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Doppler asymmetric spatial heterodyne spectroscopy (DASH) technique has developed rapidly in passive Doppler-
shift measurements of atmospheric emission lines over the last decade. With the advantages of high phase shift sensitivity,
compact, and rugged structure, DASH is proposed to be used for celestial autonomous navigation based on Doppler radial
velocity measurement in this work. Unlike atmospheric emission lines, almost all targeted lines in the research field of
deep-space exploration are the absorption lines of stars, so a mathematical model for the Doppler-shift measurements of
absorption lines with a DASH interferometer is established. According to the analysis of the components of the inter-
ferogram received by the detector array, we find that the interferogram generated only by absorption lines in a passband
can be extracted and processed by a method similar to the approach to studying the emission lines. In the end, numerical
simulation experiments of Doppler-shift measurements of absorption lines are carried out. The simulation results show that
the relative errors of the retrieved speeds are less than 0.7% under ideal conditions, proving the feasibility of measuring
Doppler shifts of absorption lines by DASH instruments.
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1. Introduction

Navigation of spacecraft is a key technology in deep
space explosion fields. Terrestrial radio navigation,!!3! as the
mainstream navigation technology, has the shortcomings of
being easily occluded by other celestial bodies and the huge
communication delay between earth-based TT & C (Teleme-
try, Tracking, and Command) stations and deep space detec-
tors. Celestial autonomous navigation with good real-time and
high navigation accuracy capability has become a trend in the
development of deep space navigation technology. The ce-
lestial autonomous navigation based on Doppler radial veloc-
ity measurement has been proposed for directly acquisting the
velocity*! and eliminating the adverse effects of differential
on velocity accuracy in the inertial navigation®! and the celes-
tial autonomous navigation based on angle measurement. [*-]

In the celestial autonomous navigation based on Doppler
radial velocity measurement, the space velocity of the space-
craft in inertial space can be determined from the radial ve-
locities between the spacecraft and the stars, combined with
celestial ephemeris and spacecraft inertial attitude informa-
tion. Doppler-shift measurements of the star spectral lines
with a spectroscopic instrument on board provide radial ve-

locities. Among the existing spectroscopic instruments for
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passive Doppler radial velocity measurements, Fabry—Perot

5,101 stepped Fourier transform spectrometers

interferometer:
(FTS)[11=171 and Doppler asymmetric spatial heterodyne spec-
troscopy (DASH) interferometers meet the mass and volume
requirements of spaceborne detectors for deep-space explo-
ration, while Fabry—Perot interferometers strictly require pro-
cessing precision and alignment accuracy, which makes it have
a small tolerance range and thus it is not the most suitable can-
didate. Compared with stepped FTS, DASH interferometers
without slits cannot only sample all optical path differences
at the same time without any moving parts, but also measure
multiple lines simultaneously. With the characteristics of high
spectral resolution, high phase shift sensitivity, rugged DASH
interferometers are more suitable for deep-space celestial au-
tonomous navigation.

The DASH concept, proposed in 2006,'®! has developed
rapidly in the field of passive atmospheric wind measurement.
The ground-based Redline DASH Demonstration Instrument
(REDDI), %291 the space-based atmospheric redline interfer-
ometer for dOppler winds (ARROW)[?!-23 and Michelson In-
terferometer for global high-resolution thermospheric imag-
ing (MIGHTI),>*-?71 all DASH-based instruments, have been
successfully developed and achieved a Doppler radial velocity

measurement accuracy of a few meters per second. It is worth
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noting that in the field of atmospheric wind measurement, the
targeted spectral lines detected by a DASH instrument are the
emission lines, and the interferogram distribution obtained on
the detector is simple and the theory is relatively mature. But
in the research field of deep space exploration, targeted lines
carrying Doppler-shift information are the absorption lines of
stars, and the emission lines are generally not available. There
are few reports on the application of DASH technique to the
Doppler-shift measurement of absorption lines. Therefore, it
is extremely important to establish a set of theories for ana-
lyzing and processing the interference patterns obtained with
a DASH instrument for absorption lines.

Aiming at the unique characteristics of absorption lines,
a mathematical model for the Doppler-shift measurement of
absorption lines is established. After the detailed analysis of
the intensity distribution of the interferogram received by a
detector, we show that the interferogram generated by the ab-
sorption lines in the passband can be extracted, and then be
processed by a method similar to the approach to studying
the emission lines. Furthermore, we numerically simulate the
Doppler-shift measurements of some absorption lines in the

passband.

2. Doppler shift determination

As shown in Fig. 1, a DASH interferometer typically in-
cludes a collimation system, a filter, a beam splitter, two iden-
tical blazed gratings, an imaging system, and a detector array.
Signal light entering into the DASH interferometer is colli-
mated into a plane wave front through a collimation system.
After passing the filter, the plane wave front is divided into
two beams with the same intensity by a beam splitter coated
with a semi-transparent film, so that the two resulting beams
illuminate the blazed gratings fixed at the ends of the inter-
ferometer arms. The two beams diffracted at the blazed grat-
ings return to the beam splitter and recombine. Then, the lines
whose wavelengths are not equal to the Littrow wavelength of
the blazed grating propagate at a small angle with respect to
the optical axis. The Fizeau interference fringes whose spa-
tial frequency is proportional to the heterodyne of the wave
number ¢ of incident radiation and the Littrow wave number
o of the grating are imaged on the detector array. The mag-
nification of the imaging optics is assumed to be unity. The

interferogram can be written as!>®!

L) - %/:B(O') [l +cos {27(0 — o)L}da, (1)

where B(o) is the spectral density of the filtered radiation,
L=4tan 0 x (x+ Ad/2tan 0) is the sampling optical path dif-
ference, O is the blaze angle of the blazed grating, 2Ad is the

optical path difference offset between two arms, and x is the
position on the detector array (x = 0 indicates the center of the
detector, where the sampling optical path difference L = 2Ad).
In general, the path difference offset is equal to the optimal
optical path difference obtained from the trade-off between
interference fringe contrast and phase shift. In theory, it is
determined by the full width at half maximum (FWHM) of the
targeted line.[*”! Generally, a narrower FWHM corresponds to
a larger path difference offset.
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Fig. 1. Schematic diagram of non-field-widened DASH interferometer.

2.1. Single absorption line in passband

After the incident radiation enters into the DASH inter-
ferometer, the spectral domain is limited by a filter. Supposing
that the transmission function of the filter is a Gaussian func-
tion and there is only a single absorption line with a Gaussian
line shape in the passband, the spectral density of the filtered
radiation B(o), as shown in Fig. 2, can be expressed as

_n2 _ 2
B(o) = Aoexp{ 2 ln2(;)' ) ]
wo
N2
X {I—Alexp[_4ln2((§_cl) ]}, ()
w1

where A is the magnitude of the energy within the filter band-
pass; A1 (0 < A; < 1) is the absorption depth of the absorption
line; w is the FWHM of the filter’s transmission function; w; is
the FWHM of the absorption line; o is the center wave number
of the filter’s transmission function; o is the Doppler-shifted
center wavenumber of the absorption line, which is a function
of Doppler radial velocity v. If the Doppler-non-shifted center
wavenumber of the absorption line is 7, and the speed of light
is ¢, then 6] = 01 - (1 +v/c). Equation (2) can be abbreviated
as follows:

B(o) =By (1—B;)=By— BB, 3)
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where By = Agexp[—22In2(c—o0p)?/wd] and B; =

Ajexp[—41n2 (6 — o) /w?].

Intensity

Wave number/cm™!

Fig. 2. Doppler shift in incident spectrum.

According to Egs. (1) and (2), the interferogram of inci-
dent radiation received on the detector can be written as

A()W() T A()Wo
(x) \/ =
In2 ln
127202
Towy
xexp( A0 )cos(an(co o))

A0A1W0W1 ( 41112 0-()—(71)2>
4 /wo—i—w 2V ln w0+w1
A()A]W()Wl / ( 41[12 600'1)2>
4y wi+w? ln wg+wi
LGzwzw%
Xexp| —————
4(wo+w1)ln2

2 2
w700 +wyO
X cos | 2wL %—
Wo Wi

a)) e

This formula contains two constant terms and two cosine
terms. These two cosine terms can be explained as the su-
perposition of two sets of interference fringes with differ-
ent spatial frequencies, which are different from the sce-
nario of the interferogram of a single emission line with
only one spatial frequency. The first set of interference
fringes described by the first cosine term in Eq. (4) is gen-
erated by the transmission function which is indicated by
By, and its interference fringe contrast is determined by the
envelope function Ey = = exp(—L>m?w}/4In2). The sec-
ond set of interference fringes described by the second co-
sine term in Eq. (4) is generated by ByBj, and its interfer-
ence fringe contrast is determined by the envelope function
E; = exp(—L*m*w}wi /4 (w+wi) In2). It can be seen from
the expression of envelope functions Ey and E; that the con-
trast between the two sets of interference fringes decreases
exponentially with the increase of the optical path difference
L. In general, when the interference fringe contrast drops to
1/e, the corresponding optical path difference is defined as the

coherence length. After the targeted radiation enters into the

DASH interferometer, the interference pattern can be obtained
when the difference in optical path between the two coherent
beams is less than the coherence length. Therefore, the opti-
cal path difference Lo that makes Eo=e ! is defined as the
coherence length of By, then Lo = 2v/1n2 /7wo. Similarly,

2/ (w2 \/(wF+})

L = = L=
Twowq wi

m?+ 1Ly

There-
fore, without considering the constant term component, the

(where w = mwy) is the coherence length of ByBj.

intensity distribution of interference fringes in the region of
|L| < Lo is the result of superposition of the first set of in-
terference fringes and the second set of interference fringes,
while in the region of Lo < |L| < L, it is described only by
the second cosine term. It is worth noting that only the sec-
ond cosine term contains Doppler shift information. So, the
Doppler shift of the absorption line in the passband can be de-
termined from the phase shift of the interference fringes in the
region of Loy < |L| < L¢;. In order to obtain the highest phase
shift sensitivity, the sampling optical path difference L at x =0
on the detector is generally selected as

Coad— WO-‘rWl 1112 m2_|_1 _L
opt Lco \ﬁ cl

Twowq 2
(where w = mwy), which is obtained by maximizing the effi-

ciency function®! P = LE;. Since m > 2 in general, Loy is
in the region of Ly < |L| < L¢;. In this way, the interference
fringes near the center of the detector are generally generated
by the absorption line in the passband.

Therefore, the interferogram generated by the absorption
line in the passband can be extracted from the interferogram
described in Eq. (4) and written as

A()W() T
1) =~ \ In2
X exp (—

AOA1WOW1 /
4\/w0—|—w ln
41n2(600'1)2>
wg+wi

ApAiwowi l
4 s 2\ In2
wy + Wy

LPr*wiw}  4In2(cp— 0,)2
s S I S - S
(wo—l—wl)an wg+wi
2 2 !
o o
X cos | 2wL % — oL . (®)]
Wo Wi

This interferogram is very similar to that of a single emis-
sion line. So the retrieved phases of interference fringes can
be calculated by following the approach to studying the atmo-
spheric emission lines.[?8] Then the phase shift at x = 0 can be
obtained by subtracting the zero Doppler radial velocity phase,
and the resulting expression is as follows:

2 v

AD = 4rnAd ol —. (6)
C

2
W0—|-W1
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Thus, the Doppler radial velocity v can be solved from Eq. (6)
as
_ w(z) +w? ¢ AP
T Wi o4mAd

)

If w? is much larger than W%, which means that ignoring the
influence of the transmission function of the filter on the spec-
tral density of the targeted absorption line, the above equation
can be simplified into

yo & AP ®)

0, 4Ad

In practice, the transmission function of the filter we chose is
mostly wide enough, and then has a negligible effect on the
absorption line of interest. So, equation (8) can be used to cal-
culate the retrieved Doppler radial velocity. Under this condi-
tion, the relationship between the Doppler radial velocity and
the phase shift is the same as that in the case of an emission
line.

2.2. Multiple absorption lines in passband

In general, there are several absorption lines in a stellar
spectral passband. Presuming that all of those have Gaussian
line shapes, we can simplify the interferogram recorded on the
detector by writing as:

I ( ) Agwo T Agwo T
x) = — —
bM 4 Vm2" 4 Vm2
LGzw(z)
X exp <— STy )COS(Z”;L(GL—GQ))—;SJ'
212
WHO ; + W O
—ZS]--chos oL | 2 é S O—GL , 9)
7 Wo T Wj

where j indexes several absorption lines in the passband, §;
is a constant coefficient, E; is the envelope function that de-
pends on the individual FWHM w; which is much narrower

than w, L; is the coherence length calculated from E; = e .

Based on the analysis in Subsection 2.1, in the region of
Loy < |L| < Les (Where Leg is the smallest in L;) the first co-
sine term in Eq. (9) can be ignored. Then equation (9) can be
rewritten as

A()Wo T
Im () = == \/15 LS~ LS Ej
j j

2 2
waO ; + w0y
xcos (27l 2= o) ). (10)
w0+wj

This interferogram can also be treated as an interferogram

from multiple emission lines. It is possible to perform the in-
dependent velocity measurement of all absorption lines in the
passband by repeating the procedure used for a single emission
line. Besides, if there are numerous absorption lines that are
too densely distributed to be well distinguished in frequency
domain, it will do to treat them as one spectral line at low
spectral resolution.?”! After getting the phase shift, we can
calculate the retrieved speed according to Eq. (8).

3. Numerical simulation

Doppler-shift measurement of a single absorption line in
the passband is simulated numerically under ideal conditions.
Table 1 gives specifications of the targeted absorption line
and the DASH interferometer. Here, both the absorption line
and the transmittance function of the filter have Gaussian line
shapes, and their FWHMs are 0.01 nm and 1 nm, respectively.
It is assumed that the Doppler radial velocity between the sig-
nal source and the DASH interferometer is 100 m/s. The opti-
cal path difference offset is taken as 6.40 mm according to the
selection criterion of the optimized optical path difference.>”)

Table 1. Simulation parameters.

Energy coefficient A

Targeted absorption line

Center wave number o]

1
1/413.260 nm !

FWHM w,; 0.5855 cm™! (0.01 nm)
Absorption depth A 0.9
Center wavenumber of filter passband o 1/413 nm~!
FWHM of filter passband w 58.6273 cm~! (1 nm)
Grating period p 1/1200 mm
DASH interferometer Littrow angle 6 14.25°
Optical path offset 2Ad 6.4 mm
Number of detector pixels in a row N 1024
Detector pixel size 13 pm

The filtered incident spectrum without Doppler shift is
shown in Fig. 3, and its interferogram recorded by the detector
is shown in Fig. 4(a). In Fig. 4(a), the intensity of the fringe at
zero optical path difference (L = 0) is largest, and the interfer-

ence fringe contrast decreases first rapidly and then gradually

with the increase of optical path difference. Figure 4(b) dis-
plays the result of the Fourier transform of the interferogram
shown in Fig. 4(a). Since the wave numbers of the incident
spectral lines are smaller than the Littrow wave number of the

grating, the frequency spectrum in the right half plane, as the
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retrieved spectrum, is a mirror image of the filtered incident

spectrum shown in Fig. 3.

1.0

Intensity
=)
S

2.418 2.422 2.426

Wave number/104 cm™!

Fig. 3. Spectral density of filtered incident radiation without Doppler shift
for single absorption line in passband.

The interference fringes near the zero optical path dif-
ference (L = 0) are due to the superposition of two sets of
interference fringes with different spatial frequencies, where
the interference fringe from the passband represented by By
is stronger and dominates. It is noted that since phase shift
of interference fringe is proportional to the difference between
their sampling optical paths, the phase shift at L =0 is 0. It
means that although the intensity of the interferogram at L =0
is strongest, the inversion of the Doppler radial velocity can-
not be performed here. Moreover, the central wavenumber of
the retrieved spectrum shown in Fig. 4(b) is determined by
the transmission function of the filter but not by Doppler shift,
the phase shift caused by the Doppler shift of the absorption
line thus cannot be obtained by processing the interferogram
shown in Fig. 4(a) according to the data processing method for
emission lines. Therefore, it is critical to find a way to effec-
tively measure the Doppler shift of the absorption line in the

passband.
L=0
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Fig. 4. (a) 1024-pixel detector recorded interferogram of radiation and (b)
its Fourier transform, where the zero-frequency component is filtered out.

According to the analysis described in Subsection 2.1, the
coherence length of By is 9.0405 x 1072 mm, and then the cor-
responding location on the detector is —477 calculated from
L=4tan 6 x (x+ Ad/2tan 0). Similarly, the coherence length
of BypB; is 12.80 mm, and then the corresponding location on
the detector is 485. That is to say, theoretically, the interfer-
ence fringes in the range of —477 < x < 485 on the detector

can be regarded as being generated only by the absorption line
in the passband. However, since the line energy of By is much
larger than that of BygBj, the interference fringes formed by
By at x = L still have a significant influence on the mea-
surement of Doppler radial velocity. Therefore, considering
the influence of By on and the detector response to line light
intensity, the interferogram data from the center half of the
CCD (—256 < x < 255) as shown in Fig. 5(a) are extracted
for subsequent data processing. Its Fourier transform is shown
in Fig. 5(b). Figure 6 shows the retrieved phases versus pixel
number from Fig. 5(b) by following the approach to treating a
single emission line. We obtain the phase shift of 0.0324 rad at
x =0, and then the retrieved speed v = 99.9855 m/s according
to Eq. (8). Comparing with our set Doppler radial velocity, the
relative error is 0.0145%, which proves the feasibility of using
a DASH interferometer for measuring the Doppler-shift of a
single absorption line in the passband with high precision.

Z 3120

G a)
= 3100

% 3080

- —200 —100 O 100 200
- Pixel

E

Z 2000 i ‘L (b)
=

£ o0

E —200 —100 0 100 200
<"‘ Fringe frequency

Fig. 5. (a) Interferogram of center 512 pixels in Fig. 4(a), and (b) its
Fourier transform, where zero-frequency component is filtered out.
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0 " " " " "
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Pixel

Fig. 6. Phase of interferogram shown in Fig. 5(a), where dark blue
solid line indicates phase from Doppler-non-shifted interferogram and
magenta dash-dotted line indicates phase from Doppler-shifted interfer-
ogram.

We further simulate the Doppler-shift measurements
of multiple absorption lines in the passband, obtained
with the same DASH instrument as that described in Ta-
ble 1. The rest center wavelengths of the three absorp-
tion lines in the passband are assumed to be 412.725 nm
(24229.2083 cm™!), 412.755 nm (24227.4473 cm™!), and
413.260 nm (24197.8416 cm™ ), respectively. The remaining
parameters of the absorption lines are still described as those
in Table 1. Doppler radial velocities are set to be 100 m/s for
all three absorption lines.
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The spectral density of filtered incident Doppler-non-
shifted radiation is shown in Fig. 7, and its interferogram
recorded by the detector is shown in Fig. 8(a). In the vicinity
of L =0, the interference fringes, whose intensity distribution
with the optical path difference is nearly the same as the case
of a single absorption line in the passband, are still largely de-
termined by the transmission function of the filter. Figure 8(b)
displays the Fourier transform of the interferogram shown in
Fig. 8(a). Comparing with the spectrum shown in Fig. 7, we
can find that the two adjacent absorption lines just cannot be
distinguished here. This is because there are not enough sam-
pling points, thus resulting in low spectral resolution.

1.0

0.5

Intensity

0= ‘ .
2.415 2.420 2.425
Wave number/10% cm™!

Fig. 7. Spectral density of filtered incident radiation without Doppler shift
for multiple absorption lines in passband.
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Fig. 8. (a) Interferogram of the radiation shown in Fig. 7, recorded by 1024-
pixel detector, and (b) its Fourier transform, where zero-frequency compo-
nent is filtered out.

With the numerical simulation of a single absorption line
in the passband, the interference fringes in the central region
of Fig. 8(a) (—256 < x < 255) are extracted and shown in
Fig. 9(a). Figure 9(b) exhibits the Fourier transform of the
interferogram shown in Fig. 9(a). In theory, there should be
three positive frequency features in the frequency domain, but
only two (‘I and ‘II’) are shown here. Because of low spec-
tral resolution, the two adjacent spectral lines cannot be dis-
tinguished, and thus merging into one line and displaying the
frequency feature‘I’. Since the difference in central wavenum-
ber between the two adjacent spectral lines is small and their
Doppler radial velocities are the same, we can directly calcu-
late the phase shift caused by the frequency shift of the fre-
quency feature ‘I’ instead of trying to distinguish the two
lines, and then isolate them for phase calculation. Next, iso-
late the frequency features ‘I’ and ‘I’ in the right half plane
of Fig. 9(b) separately, then we will calculate their respective
phases. For feature ‘I’, the calculated phase shift is 0.0325 rad,

and the retrieved speed from Eq. (8) is 100.1188 m/s. For fea-
ture ‘II’, the calculated phase shift is 0.0323 rad, and the re-
trieved speed is 99.5679 m/s.

We note that compared with the Doppler radial velocities
we set, the retrieved speed of feature ‘I’ has a relative error of
0.1188% and the retrieved speed of feature ‘II’ has a relative
error of 0.4321%. The error of the feature ‘I’ is larger than that
in the numerical simulation experiment for a single absorption
line in the passband, which may be due to the approximate er-
ror of formula or the frequency aliasing with part of feature
‘IT’. The reason why the relative error of the retrieved speed of
feature ‘II’ is larger than that of feature ‘I’ is that the frequency
shifts of the two unresolved spectral lines treated as one spec-
tral line feature are not exactly equal. Nevertheless, the error
is very small, implying that it is feasible to treat the two unre-
solved absorption lines with the same Doppler radial velocity
as one for phase calculation. In addition, we change the set
Doppler radial velocities for the three absorption lines simulta-
neously while keeping other parameters changeless. Figure 10
shows the numerical simulation results. We can see that the
relative errors of the retrieved speeds are less than 0.7% with-
out considering the noise, demonstrating the feasibility of us-
ing a DASH interferometer to measure the Doppler-shift of
multiple absorption lines in the passband with high precision.

? 3040 @)
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F 2960
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Fig. 9. (a) Interferogram of center 512 pixels in Fig. 8(a), and (b) its Fourier
transform, where zero-frequency component is filtered out.
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Fig. 10. Simulation results at different set Doppler radial velocities, where
blue diamond represents relative error of retrieved speed of feature ‘I’, and
green cross represents relative error of retrieved speed of feature ‘II’.

4. Conclusions

In this study, we establish a mathematical model of the
Doppler-shift measurements of absorption lines by a DASH
interferometer. Aiming at the characterizing the absorption
lines, the components of the interferogram received by the de-
tector array are presented and analyzed in detail. In order to
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obtain the phase shifts of the interference fringes, caused by
the Doppler shifts of the absorption lines in the passband, we
find that it is critical to obtain the interference fringes gener-
ated only by the absorption lines in the passband. Our study
shows that the interference fringes generated by the absorption
lines can be extracted and then be processed to obtain phases
by the data processing method for emission lines. In the end,
we carry out numerical simulation experiments. As expected,
the simulation results are in good agreement with our theoreti-
cal analyses and the relative error of the retrieved speeds is less
than 0.7% under ideal conditions, thus proving that the phase
shifts caused by the Doppler shifts of the absorption lines can
be calculated by the method of processing emission lines, and
demonstrating the feasibility of using a DASH interferometer
to measure the Doppler-shift absorption lines with high preci-

sion.
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