements play a critical role 
in shipping itineraries, private and commercial transporta 
tion, regional emergency preparedness, aerospace and many 
other endeavors. Accuracy and precision of weather fore 
casts depend on the computational details of the weather 
models and the accuracy and detail of observational initial 
ization data. The vast majority of meteorological data 
recorded is taken from the lowest layers of the atmosphere, 
where in situ sensors are practical and relatively inexpen 
sive. Because the upper layers of the atmosphere are difficult 
to directly measure with traditional barometric pressure 
sensors, thermometers and wind sensors, the upper layers 
have not been observed to the same degree as the lower 
layers. 

In one configuration, a Doppler imager is described. The 
Doppler imager may include fore-optics configured to col 
lect radiation from two or more fields of view and interme 
diate optics configured to Superimpose the radiation into a 
composite intermediate image. The Doppler imager may 
also include a Fabry-Perot etalon configured to spatially 
modulate the composite image into a modulated image. The 
Doppler imager may further include aft-optics configured to 
focus the modulated image onto non-overlapping regions of 
a focal plane array. 

In another configuration, a method for Doppler imaging is 
described. The method may include collecting, by a Doppler 
imager, radiation from a medium along a first field of view 
and along a second field of view. The method may also 
include directing the radiation into an etalon of the Doppler 
imager. The method may further include determining one or 
more conditions of the medium from an image of the 
radiation that passed through the etalon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates one embodiment of a split-field Doppler 
imager, 

FIG. 2 illustrates one embodiment of a Fabry-Perot etalon 
and its function; 
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2 
FIG. 3 illustrates another embodiment of a Fabry-Perot 

etalon; 
FIG. 4 illustrates spectral changes of a known radiation 

source due to a Doppler shift: 
FIG. 5 is an example of an image collected by a split-field 

Doppler imaging device; 
FIG. 6 is a schematic drawing illustrating one application 

of a satellite-based split-field Doppler imaging device; and 
FIG. 7 is a flowchart illustrating an example method of 

Doppler imaging. 

DETAILED DESCRIPTION 

The present disclosure covers apparatuses and associated 
methods for split-field Doppler imaging. In the following 
description, numerous specific details are provided for a 
thorough understanding of specific embodiments. However, 
those skilled in the art will recognize that embodiments can 
be practiced without one or more of the specific details, or 
with other methods, components, materials, and the like. In 
Some cases, well-known structures, materials, or operations 
are not shown or described in detail in order to avoid 
obscuring aspects of the embodiments. Furthermore, the 
described features, structures, or characteristics may be 
combined in any suitable manner in a variety of alternative 
embodiments. Thus, the following more detailed description 
of the embodiments of the present disclosure, as illustrated 
in some aspects in the drawings, is not intended to limit the 
scope of the disclosure but is merely representative of the 
various embodiments of the disclosure. 

In this specification and the claims that follow, singular 
forms such as “a,” “an,” and “the include plural forms 
unless the content clearly dictates otherwise. All ranges 
disclosed herein include, unless specifically indicated, all 
endpoints and intermediate values. In addition, “optional.” 
“optionally,” or “or refer, for example, to instances in 
which Subsequently described circumstance may or may not 
occur, and include instances in which the circumstance 
occurs and instances in which the circumstance does not 
occur. The terms "one or more' and “at least one’ refer, for 
example, to instances in which one of the Subsequently 
described circumstances occurs, and to instances in which 
more than one of the Subsequently described circumstances 
OCCU.S. 

The following specification relates to methods, appara 
tuses and improvements in spectroscopy and Doppler imag 
ing. Weather models and measurements play a critical role 
in shipping itineraries, private and commercial transporta 
tion, regional emergency preparedness, aerospace and many 
other endeavors. Accuracy and precision of weather fore 
casts depend on the computational details of the weather 
models and the accuracy and detail of observational initial 
ization data. The vast majority of meteorological data 
recorded is taken from the lowest layers of the atmosphere, 
where in situ sensors are practical and relatively inexpen 
sive. Because the upper layers of the atmosphere are difficult 
to directly measure with traditional barometric pressure 
sensors, thermometers and wind sensors, the upper layers 
have not been observed to the same degree as the lower 
layers. 
Some more primitive weather models may virtually 

exclude contributions and effects of the upper layers of the 
atmosphere and thus are unable to account for its changes 
and influence. Increasing data accumulated from the upper 
atmosphere may aid in creating more accurate weather 
models and may improve the accuracy and precision of 
weather forecasts. In the past several decades, researchers 
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have employed Doppler-sensing instruments in order to 
remotely observe temperature, barometric pressure, wind 
speed, and wind direction of higher layers of the atmo 
sphere. Doppler Sensing may refer to detecting spectral 
content and behavior from one or more directions in order to 
infer temperature and wind motion of molecules or particles 
in a region of interest. 

Doppler Sensing can be used to acquire a spatially 
resolved image of Doppler shifts in an electromagnetic 
emission or absorption spectrum within one or more fields of 
view. Spatial resolution may be used in matching meteoro 
logical phenomena to geographic position, further enhanc 
ing the detail and precision of meteorological data acquired. 
When operating a Doppler imaging device to observe con 
ditions of the upper atmosphere, it may be advantageous to 
deploy the device on an aircraft or satellite in order to avoid 
interference or back scattering from clouds or other particles 
prevalent in the lower layers of the atmosphere. Bulky and 
complex Doppler imaging apparatuses are not ideal for 
operation on a satellite because of size, mass and power 
restrictions and the fact that satellites are not readily acces 
sible for repairs. For example, an active Doppler Sensor 
includes an illumination source that greatly increases the 
sensor size and power. For the forgoing reasons, the 
researchers of the present disclosure have identified a need 
for a static (e.g., no moving parts), passive (e.g., no illumi 
nator), compact, and/or robust Doppler imaging apparatus 
capable of acquiring spatially resolved images of high 
resolution Doppler data from a scene. 

Doppler sensing methods analyze the wavelength shift 
and spectrum of a known light source traveling through a 
medium of interest in order to infer conditions or behavior 
of the medium. The medium may be an atmosphere com 
prising gasses and particulate matter, and the conditions of 
that medium may be temperature, barometric pressure, wind 
speed, or wind direction. Well-defined electromagnetic 
radiation from a known source may pass through the atmo 
sphere and interact with gas molecules and other particles 
via scattering, luminescence, reflection, emission, or absorp 
tion. The known source could be radiation from an atomic or 
molecular event. Such as an electron transition or chemical 
transition in atmospheric gasses. Atoms, molecules or par 
ticles in the medium may absorb photons of an original 
wavelength and re-emit photons having a shifted wave 
length. Alternatively, the known source may be atomic or 
molecular events within the medium emitting photons with 
wavelength shifted from a nominal value. The shift in 
wavelength may depend on the Velocity of the atom, mol 
ecule or particle with respect to an observer. Shifts in the 
mean wavelength may be referred to as "red-shifts” or 
“blue-shifts.” depending on the direction of movement of 
the molecule or particle with respect to the observer. Atoms, 
molecules or particles re-emitting photons while traveling 
toward an observer will emit a blue-shifted photon (shorter 
wavelength), while atoms, molecules or particles traveling 
away from an observer will emit a red-shifted photon 
(longer wavelength). A statistical distribution of wave 
lengths absorbed or emitted may also depend on intrinsic 
properties of the medium, including temperature and pres 
SUC. 

If many photons are measured or analyzed, one may 
obtain a detailed wavelength distribution or spectrum. 
Details of the spectrum, such as line width, may be due to 
the behavior of molecules or particles in an intermediary 
medium. By comparison with the known source spectrum or 
with reference to a physical model of the light source, the 
shift or shape of the spectrum can provide information about 
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4 
the general behavior or state of the medium, which includes 
but is not limited to temperature, wind speeds, wind direc 
tion, and barometric pressure. 
One can retrieve spatially resolved spectral data using a 

Fabry-Perot etalon with a known etalon transmission func 
tion in an optical system with the following characteristics. 
Each resolved region of the scene illuminates corresponding 
non-overlapping areas on the image plane through the 
etalon; each point on the image plane area is illuminated 
predominantly by rays that pass through the etalon at 
approximately the same angle of incidence; and the image 
plane area includes at least one fringe of the etalon inter 
ferogram. Spectral information for the resolved region of the 
scene may be obtained by analyzing one or more of the 
location, width, and profile of the observed fringes with 
reference to the etalon's known transmission function. 

Alternatively, one can retrieve spatially resolved spectral 
data using a Fabry-Perot etalon with a known etalon trans 
mission function in an optical system with the following 
characteristics. The scene is imaged onto an image plane 
through the etalon; the optical rays from each point in the 
scene pass through the etalon at approximately the same 
angle of incidence; and multiple images are collected while 
scanning the optical system Such that a target point in the 
scene passes through at least one fringe of the etalon 
interferogram. The spectral information for the target point 
may be obtained by constructing a fringe pattern corre 
sponding to the target point as observed in the multiple 
images and analyzing the location, width, and profile of the 
observed fringes with reference to the etalon's known trans 
mission function. 

Fabry-Perot etalons have the advantage of a compact 
design and may function with no moving parts, providing 
added robustness to a system. The operation of a Fabry 
Perot etalon and its interferogram fringe pattern will be 
discussed herein. 

Observing light from a scene from two or more non 
parallel directions may be beneficial in uniquely ascertaining 
a two-dimensional wind direction using a Doppler Sensor. 
The spectra of a scene imaged from two different directions 
can be compared against one another in order to infer wind 
directions by position in the scene. By measuring the spec 
trum of a single scene from two or more non-parallel 
directions, more accurate and precise inferences can be 
made about the temperature, wind speed, etc. of the atmo 
sphere or medium. 

Imaging a scene from two directions may be performed 
using duplicate light sensors working in harmony to record 
a single measurement. Duplicate components can decrease 
performance efficiency and increase manufacturing expense. 
Collecting images from two or more scenes simultaneously 
and projecting the images onto distinct sectors of a single 
focal plane array may maintain operational efficiency and a 
low-cost design. This method may be referred to as split 
field imaging. In embodiments, a Doppler split-field imager 
is configured to collect light from two or more non-parallel 
directions and project the light from the multiple directions 
through a Fabry-Perot etalon and Subsequently onto separate 
sectors of a single focal plane array. Split-field imaging may 
refer to a method of focusing light from multiple non 
parallel fields of view onto a single focal plane array without 
image overlap. If the sensor is moving, multiple views of a 
single scene may be constructed by combining split-field 
sectors from two or more successive images. 

FIG. 1 is a schematic drawing illustrating one embodi 
ment of a split-field Doppler imaging apparatus 10. FIG. 1 
shows radiation 105 entering through a single aperture 110a, 
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which may be referred to as a forward aperture 110a. The 
drawing illustrates two apertures, the forward aperture 110a 
and an aft aperture 110b. Radiation 105 may also enter 
through the aft aperture 110b. However, in order to preserve 
the visual simplicity of the drawing, FIG. 1 shows ray 
tracing only along a path of the radiation 105 entering the 
forward aperture 110a. In this example, the two apertures, 
110a and 110b, are oriented to collect radiation 105 from 
non-overlapping fields of view. Radiation 105 entering 
through the forward aperture 110a and aft aperture 110b 
reflects off mirrors 115a and 115b, respectively. Light 
reflecting off either of the two mirrors 115a and 115b may 
then reflect off a surface of a field splitter 120 configured to 
superimpose the forward and aft radiation 105 onto a single 
composite intermediate image plane near the apex of the 
field splitter 120. Subsequently, the superimposed radiation 
105 reflects off a mirror 130 configured to direct radiation 
105 through a Fabry-Perot etalon 150. 
Some embodiments of a split-field Doppler imaging appa 

ratus 10 may also include collimating optics 152 which 
comprise one or more lenses or mirrors configured to 
collimate light rays from each point in the composite image 
prior to passage through the Fabry-Perot etalon 150. Addi 
tionally, one or more re-imaging lenses or mirrors 175 
positioned optically after the Fabry-Perot etalon 150 may be 
configured to refocus the light rays from each point in the 
composite image onto a point on the focal plane array. 
The radiation 105 that passes through the etalon 150 may 

be spatially modulated with respect to the transmission 
function of the etalon 150, which may be dependent on the 
thickness of an etalon gap 155, an index of refraction of 
etalon gap 155, an internal angle of incidence of the radia 
tion 105 entering etalon 150, and wavelength of the radiation 
105. The radiation 105 may then pass through a band-pass 
filter 170 configured to confine the wavelengths of the 
radiation 105 that are focused onto a focal plane array (FPA) 
or camera 180 by a re-imaging lens 175. 

Furthermore, in Some examples of the imaging apparatus 
10, a calibration source 160 may be positioned to illuminate 
the focal plane through the etalon 150. The calibration 
Source 160 may emit a known spectrum of radiation that is 
conditioned by the etalon 150 and focused onto the FPA 180 
to aid in calibrating the imaging apparatus 10. During 
calibration of imaging apparatus 10, imaging apparatus 10 
may be configured Such that the only radiation impinging on 
the FPA 180 is radiation supplied by the calibration source 
160. In some embodiments, calibrating the imaging appa 
ratus 10 may be a step that is routinely and frequently 
executed in order to provide more accurate and precise 
spectral measurements of a scene. 

Referring to FIG. 2, a Fabry-Perot etalon 150 may be 
briefly described as an optical filter with two parallel, 
partially reflecting Surfaces and no moving parts. A trans 
mission function of an etalon describes a fraction of energy 
in a light ray that is transmitted through the etalon. The 
transmission function, T(wd), of the etalon may be a func 
tion of wavelength of the ray v, and an effective etalon path 
length d through the etalon. The effective etalon path length 
d(W.0) may be a function of an etalon gap spacing do 155 
between the two partially reflecting surfaces, the index of 
refraction n of the etalon gap material, and the angle of 
incidence of the light ray 0 entering the etalon 150. For 
example, in FIG. 2 an angle of incidence for ray 211 is 
denoted by 0215 while an angle of incidence for parallel 
rays 221 and 231 is denoted by 0 225. 
The transmission function demonstrates that the transmis 

sion of a ray of energy through a Fabry-Perot etalon depends 
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6 
on the wavelength of the ray and the effective etalon path 
length. A ray of light having one combination of wavelength 
and angle of incidence may exit the etalon with little 
attenuation, while a ray having a different combination of 
wavelength and angle of incidence may be reflected and/or 
absorbed with strong transmissive attenuation. The result of 
the transmission function of the etalon on monochromatic 
incoming energy may be a pattern of concentric interference 
fringes or rings referred to as an interferogram that, when 
analyzed, can provide spectral information about the scene. 

FIG. 2 is a schematic drawing illustrating the coherent 
transmission and attenuation of electromagnetic energy 
through a Fabry-Perot etalon 150. A first incoming ray 211 
with an angle of incidence 0 215, an initial phase (po (not 
illustrated) and a wavelength w 217, passes through a first 
partially reflective surface 133 and enters the etalongap 155. 
The first ray 211 then reflects off a second partially reflective 
surface 137, which is parallel to the first partially reflective 
surface 133. The first ray 211 reflects off the first partially 
reflective surface 133. The first ray 211 may maintain the 
same angle of incidence with respect to the partially reflec 
tive surfaces 133 and 137. The coherent radiation, giving 
rise to ray 211, may be understood as a succession of planar 
wavefronts. This radiation gives rise to other rays parallel to 
ray 211, including ray 212 that enters the etalon with phase 
(p at the point where ray 211 is reflected from surface 133. 
The combination of w and effective etalon thickness d(v, 
0) are such that the phase of ray 211 as reflected from 
Surface 133 also equals (p. Because ray 212 has the same 
phase (p as the reflected first ray 211 inside the etalon 150, 
the first ray 211 and second ray 212 are considered to be in 
phase and undergo constructive interference 210, whereby 
transmission of the electromagnetic energy through the 
etalon 150 is enhanced and its reflection and attenuation are 
minimized. 
A third ray 221 has the same wavelength was the first 211 

and second 212 rays, but a different angle of incidence 0. 
225. Similar to the first ray 211, the third ray 221 passes 
through the first reflective surface 133 with phase (p and 
reflects off the second reflective surface 137. The third ray 
reflects off the first reflective surface 133, maintaining the 
same wavelength . 217 and angle of incidence 0 225. A 
fourth ray 222 arising from the same coherent radiation as 
ray 221 has the same wavelength 217 and angle of incidence 
0 225 as the third ray 221. The fourth ray 222 passes 
through the first partially reflective surface 133 with phase 
(p at the location where the third ray 221 reflects off the first 
partially reflective surface 133. The combination of w and 
effective etalon thickness d(0,0) are such that the phase of 
the third ray 221 as reflected from surface 133 differs from 
(p by 180 degrees. Because the fourth ray 222 is out of phase 
with the third ray 221, the third ray 221 and fourth ray 222 
may undergo deconstructive interference 220 whereby 
reflection and attenuation of the electromagnetic energy is 
maximized and its transmission through the etalon 150 is 
minimized. 
A fifth ray 231 with wavelength, 227, angle of incidence 

0 225 and phase (ps passes through the first partially reflec 
tive surface 133. Like the first ray 211 and third ray 221, the 
fifth ray 231 reflects off the second partially reflective 
surface 137 and off the first partially reflective surface 133. 
A sixth ray 232 arising from the same coherent radiation as 
the fifth ray 231 passes through the first partially reflective 
surface 133 with phase (p at the location where the fifth ray 
231 reflects off the first partially reflective surface 133. The 
combination of w and effective etalon thickness d(0) are 
such that the phase of the fifth ray 231 as reflected from the 
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first partially reflective surface 133 matches (p. The two 
interfering rays 231 and 232 are in phase and undergo 
constructive interference 230 whereby transmission of the 
electromagnetic energy through the etalon 150 is maxi 
mized. 

Although FIG. 2 illustrates multiple mutually coherent 
rays interfering, it should also be understood that the Fabry 
Perot etalon 150 Superimposes many rays, including contri 
butions from higher-order reflections inside the etalon 150. 
A purpose of FIG. 2 may be to illustrate how the transmis 
sion function of the etalon, T(w.d), may be enhanced or 
reduced by interference effects within the etalon gap. 
Knowledge of T(w.d) enables an analyst to derive informa 
tion on the incoming radiation spectrum from images col 
lected at the focal plane. Such information including line 
of-sight Doppler shifts due to behavior of a medium, such as 
temperature and wind. 

FIG. 3 illustrates an alternate embodiment of a Fabry 
Perot etalon 330. While the design or manufacture of the 
embodiments may differ, the function may be essentially the 
same. Embodiments of a Fabry-Perot etalon described in 
this specification thus far may benefit from being able to 
function with no moving parts. In particular, the Fabry-Perot 
etalon 330 can function without any changes in the etalon 
gap thickness. In one embodiment, the Fabry-Perot etalon 
330 comprises a single piece of glass or similar material with 
two parallel and opposing external surfaces 333 and 337. 
The two parallel and opposing external surfaces 333 and 337 
may be partially reflective. Similar to other embodiments, 
these partially reflective surfaces 333 and 337 may have 
reflection coefficients greater than 0 and less than 1. In some 
embodiments, reflective coefficients of the two external 
surfaces 333 and 337 may be the same or different. The 
opposing external surfaces 333 and 337 enclosing an etalon 
gap 335, do may be substantially parallel and that parallel 
ism may be maintained by the structural integrity of the Solid 
material comprising the etalon gap 335. Embodiments simi 
lar to the etalon 330 described in FIG.3 may have manu 
facturing or durability advantages. 
As exemplified in FIG. 1, one embodiment of a Fabry 

Perot etalon 150 may comprise two pieces of glass or similar 
material, being separated by an etalon gap 155. The etalon 
gap 155 may comprise a vacuum, gas, or some other 
material. The etalon gap 155 may have a different index of 
refraction than the two pieces of glass. The inside Surfaces 
of the glass pieces may have partially reflective Surfaces 
where each reflective surface may have the same or different 
reflectivity. The reflectivity R of the two surfaces may be 
greater than 0 and less than 1. In embodiments, the opposing 
reflective internal surfaces are parallel to one another. Fur 
thermore, increasing or decreasing the reflectivity of the two 
surfaces may directly affect a coefficient of finesse F of the 
etalon 150. The coefficient of finesse F may affect the 
appearance or structure of the interferogram. In embodi 
ments where the etalon 150 has a relatively high coefficient 
of finesse F, the resulting interference fringes or rings may 
be narrower or more defined with respect to the spacing 
between successive fringes. Narrow or more defined fringes 
may be easier to discern and analyze, and may provide more 
precise measurements while broader, brighter fringes from 
an etalon with a relatively small coefficient of finesse F may 
be beneficial in situations with less incoming energy. The 
coefficient of finesse F may be entirely dependent on the 
reflectivity and may be defined by the relationship: 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

where R is the reflectivity. 
Returning to FIG. 3, incoming radiant energy 310 may 

have varying angles of incidence. However, it may be 
advantageous that the angles of incidence are confined to be 
relatively small or near normal (between 0 to 10 degrees). 
Confining the field of view of the scanning etalon spectros 
copy device to near-normal angles of incidence may limit 
the number of interference rings produced by the etalon, 
which may allow for simpler, faster, or more precise data 
analysis. 

FIG. 4 is a graph illustrating spectral changes of a known 
radiation source due to a Doppler shift. In particular, FIG. 4 
demonstrates a Doppler broadening of a reference spectrum 
due to thermal behavior of an emitting or scattering medium. 
A narrower Lorentzian curve 410 shown represents a refer 
ence emission spectrum in the absence of Doppler broad 
ening. In some cases, a known source that provides the 
reference emission spectrum may be the result of some 
atomic emission event, such as electron transitions of atomic 
oxygen in the upper atmosphere. Such atomic emission 
events may occur more frequently in higher regions of the 
atmosphere, a convenient phenomenon that provides an 
altitude-specific source of radiation. 

Referring to FIG. 4, the taller, narrower peak 410 shows 
the pure original source of radiation, e.g., from isolated 
atoms at rest, while the shorter, broader, Gaussian peak 420 
shows a modified spectrum emitted from a thermalized 
ensemble of emitters or radiation scattered by a medium 
including thermalized atoms or molecules. Atoms or mol 
ecules in the medium may absorb photons of the pure and 
well-known radiation source and reemit the photons while in 
motion. The reemitted photons may have slightly shifted 
wavelengths depending on a Velocity of the molecule or 
particle during reemission with respect to an observer. When 
many of the reemitted photons are collected and analyzed, a 
spectrum 420 can be measured. The measured spectrum 420 
of the Doppler-shifted light has a broader range and a 
shallower peak due to the Doppler shifting within the 
medium. 
The Lorentzian 410 and Gaussian 420 spectra in FIG. 4 

may have peaks located at the same position along the 
horizontal axis. The horizontal axis represents wavelength 
and the vertical axis represents amplitude. In this case, it 
may be inferred that the Doppler shifting that occurred was 
due entirely to the temperature of the medium, and not due 
to bulk motion or wind. In cases where wind is responsible 
for the Doppler shifting of radiation, the peak or mean value 
of the Gaussian spectrum 420 may be expected to shift along 
the wavelength axis depending on the direction and speed of 
the wind with respect to the Doppler imaging device. If a 
wind vector in a field of view has a substantial component 
heading towards the Doppler imager (e.g., observer), then 
there will be an overall trend of blue shifting, and the peak 
would shift to the left along the wavelength axis. If a 
Substantial component of the wind vector is heading away 
from the Doppler imager, then there will be an overall trend 
of red shifting of the imaged medium, and the peak would 
move to the right along the wavelength axis. 

FIG. 5 is an example of a single prophetic image captured 
by a split-field Doppler imaging device using a Fabry-Perot 
etalon, such as split-field Doppler imaging device 10 of FIG. 
1 using the Fabry-Perot etalon 150 or 330 of FIGS. 2 and 3, 
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respectively. If the Doppler imaging device 10 were to be 
used on a satellite, the Source of energy may be a scene from 
the atmosphere or surface of the Earth. FIG. 5 shows two 
scenes that may be simultaneously imaged by the Doppler 
imaging device 10. The two scenes may be imaged on a 
single Focal Plane Array, with the Doppler imaging device 
10 configured to image a scene from two different points of 
reference as the device moves with respect to the scene. The 
image shows transmission fringes from an interferogram 
from the etalon spatially modulating an image of the scene. 
The image is split down the center, with a left side 510 
imaging a first scene and a right side 520 imaging a second 
scene. The interferogram is also split, and has subtle but 
measurable differences in fringe phase and spacing on the 
two sides 510 and 520. This may be due to slightly different 
spectral content from the two scenes, which when modu 
lated by the interferogram, produces differences in the 
interferograms pattern or structure. A scene may scan across 
the field of view of the Doppler imaging device 10, or vice 
versa, while the Doppler imaging device 10 takes several 
consecutive images. The image of the moving scene may be 
said to modulate the interferogram. The interferogram of 
each image can be analyzed and deconvolved with respect to 
the etalon transmission function in order to determine at 
least one characteristic about the scene spectrum. 
A Doppler imaging device that does not have split-field 

capabilities may be able to detect only changes in wave 
length due to line-of-sight Doppler shifts between an emis 
sion or scattering event and an observer. Thus, one cannot 
accurately characterize the wind vectors if the scene were 
only measured from one direction. By measuring a single 
scene, such as a region on the Surface of the earth, from at 
least two non-parallel directions, one could compare the two 
or more line of sight Doppler shifts of the scene from the 
plurality of directions in order to correctly characterize the 
direction of the wind. If a split-field spectral imager, such as 
split-field Doppler imaging device 10, were to be used on a 
satellite, the device 10 may image a region of the Earth from 
two directions by imaging the region at a first time from a 
forward aperture, and later image the same scene at a second 
time through the aft aperture. In this application, one must 
assume that the local wind vector is the same during the 
Forward and Aft image captures. 

FIG. 6 is a schematic drawing illustrating an operational 
deployment of a split-field Doppler imaging device. Such as 
split-field Doppler imaging device 10 of FIG. 1. FIG. 6 
shows a satellite 610 in an orbit 630 around the Earth 650. 
The satellite 610 is outfitted with a split-field Doppler 
imaging device 10, which collects incoming radiation from 
the Earth's atmosphere 640 in two fields of view (FOV) 
620a and 620b and projects focused radiation from the two 
field of views onto a single image plane within the device 10. 
One field of view may be referred to as the “Forward FOV” 
620a while the other may be referred to as the “Aft FOV” 
620b. With reference to FIG. 6, one may see that as the 
satellite 610 moves in an orbit 630 around the earth 650, a 
scene first captured in the Forward FOV, 620a may eventu 
ally be re-captured, at least in part, by the Aft FOV 620b. 
Referring back to FIG. 5, the left side 510b may show a 
scene from the Aft FOV 620b, while the right side 510a of 
the image may show a scene captured in the Forward FOV 
620a. 

Because the scene brightness from the Earth's atmosphere 
may be low, it may be advantageous to incorporate in the 
instrument a high-sensitivity FPA. For example, the FPA 
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10 
may be an electron-multiplied charge coupled device (EM 
CCD) that is sensitive to signal differences as small as a 
single photoelectron. 
To further explain how a wind vector can be characterized 

from imaging a scene from two non-parallel directions, 
consider a horizontal wind field 645 moving uniformly 
towards the left in FIG. 6 above the Earth's surface along the 
orbital direction of the Satellite 610. If the satellite 610 were 
stationary in the location as drawn, the photons collected by 
the split-field Doppler imaging device 10 in the Forward 
field of view would be blue shifted, while the photons 
collected in the Aft field of view would be red shifted. By 
comparing these two shifted spectrums, the line of sight 
Doppler shift components can be aggregated and compared 
to yield a horizontal wind vector (direction and magnitude) 
for each point in the scene. In practice, the satellite 610 is 
moving along its orbit 630 with a substantial and accurately 
known orbital velocity. This adds a blue shift to the Doppler 
observation of the Forward FOV and a red shift to the 
Doppler observation of the Aft FOV. The known satellite 
velocity is then subtracted from the derived relative wind 
vector to obtain the wind field vector 645 relative to the 
Earth. 

In operation, a Scanning etalon spectroscopic imaging 
device like those shown in FIGS. 1 and 6 may be positioned 
or configured to scan a scene comprising a field of view 
where the scene may emit radiant energy at one or more 
frequencies. In one example, we may consider using split 
field Doppler imaging device to detect wind vectors and 
temperature in the upper layers of the Earth's atmosphere. 

First, a spectral band for Some electromagnetic emission 
or scattering event in the upper atmosphere is selected. This 
spectral band may be an emission line for atomic Oxygen, 
which is most abundant in the upper atmosphere. The 
emission line of atomic Oxygen may be represented as one 
or more narrow peaks, having a well-known and defined 
spectral profile. For example, the diatomic oxygen atmo 
spheric band (A-band) consists of two major peaks near 762 

. 

A calibration image may be collected of a uniform mono 
chromatic scene for which the wavelength is precisely 
known. The calibration image may then be analyzed and 
precise geometrical and optical characteristics of the etalon 
may be derived. The characteristics may comprise the cen 
tration of the interferogram pattern on the focal plane. The 
centration may refer to the geometrical center of the inter 
ferogram, which may comprise a series of concentric 
fringes. The characteristics may further comprise an effec 
tive focal length of the reimaging lens 170, and the image 
distortion due to the reimaging lens 170, which may be due 
to the detailed structure of the lens. Distortions or aberra 
tions caused by imaging lenses may modify the ideal shape 
of the image or interferogram, leading to inaccurate calcu 
lations if not corrected. Distortion may be accounted for in 
image analysis, or may be corrected using corrective optics. 
The derived optical characteristics may further comprise 
etalon cavity thickness, which may depend on the etalon gap 
155, the index of refraction of the material in the etalon gap 
155, and the angle of incidence of the energy upon entering 
the etalon 150. The derived optical characteristics may 
further comprise an etalon coefficient of finesse F, which 
may depend on the reflectivity of the two reflective surfaces 
of the etalon, where a high reflectivity (e.g. 0.75-0.99) may 
result in a high coefficient of finesse F. 
An effective thickness of the etalon 150 or 330 may then 

be calculated for each pixel on the FPA 180. As stated earlier, 
the effective etalon thickness may depend on the angle of 
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incidence of radiant energy 110, where the angle of inci 
dence of incoming energy 110 may be matched to a points 
or pixels on the image plane, or FPA 180. The effective 
etalon thickness at each pixel, or d, where the subscript “i’ 
denotes the pixel number, may be calculated by the function: 

where do represents the etalon gap thickness and 0, repre 
sents the internal angle of incidence of rays of energy 110 on 
the reflective etalon surfaces. For the case n=1, the internal 
angle of incidence is equal to the angle of incidence for 
radiation entering the etalon. Otherwise the internal angle of 
incidence depends on the external angle of incidence and the 
value of n in accordance with Snell's Law. The transmission 
of radiation 110 passing through the etalon 150 may be a 
function of wavelength w and effective etalon thickness d. 
The transmission function may have the form: 

2nd 
T(A., d) = where = --. 1 + F. sin (6) 

After collecting one or more calibration images, a series 
of images may be collected as the scene scans across the 
field of view of the device, or vice versa. The images may 
be calibrated to remove pixel offsets such as readout bias or 
dark current. The images may also be corrected for pixel 
to-pixel variations in the readout gain and response non 
linearity. Then, combining the calibrated pixel values for a 
scene point in each image, a function S(d) of signal versus 
effective etalon thickness (d), may be constructed. The 

“p” in the Signal function S(d) may denote the subscript “p 
signal at a given scene point referred to as “p.’ Similarly, the 
subscript “p' may also denote the pixel for which the signal 
is calculated. Each point in a scene may correspond to a 
given pixel on the focal plane array. 

Alternatively, if the spatially resolved target point p 
covers multiple pixels at the image, the function S(d) may 
be constructed from the signal values of a single image 
without Scanning of the scene. 

The signal function of a point p in a scene may be an 
integral of the scene spectral radiance LO) and the trans 
mission of the etalon T(wd) over the bandpass of the sensor, 
where the bandpass of the sensor may refer to the range of 
wavelengths observed or collected by the sensor. The signal 
function may be defined as: 

S(d) = ? dA.T(A., d). L(A) 
bandpass 

In matrix form, the above relationship may also be written 
aS 

Si-Ti L. 

The signal function S must account for separate regions 
of the focal plane array. In some embodiments, the focal 
plane array may be divided into two regions, each region 
being illuminated by radiation from either a forward or an aft 
aperture, as illustrated in FIG. 5. This fact may become 
significant during spectroscopic analysis. In some embodi 
ments, there may be a time offset between forward and aft 
images of a scene on the Earth or other observed body. By 
knowing the velocity of the orbiting satellite with respect to 
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12 
the Earth, the forward and aft images of a scene can be 
matched and analyzed in order to calculate wind vectors for 
each point in a scene. 

If the number of independent image values in S equals 
the number of wavelength values in the spectrum (size of 
L), then the relationship for Signal S to Transmission T. 
and Spectral Radiance L. may be solved for L. to give: 

If the size of S exceeds the size of L, then a fit to the 
spectrum may be approximated for example using the 
pseudo-inverse method: 

Note that no unique solution is possible if the size of S is 
less than the number of wavelengths. 

FIG. 7 is a flowchart illustrating an example method 700 
of Doppler imaging. For clarity, the method 700 may apply 
to aspects of the split-field Doppler imaging device 10 
described with reference to FIG. 1 or aspects of one or more 
of the Fabry-Perot etalons 150 and 330 described with 
reference to FIG. 1, 2, or 3. In some examples, the Doppler 
imaging is split-field Doppler imaging. 
At block 710, the method 700 may include collecting, by 

a Doppler imager, a first sample of radiation from a scene 
through a first field of view. The operation(s) at block 710 
may be performed using the forward aperture 110a 
described with reference to the split-field Doppler imaging 
device 10 of FIG. 1. 
At block 712, the method 700 may also include directing 

the first sample of radiation from the scene into an etalon of 
the Doppler imager. For example, the radiation 105 may be 
directed through the Doppler imager to be incident upon the 
etalon 150 one or more of the Fabry-Perot etalons 150 and 
330 described with reference to FIG. 1, 2, or 3. The etalon 
150 may include an etalon gap that comprises a space or a 
solid material, such as the etalon gap 155 of FIGS. 1 and 2 
and the etalon gap 335 of FIG. 3. In some examples, the 
Doppler imager further includes intermediate optics config 
ured to superimpose the radiation 105 into a composite 
intermediate image and to the etalon. 
At block 715, the method 700 may include moving the 

Doppler imager from a first location to a second location in 
an orbit around the Earth. 
At block 720, the method 700 may include collecting, by 

the Doppler imager, a second sample of radiation from the 
scene through a second field of view. The operation(s) at 
block 720 may be performed using the aft aperture 110b 
described with reference to the split-field Doppler imaging 
device 10 of FIG. 1. In some examples, collecting the first 
sample of radiation through the first field of view further 
includes collecting the radiation from a first aperture along 
a first direction, wherein collecting the second sample of 
radiation through the second field of view further comprises 
collecting the radiation from a second aperture along a 
second direction, wherein the first direction is non-parallel 
with the second direction. For example, the forward aperture 
110a collects the radiation 105 from a first FOV, such as 
FOV 620a of FIG. 6. The aft aperture 110b collects the 
radiation 105 from a second FOV, such as FOV 620b of FIG. 
6. 
At block 740, the method 700 may further include deter 

mining one or more conditions of the scene from an image 
formed by the first or second samples of radiation that 
passed through the etalon. Examples of the one or more 
conditions of the scene include wind vectors or the tem 
perature within the scene. 
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The method 700 may include collecting a calibration 
image of a uniform monochromatic scene of an event for 
which the wavelength of the event is known. The event may 
be, for example, an EM Emission or scattering event in the 
upper atmosphere of the Earth or another object. The method 
700 may also include calibrating the Doppler imager based 
at least in part on the calibration image. The method 700 
may include analyzing the calibration image and deriving 
precise geometrical or optical characteristics of the etalon. 
Examples of the geometrical and optical characteristics of 
the etalon include at least one of centration of an interfero 
gram pattern of the image, an effective focal length of a 
reimaging lens of the Doppler imager, one or more distor 
tions or aberrations caused by one or more imaging lenses of 
the Doppler imager, a cavity thickness of the etalon, an index 
of refraction of material in an etalon gap, an angle of 
incidence of the radiation upon entering the etalon, and an 
etalon coefficient of finesse F, or combinations thereof. 
Some further examples of method 700 include correcting for 
any distortions detected in the etalon. 
The method 700 may further include creating a weather 

model based at least in part on the one or more conditions 
of the scene. The method 700 may further include deter 
mining a temperature, a bulk motion, or a wind of the 
medium. The method 700 may include determining a wind 
speed and direction based on Doppler shifting of a measured 
spectrum with a reference spectrum. For example, wherein 
the method may include taking a calibration image that 
comprises a reference spectrum and determining a Doppler 
shifting of the image based at least in part on a comparison 
of the image with the reference spectrum. From the deter 
mined Doppler shifting, the method 700 may include deter 
mining a wind vector of the medium based at least in part on 
the Doppler shifting. Some examples of method 700 include 
analyzing a Doppler broadening of a reference spectrum due 
to thermal behavior of an emitting or scattering medium. 

In some examples, such as the satellite 610 example of 
FIG. 6, the photons collected by the forward aperture 110a 
(forward field of view) may be blue shifted, while the 
photons collected in the collected by the aft aperture 110b 
(aft field of view) may be red shifted. The method 700 may 
further include comparing these two shifted spectrums, and 
comparing an aggregated line of sight Doppler shift com 
ponents to yield a horizontal wind vector (direction and 
magnitude) for each point in the scene. In some examples, 
forward and aft measurements may be made at different 
times and the Doppler shifting may be analyzed with the 
assumption that the local wind vector is the same at the 
different times. 
The method 700 may further include focusing the radia 

tion that passed through the etalon onto an image plane area 
to generate the image, wherein each point on the image 
plane area is illuminated predominantly by the radiation that 
passed through the etalon at approximately the same angle 
of incidence. The Doppler imager may include aft-optics 
configured to focus the modulated image onto non-overlap 
ping regions of a focal plane array. 

In additional examples of method 700, one or more 
additional images are collected to create a series of images. 
The series of images may be calibrated and corrected based 
at least in part on a calibration image. The one or more 
conditions of the medium may be determined from the series 
of images. For example, the interferogram of each image can 
be analyzed and deconvolved with respect to the etalon 
transmission function in order to determine at least one 
characteristic about the scene spectrum. 
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14 
In some examples, the method 700 may confine the field 

of view of the scanning etalon spectroscopy device to 
near-normal angles of incidence. The method 700 may 
further limit the number of interference rings produced by 
the etalon, which may allow for simpler, faster, or more 
precise data analysis. In other examples, the method 700 
may include matching a coefficient of finesse of the etalon 
to an expected intensity level of the incident radiation. 
The above prescription yields the complete scene spec 

trum, which is readily exploited for scene characterization in 
many applications using many different analysis techniques. 
If the component target spectra are known a priori, the 
procedure detailed above may be modified so that the 
components of the L vector (a much reduced number) 
correspond to the several spectral components (not separate 
wavelengths per se) of the energy collected from the scene. 
The spectral radiance L can be compared with a known 
spectral radiance for Some electromagnetic event in the 
upper atmosphere to infer changes in the spectrum due to the 
Doppler effect, and thereby to detect wind speeds and 
temperature. 

What is claimed is: 
1. A method of Doppler imaging, comprising: 
collecting, by a Doppler imager, a first sample of radiation 

from a scene through a first field of view: 
directing the first sample of radiation from the scene into 

an etalon of the Doppler imager, 
moving the Doppler imager from a first location to a 

second location in an orbit around the Earth; 
collecting, by the Doppler imager, a second sample of 

radiation from the scene through a second field of view: 
directing the second sample of radiation from the scene 

into the etalon of the Doppler imager, and 
determining one or more conditions of the scene from an 

image formed by the first or second samples of radia 
tion from the scene that passed through the etalon; 

wherein collecting the first sample of radiation from the 
scene through the first field of view further comprises 
collecting the radiation from a first aperture along a first 
direction, wherein collecting the second sample of 
radiation from the scene through the second field of 
view further comprises collecting the radiation from a 
second aperture along a second direction, wherein the 
first direction is non-parallel with the second direction. 

2. The method of claim 1, further comprising: 
focusing the first and second samples of radiation that 

passed through the etalon onto an image plane area to 
generate the image, wherein each point on the image 
plane area is illuminated predominantly by the first and 
second samples of radiation that passed through the 
etalon at approximately the same angle of incidence. 

3. The method of claim 1, further comprising: 
collecting a calibration image of a uniform monochro 

matic scene of an event for which the wavelength of the 
event is known. 

4. The method of claim 3, further comprising: 
calibrating the Doppler imager based at least in part on the 

calibration image. 
5. The method of claim 3, wherein the calibration image 

comprises a reference spectrum, the method further com 
prising: 

determining a Doppler shifting of the image based at least 
in part on a comparison of the image with the reference 
spectrum; and 

determining a wind vector of the scene based at least in 
part on the Doppler shifting. 
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6. The method of claim 3, further comprising: 
deriving one or more geometrical or optical characteris 

tics of the etalon from the image, wherein the one or 
more conditions of the etalon comprise at least one of: 
centration of an interferogram pattern of the image, 
an effective focal length of a reimaging lens of the 

Doppler imager, 
one or more distortions or aberrations caused by one or 
more imaging lenses of the Doppler imager, 

a cavity thickness of the etalon, 
an index of refraction of material in an etalon gap, 
an angle of incidence of the radiation upon entering the 

etalon, and 
an etalon coefficient of finesse F, 
or combinations thereof. 

7. The method of claim 1, wherein the image is a first 
image, the method further comprising: 

collecting one or more additional images to create a series 
of images; 
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calibrating and correcting the series of images based at 

least in part on a calibration image; and 
determining one or more conditions of the medium from 

the series of images. 
8. The method of claim 1, further comprising: 
creating a weather model based at least in part on the one 

or more conditions of the scene. 

9. The method of claim 1, wherein the image is a 
modulated image, wherein the etalon comprises a Fabry 
Perot etalon configured to spatially modulate a composite 
image into the modulated image, and wherein the Doppler 
imager comprises a split-field Doppler imaging device that 
further comprises intermediate optics configured to Super 
impose the radiation into a composite intermediate image 
and aft-optics configured to focus the modulated image onto 
non-overlapping regions of a focal plane array. 

k k k k k 


