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Abstract This manuscript introduces the principle and data processing method of a stepped mirror based tem-
porally and spatially modulated imaging Fourier transform spectrometer. The instrument substitutes the mov-
ing mirror, which is widely used in a Michelson interferometer, with a stepped mirror to realize static interfer-
ence. A scanning mirror is placed in front of the first imaging system to make the target image on different
sub-mirrors to get different optical path differences. Light emitted from the target propagate through the scan-
ning mirror and the first imaging system to focus on the stepped mirror and the plane mirror to form two pri-
mary images. The primary images are then reflected by the stepped and plane mirrors to propagate through the
second imaging system and finally image on the detector. Since there are optical path differences between the
stepped mirror and the plane mirror, the image captured by the detector would have the two-dimensional spa-
tial and one-dimensional spectral information of the target. The scanning interval of the scanning mirror is set
to be 0. 095° according to the parameters of the stepped mirror and the optical system. Image stitching and
spectrum reconstruction are done using the experimental data cube. A polar Hough transform based image cut-
ting method is proposed to deal with the sub-mirror width difference problem in image cutting. To mitigate the
discontinuity line effect in the panorama, the image is transformed to the HSI space to adjust its intensity. Af-
ter interferogram dimension reduction, direct current offset removal, interferogram addressing, apodization,
phase correction, Fourier transform and spectral resolution enhancement, the spectrum is reconstructed and its

resolution is 194 cm™!

, which is better than the designed value (250 cm™').
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Introduction

Many noxious gases and volatile organic compounds
(VOCs) have absorption peaks in the mid-infrared, for exam-
ple, SO, has an absorption peak at 4 pm, CO at 4 8 um,
HCHO (formaldehyde) at 3. 6 um. In case of an emergency
such as a fire explosion, the leakage of noxious gases or
VOCs can lead to devastating consequences. Therefore, it is
very necessary to pre-determine the type gases and VOCs and
the location of leak sources in emergencies.

The imaging Fourier transform spectrometer (IFTS) can
simultaneously acquire the two-dimension (2D) spatial infor-
mation and one-dimension (1D) spectral information of the
object by remote measurement. The spectral and spatial infor-
mation can be used to find the type and location of the danger-
ous goods in emergencies.

According to the way the optical path difference (OPD)
is produced, the IFTS can be classified into three types, tem-
porally modulated, spatially modulated and temporally and
spatially modulated"”’. The temporally modulated IFTS
(TMIFTS) can reach a high spectral resolution but it needs
precise motion control system to guarantee the accuracy of the
OPDs. The spatially modulated IFTS (SMIFTS) removes the
moving mirror away and thus realized the goal of a static in-
terference system. However, the spatially modulated IFTS
has a slit in the optical system, which forces it to make a
tradeoff between the spectral resolution and the luminous
flux. The IFTS
(TSMIFTS) has no moving mirror or slit, and thus has the

temporally and spatially modulated
advantage of high luminous flux and static interfering.

Many kinds of TSMIFTS structures, such as the Savart
plant based"”, the corner mirror based®, the Sagnac
based'" and the scanning mirror based!® have been proposed
for different applications. In recent years, researchers pro-
posed the snap shot imaging spectrometer (SSIS), which
could capture the spatial and spectral information in a signal
image and thus make the data capture process faster'®®,
However, there are problems, such as the tradeoff between
the spatial and spectral resolution, for the SSIS to overcome.

In 2015, Wang et. al proposed a stepped mirror based
TSMIFTS, which could be used in emergency or environment
monitor in the mid-infrared””’. The stepped mirror based
TSMIFTS has no slit or scanning mirror in the interference
system, which brings it the advantage of multi-channels and
high luminous flux.

The data processing method of IFTS has been investiga—

[ however, because of the unique

ted in many aspects
structure of the stepped mirror, some part of the data pro-

cessing is different from others. We have discussed the spec-

trum reconstruction of a stepped mirror based spatially modu-
lated Fourier transform spectrometer (SMFTS) in‘'?!. In this
paper, we will discuss the principle and data processing of a
stepped mirror based TSMIFTS. Especially, the interfero-
gram dimension reduction, nonuniform sample correction, and
spectral resolution enhancement, which are different from the

stepped mirror based on SMFTS, will be discussed in the

spectrum reconstruction part.

1  Principles of the stepped mirror based
TSMIFTS

1. 1 The working principle

As shown in figure 1, the stepped mirror based
TSMIFTS is composed of the scanning mirror, the first ima-
ging system. the beam splitter, the compensating plate. the
plane mirror, the stepped mirror, the second imaging system
and the detector. Light emitted from the target propagate
through the scanning mirror and the first imaging system to
image on the stepped mirror and the plane mirror to form two
primary images. The primary images are then reflected by the
stepped and plane mirrors to propagate through the second
imaging system and finally image on the detector. Since there
are OPDs between the stepped mirror and the plane mirror,
the image captured by the detector would have the spatial and
spectral information of the target. By controlling the scanning
mirror, the target could image on different sub-mirrors of the
stepped mirror, and after a scanning period, we can get the
data cube contains the spatial and spectral information of the

target.

Fig 1 Simplified configuration of the temporally and spatially
modulated IFTS
1. Scanning mirror; 2. First imaging system; 3: Plane mirror; 4.

Beam splitter; 5: Compensating plate; 6: Stepped mirror; 7: Second

imaging system; 8: Detector

1. 2 Sampling the interferogram
The stepped mirror is manufactured by micro-optical
electromechanical system ( MOEMS) technology, table 1

shows the parameters of the stepped mirror.
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Table 1 Parameters of the stepped mirror
step height difference/pm 0. 625
number of steps 32
total height/pm 20
width/mm 1
length/mm 32

Suppose the step height difference of the stepped mirror
is H. the number of sub-mirrors is N. The position of the
stepped mirror and the plane mirror is adjusted to make the
OPD between the ith step and the plane mirror zero so that
the space sampling interval is 2H. Let the light wavelength
range be [Amins Amex J» Where Anm and A, indicate the mini-
mum and maximum wavelengths that can be detected by the
detector array. respectively.

According to the Nyquist-Shannon criterion, the sam-
pling frequency f, should satisfy f,>2 fu... The spatial sam-
pling interval should therefore satisfy 2H <C An./2, which
means the height of one step of the stepped mirror should be
equal to or less than 2., /4.

1. 3 Spectral resolution

The spectral resolution of IFTS could be described by its

full width at half height (FWHH)

1??"3?0 cm! D)

Where ..« indicate the maximum OPD and its unit is microm-

FWHM =

eter,
1. 4 Calculation of the scanning interval

To capture the interferogram of the target from zero OPD
(ZPD) to its maximum OPD, the distance that the target
moves on the stepped mirror should be less than or equal to
the width of one sub-mirror. In practice, for the purpose of
reducing the scanning time, the distance is set to be equal to

the width of one sub-mirror.

Fig 2 Diagram of the scanning process from

a sub-mirror to the adjacent one

As shown in figure 2. the principle ray propagates
through the scanning mirror and the first imaging system to
the stepped mirror. The focal length of the first imaging sys-

temis f'y — f=f , the width of one sub-mirror is w, the ro-

tary angle of the scanning mirror is a. we can get

w

tan(2a) = i (2)
therefore,
a:%arclan<%> (3)

Since there is height difference between the sub-mirrors
of the stepped mirror, there should be a certain amount of de-
focus in the first imaging system, which would bring disturb-
ance to the rotary angle. Suppose the defocusing amount of
the ith step is zero, then the defocusing amount of the (i+n)
th sub-mirror should be n X H, the rotary angle of the (i+n)

th sub-mirror should be

4)

1
@, = —arctan

w
7 rean ()

In practice, the focal length of the first imaging system is

300 mm, the maximum defocusing amount is 19. 375 pm,
which is only 0. 006% the focal length. Therefore, it is rea-
sonable to ignore the defocusing amount and calculate the ro-

tary angel by Eq. (3).
2 Data processing principles

After a scanning period, the data cube of the target is
captured. Before image and spectrum stitching, the dark noise
should be removed. Sheltering the entrance pupil to stop the
radiation outside the instrument, the image captured by the
detector is the dark image.

The images in a sub-mirror is defined as an image unit
before cutting the images in the data cube into unit. Then
comes to stitching the image units with the same target. but
the interferogram of the target could be obtained from differ-
ent OPDs in OPD order. Stitching the units with the same
OPD in the scanning order could get the image in a scanning
period.

2. 1 Image cutting

The image cutting is the foundation of the successive
process. Theoretically, the positions of different unit can be
obtained by the geometry of the stepped mirror and the ima-
ging of the aperture on the detector. However, because of the
fabrication accuracy of the stepped mirror and the optical sys-
tem alignment error, the width of different image unit may be
different. Therefore, we applied the Hough transform to re-
fine the positions of the image unit with respect to the predic-
ted positions-'*.

The Hough transform map the positions of the pixels
from the coordinate space to the parameter space. The equa-
tion of a line passes through the point (z;,y;) in the Cartesian
space could be written as:

v, = ax; +b (5)

where a is the slope, b is the intercept.
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There are numerous lines that passes through (x;, y;).
If we set a; and y; as constant, a and b as variable, Eq. (5)
could be written as
b=—ax; + v (6)
If two points are in the same line in the coordinate space,
they should have same a and & in the parameter space.
Considering that the stepped mirror is placed vertically to
the scanning direction, the slope of lines in the obtain images
may be extremely big. Therefore, the pole coordinate is used
instead of the Cartesian coordinate. The pole coordinate
Hough transform could be written as
o = xcosf+ ysingd (D)
where p is the distance between the origin and the line, 0 is
the angle between the perpendicular of the line and the x axis.
2. 2 Image stitching
As discussed above, stitching the units with the same
OPD in time order could obtain the panorama in a scanning
cycle. However, because of the light intensity difference in
image units, the panorama would contain discontinuous lines
if the image units are simply placed in a registration plane.
Feature based method is applied to accomplish the image stitc-
hing, and it mainly contains feature point detection, feature
description, feature matching and image fusion. To guarantee
enough feature points could be detected, and the coincident
ratio of the neighboring images is no less than 10%"", the
images used in stitching are bigger than an image unit.
2. 2.1 Feature point detection
Feature points could be used to find the same object in
different images. A typical feature point is the Harris corner
point. The Harris corner point could be calculated by the fol-
lowing steps''® .
1) Convolving the image with derivative of the horizontal
and vertical Gaussian function.

I, =1%G,

I, =1%G, (8)
where I is the raw image, I, and I, are the horizontal and ver-
tical derivative of I, G, and G/y are the derivative of the hori-
zontal and vertical Gaussian function, 3 indicates convolu-
tion.

2) Calculate the eigenvalue of the following matrix
roI.1,
) 9

[I‘,Iy I} :|

3) Find the smallest eigenvalue in an area and the point
corresponding to it is the feature point.
2. 2.2 Feature description

Once the feature points are detected, it is necessary to
find some descriptors to describe it. The scale invariant fea-
ture transform (SIFT) descriptor presented by Lowe et. al
calculate the descriptor by computing the gradients of the

points in a 16 X 16 window around the feature point''*). The

gradients are weighted by a Gaussian function to reduce the
influence of the edge points.
2.2.3

After the feature descriptors are made, the Euclidean

Feature matching

distance can be used in the feature space to match the feature
points. A good strategy is to calculate the nearest neighbor

distance ratio ( NNDR) to accomplish the feature matc-

hing"™. The smaller NNDR corresponding to the right mate-
hing. The NNDR is defined as:
d| H D/\_D” HZ
NNDR = — = ————— (10)
dy || Dy —Dc |l

where D, is the descriptor of the target, Dy and D are the
first two nearest neighbor of D, , d; and d;, are the Euclidean
distance of (Dy—Dg) and (Dy—D¢).

2. 2.4

Different sub-mirrors have different OPDs and thus make

Image fusion

them have different light intensities. The target images to a
sub-mirror at a certain moment, and the edge of the image u-
nit would have sudden light intensity change, which would
make the panorama contain discontinuity lines.

The method we used to deal with this problem is to
transform the image to the HSI color space and adjust the I
component. The main ideas behind this method is:

1) Transform the image to the HSI color space.

2) Substitute the intensity in the edge of the image unit
with the one obtained by interpolation method.

2. 3 Interferogram stitching and spectrum reconstruction

As discussed above, stitching the units with the same
target but different OPD in OPD order could obtain the inter-
ferogram of the target. Once the interferogram is obtained,

the spectrum could be reconstructed according to Eq. (11)

B(o) = F{I(®) — 1.} = J LI() — Ip Je ™ ds (11D

where B(g) is the spectrum, I(§) is the interferogram, I, is
the direct current (DC) part of interferogram, and F indicates
the Fourier transformation.

The spectrum reconstruction process including interfero-
gram dimension reduction, DC offset removal, interferogram
addressing, apodization, nonuniform sample correction,
phase correction, Fourier transform and spectral resolution
enhancement. The DC offset removal aims to remove the DC
offset of the 1D interferogram. The interferogram addressing
is to address the interferogram in OPD order. The effect of
the apodization is to trade spectral resolution against oscilla-
tion in the line shape. The phase correction is to correct the
random phase errors in the interferogram.

231

The image units used in interferogram contain the same

Interferogram stitching

target, therefore. direct stitching method instead of the fea-

ture based method is used here. In detail, the image units ob-
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tained by 3. 1 are arranged to an image that has the same size
with the image in the data cube.
2.3 2

The image should be transformed to 1D interferogram for

Interferogram dimension reduction

the purpose of reconstructing the spectrum. Suppose the im-
age in a sub-mirror is detected by n column pixels in the detec-
tor. The interferogram dimension reduction process could be

described as Eq. 12 and Eq. 13

Lin e Iy
I, - I, LN, —nt1) IN,

1, 1., Il(\'l w1 Il.v[
: T (12)
I S IV I1<N/—n+1> I:’VL\'/

'y I, e Iy (13)

Where the rectangle area indicates an image unit, N,= N Xun,
' (i=1,2, -
with different OPDs.

2. 3. 3 Nonuniform sample correction

, N) indicate the light intensity of the target

The height errors of the stepped mirrors would cause in-
herent errors in OPDs, which would seriously affect the accu-

racy of the reconstructed spectrum.

Table 2 Height test result of the stepped mirror

Variance/nm

0. 005

Mean/nm
0. 625

Minimum/nm

0. 546

Maximum/nm

0. 840

As we can see in table 2 the height of the stepped mirror
drifted from the ideal value, which makes the sample interval

nonuniform. According to P. Griffiths"®

, the relationship
between the maximum signal to noise ratio (SNR) and the

sampling errors is

SNR,., = —
AV max

(14)
where Ax is the root-mean-square error (RMSE) of the sam-
pling interval, vms is the maximum wavenumber of the
source.

If the SNR is higher than 1 000 at 4 000 ecm ', Ax
should within 10 nm, which is beyond the fabrication accuracy
of the stepped mirrors. Therefore, the inherent OPD errors
should be corrected before phase correction. Since the sam-
pling interval error could be calculated from the tested step
height, the interpolation method is used to correct the nonuni-
formity.

Define the height error as the tested value minus the ideal
one. Suppose the height error of jth sub-mirror is A;. The
OPD error between the sub-mirror and the plane mirror
should be

OFE;, = 2 X A (15

Suppose OR; (i=1,2,+++,N) is the real OPD distribution,

oFE;(i=1,2,++,N) is the error matrix, 6I;(i=1,2,++,N) is

the ideal OPD distribution. After testing the step height of
the stepped mirror, we can calculate the height deviation to
the designed values. Then we can calculate SE; and 6R; by
Eq. (15) and Eq. (16)
oR; = oI, — OF; (16)

Once SR, is obtained, the residual sampling error could be
corrected by an interpolation method.
2. 3. 4 Spectral resolution enhancement

Since the spectral information is mainly in the high fre-
quency part, we applied the empirical-mode decomposition
(EMD) method to enhance the spectral resolution according
to Eq. (17) and Eq. (18).

X = D)6, + 71,0 an

i=1

X0 = Dlae; 0+, (18)

ji=1
where X(2) is the reconstructed signal, c¢; (¢) is the intrinsic
mode function (IMF) obtained by applying the EMD, q; is
the coefficient of ¢; (£), r, (¢) and ', (¢) are the monotonic
residue.

The IMF is identified by two characteristics: 1) the
number of extrema and the number of zero crossings either be
equal or differ at most by one in the whole data set, and 2)
the mean value of the upper envelope defined by the local
maxima and the lower envelope defined by the local minima
should be equal to zero. To enhance the high frequency part
of the spectrum doesn’t means throw the low frequency part
away, because the low frequency also contains some spectral
information. The coefficient may be obtained by the process
below:

1) Get maximum value M; of each IMF;, and calculate
their algebraic sumS.

2) Calculate the initial coefficient b;

b, = % a»
3) Use an exponential function to calculate a;
bi+A j=1
a; =2 p, . . (20)

FJ

where A=sum(b, —a;), j=2,3,-,n, sum means the alge-
braic sum.
Once a; is obtained, we can reconstruct the signal by Eq.

(18).

3 Experiment results

Figure 3 shows the prototype of the stepped mirror based
TSMIFTS, and some experiment have been performed with it
at approximately 43°47'36" north and 125°27' 27" east. The

field of view of the system is #=4. 31°. The scanning interval
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is set as 0. 095°. The step difference of the stepped mirror is
0. 625 pm. The detector is a mercury cadmium telluride
(MCT) mid-infrared plane detector array that contains 320 X
256 pixels with a pixel size of 30 pmX30 pm. Figure 4 shows

four images in a data cube.

Fig 3 Prototype of the stepped mirror based TSMIFTS
1: Scanning mirror; 2: First imaging system; 3: Plan mirror;
4; Beam splitter; 5; Compensating plate; 6;: Stepped mirror;

7: Second imaging system; 8: Detector

Fig 4 (a) the first, (b) eleven, (¢) twenty-two,

and (d) thirty-two images in the data cube

Using the method discussed above, the image stitching
and spectrum reconstruction have been accomplished. The
panorama is shown in Figure 5 (a) and (b). The discontinuity
line effect is corrected according to 3. 2. 4, and there is almost

no discontinuity line in the rectangle area.

Fig 5 Panoramas before (a) and after (b) the

discontinuity line effect correct

The stitched interferogram is shown in Figure 6. Figure
7 (a) shows the 1D interferogram, with its base line (the red

line) curved. Figure 7 (b) shows the interferogram after DC

removal, as we can see, its base line is almost equals to zero.

Fig 6 Stitched interferogram

Fig 7 (a) the 1D interferogram and its base line (the red
line) and (b) the interferogram after DC removal and

its base line (the red line)

The reconstructed spectrum is shown in Figure 8 (d).
After the reconstructed by the EMD based method, the spec-
1

tral resolution is enhanced from 307 to 194 ecm ', which is

better than the designed value (250 cm™ '),

4  Conclusion

The unique structure of the stepped mirror based tempo-
rally and spatially modulated IFTS not only owns the advan-
tage of multi-channels and high luminous flux, but also makes
its data processing method unique. Experiments results shows
that the feature based stitching method could eliminate the
slims caused by direct stitching, and adjust the intensity in
the HSI space could mitigate the discontinuity line effect in
the panorama. The spectral resolution is 194 ecm ™', which is
better than the designed value. However, the spatial resolu-
tion is limited by the pixel number of the detector, which
makes some part of the image unclear. Further efforts will be

needed to enhance the spatial resolution of the image.
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