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Abstract

For wide-area reconnaissance and surveillance systems, ultrawide field of view, real-time measurement and compact size are
very important. This article presents a compact two-dimensional-ultrawide-field-of-view broadband high-spectral-resolution
snapshot imaging spectrometer (2DUFBHSIS), which consists of an imaging microlens array, multiple optical fibers, seven
identical collimating microlens arrays, seven identical optical filters, seven identical planar transmission gratings, and seven
identical detectors. The imaging microlens array is divided into seven identical parts in the horizontal direction, each part coupled
to a separate collimating microlens array through optical fibers. The 2DUFBHSIS employs a parallel architecture to effectively
balance key performance requirements, including ultrawide field of view, broad spectral coverage, high spectral resolution, real-
time spectral imaging and a compact overall design. The theoretical analysis and simulation results are provided to demonstrate
the feasibility of the proposed concept. The 2DUFBHSIS can simultaneously achieve two-dimensional ultrawide-field-of-view
(e.g. 105809, broad spectral range (e.g. 350 nm), high spectral resolution (superior to 10 nm in the wavelength range of 400
nm to 750 nm), real-time measurement, and compact size (e.g. overall size is less than 130 mm > 100 mm > 100 mm). The
2DUFBHSIS has great potential for wide-area optical reconnaissance and surveillance on remote sensing platforms (e.g.,
unmanned aerial vehicles and helicopters).
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1. Introduction

For wide-area reconnaissance and surveillance systems, es-  a two-dimensional (2D) ultrawide field of view (FOV) is very
pecially for remote sensing optoelectronic reconnaissance important. Secondly, in order to meet the requirements of
sensors, the following three points are extremely important. rapid detection, particularly for detecting the dynamic targets
Firstly, in order to meet the requirements of wide-area search,  with rapidly changing spectral features or spatial positions
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such as explosions, rapid combustion or missile plumes, real-
time measurement is equally crucial. Thirdly, for airborne or
satellite-borne optoelectronic sensors, high stability and com-
pact size are also very important.

Traditional optical imagers generally achieve an ultrawide
FOV by using the methods such as fisheye lens [1, 2], cata-
dioptric panoramic lens [3-8], monocentric multiscale cam-
eras [9-15], artificial compound eyes [16-21], or panoramic
monocentric fiber-coupled imagers [22-26]. However, these
methods cannot obtain high-resolution spectral information.

Existing 2D-ultrawide-FOV broadband high-spectral-reso-
lution imaging spectrometers are all scanning types: either
they use a front-mounted scanning mirror [27, 28] to achieve
a 2D ultrawide FOV and acquire broadband high-resolution
spectral information in real time, or they use a front-mounted
scanning mirror to achieve a 2D ultrawide FOV and acquire
broadband high-resolution spectral information in either a
time-scanning mode or wavelength-s canning mode, or they
acquire broadband high-resolution spectral information in a
scanning manner and obtain a 2D ultrawide FOV in real time
[29]. Their common drawback is that the measurement time is
long, which requires at least one scanning cycle, making real-
time measurement impossible.

For a 2D-ultrawide-FOV broadband high-spectral-resolu-
tion imaging spectrometer based on a scanning Michelson-
type interferometer [29], besides being unable to achieve real-
time measurement, the presence of moving parts and drive
systems leads to low stability and a bulky design (uncompact
structure).
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For an ultrawide-FOV high-resolution snapshot imaging
spectrometer that utilizes a one-dimensional microlens array
to obtain a one-dimensional ultrawide FOV and uses a static
grating interferometer (SGI) to acquire high-resolution spec-
tral information [30], since the number of sampling points of
each interferogram obtained by the SGI is relatively small, its
spectral range is too narrow to achieve a broad wavelength
range exceeding 200 nm.

Other snapshot imaging spectrometers can either achieve
compact size [31, 32], or broad spectral range [33, 34], or high
spectral resolution [35], or high spatial resolution [36, 37], but
none of them can achieve both a 2D ultrawide FOV and broad-
band real-time spectral imaging.

2. Principle

This letter presents a compact two-dimensional-ultrawide-
field-of-view broadband high-spectral-resolution snapshot
imaging spectrometer (2DUFBHSIS). Figure 1 shows the op-
tical layout of the 2DUFBHSIS. It contains an imaging micro-
lens array (MLA1), multiple optical fibers, seven identical col-
limating microlens arrays (MLA2 ~MLAB8) arranged sequen-
tially along the y-axis direction, seven identical optical filters
(F1~F7) arranged sequentially along the y-axis direction,
seven identical planar transmission gratings (G1 ~G7) ar-
ranged one after another along the y-axis direction, and seven
identical detectors (D1 ~D7) arranged one after another along
the y-axis in the x-y plane.

Figure 1. Optical layout of the compact 2DUFBHSIS.
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MLALlincludes g, columnsand ¢, rows of microlenses.

Each row of MLAL is arranged on circular arcs in different
planes to obtain an ultrawide FOV in the horizontal plane in
real time. Each column of MLAL is arranged on circular arcs
in different vertical planes to obtain an ultrawide FOV in the
vertical plane in real time. Thus, the 2DUFBHSIS can obtain
a 2D ultrawide FOV (e.g. 105809 in real time.

MLAL is divided into seven identical parts (Part 1 ~Part 7)

in the horizontal direction, each part containing @,/7 col-
umns and g, rows of microlenses. The Part k of the MLA1
is coupled to microlens array MLA(k+1), and each microlens
of the Part k of the MLAL1 is coupled to a separate microlens
ML (k+1) of microlens array MLA(k+1) through a separate fi-
ber, where k=1, 2, ..., 7.

The light collected by each microlens of the Part k of the
MLALI passes sequentially through a separate fiber, a separate
microlens ML(k+1) of the MLA(k+1), filter Fk , grating
Gk, and finally is received by detector Dk, where k =1,
2,...,7.

Suppose that @, is the horizontal FOV of the
2DUFBHSIS, @, is the vertical FOV of the 2DUFBHSIS,
¢ is the FOV of each microlens of MLA1,
length of each microlens of MLAL, and I is the radius of
the circular arcs formed by each column (row) of MLAL.

The aperture size D, of each microlens of MLAL should
be

f, is the focal

D, < mgr /180° @)

The number of microlenses in each row of MLA1L is
g, =D, /¢ . The number of microlenses in each column of

MLALis q,=®,/¢. The Part k of the MLAL has a horizon-
tal FOV of @,/7, a vertical FOV of ®,, and contains
®,/7¢ columnsand ®,/¢ rows of microlenses.

MLA(k+1) includes multiple microlenses arranged in a
straight line parallel to the x-axis direction, where k=1, 2, ...,
7. Figure 2 shows the schematic diagram of the positional re-
lationship between a column of the Part k of the MLA1 and
microlens array MLA(k+1). Figure 3 shows the schematic di-
agram of the positional relationship between the Part k of the
MLA1 and microlens array MLA(k+1). W, is the size in the
x-axis direction of multiple microlenses ML (k+1) that are cou-
pled with a column of the Part k of the MLA1.

The @, microlenses located in the n-th column of the
Part k of the MLAL are respectively coupled to the micro-
lenses ML (k+1) numbered
(n-1)g,+1, (n-1)q,+2, ---, na, , where

n=1 2, -, q/7.
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Figure 2. Schematic diagram of the positional relationship between
a column of the Part k of the MLAL and microlens array MLA(k+1).
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Figure 3. Schematic diagram of the positional relationship between
the Part k of the MLA1 and microlens array MLA(k+1).

The optical axis of each microlens of MLA(k+1) is perpen-
dicular to the grating grooves of grating Gk . The angle be-
tween the optical axis of each microlens of MLA(k+1) and the
normal of grating Gk is «,. The aperture size of each mi-

crolens of MLA(k+1) is D,. The focal length of each micro-
lens of MLA(k+1) is f,. The center distance between two
adjacent microlenses of MLA(k+1) is z,, where 7,> D,
and 7, should be an integer multiple of the detector pixel

size.
The number of microlenses of MLA(k+1) is given by
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Q =0,0,/7= (D1®2/(7¢2) (2

The size in the x-axis direction of MLA(k+1) is given by

Ly = Qo7 = P,D,7, (7¢2) 3
The angular resolution of the 2DUFBHSIS is
5¢p=¢ 4)

Filter F1 to F7 allow only the light in the wavelength
range (A, 4w ) to pass through, where A and A,

are the minimum and maximum wavelengths that can be re-
solved by the 2DUFBHSIS, respectively. The 2DUFBHSIS
uses the first-order diffraction of the grating, so the spectral
range of the 2DUFBHSIS must satisfy

A

max

<24

i ()

Grating G1 to G7 are located in the same plane paral-
lel to the x-y plane. The grating grooves of grating G1 to
G7 are parallel to the x-axis. Detector D1 to D7 are lo-
cated in the x-y plane. Each column of detector Dk is paral-
lel to the y-axis. The grating Gk is parallel to detector Dk .
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Figure 4. Schematic diagram of both spatial image distribution and
spectral distribution on each detector pixel array.

Figure 4 shows the schematic diagram of spatial image dis-
tribution and spectral distribution on each detector pixel array.
A, is the first wavelength (the minimum wavelength A, )

resolved by the 2DUFBHSIS, 4; is the i-th wavelength
resolved by the 2DUFBHSIS, 4,, isthe M-th wavelength
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A

max )

(the maximum wavelength
2DUFBHSIS. M is the number of wavelengths that can be
resolved by the 2DUFBHSIS. b is the pixel size of each de-
tector. d, is the length in the y-axis direction of the illumi-
nated region on detector Dk for each wavelength resolved
by the 2DUFBHSIS, and d, = D, /cos«, .

Each detector is divided into multiple blocks arranged in
M rowsand Q, columns, each block has a size of d,xz,,

resolved by the

and each block contains d,/bxz,/b pixels. Each column of

blocks in detector Dk records spatial and spectral infor-
mation of a separate object unit collected by a separate micro-
lens of the Part k of the MLAL.
The aperture size of each microlens of MLA(k+1) is
D, =d, cosq,

(6)

The size in the x-axis direction of filter Fk should satisfy
L, > D,0,7, / (74°) @)

The size in the x-axis direction of grating Gk should be
L, > ©,D,7, /(7¢2) 8)

The size in the y-axis direction of grating Gk should be

Loy > ©)

The size in the x-axis direction of detector Dk is
Loy = @,0,7, /(74°) (10)

The size in the y-axis direction of detector Dk is
Loy = Md, (12)

The overall size in the x-axis direction of the 2DUFBHSIS
should satisfy

L > ®,0,7, /(74°) (12)

The overall size in the y-axis direction of the 2DUFBHSIS
can be estimated by

L, >7xmax{s tana, + D, /2, Md, +h)}  (13)

where s, is the distance from the center of a microlens of
MLA(k+1) to grating Gk in the z-axis direction (perpendic-
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ular to the x-y plane), and h, is the distance in the y-axis di-

rection between the lowest point on detector Dk of the first-
order diffracted light of the minimum wavelength 4., and
the grating normal located at the lowest point of grating Gk
surface illuminated by the incident parallel beam.

The overall size in the z-axis direction (perpendicular to the
x-y plane) of the 2DUFBHSIS can be estimated by

L, > S, +5,+ fycosay +5s, +[ r—(r—f,)cos(®,/2)] (14)
where, as shown in Figure 3, s, is the distance between the

straight line passing through the focal points of the two micro-

lenses located at both ends of a row of the MLA1 and the plane

formed by the focal points of all collimating microlenses.
The distance S, between grating Gk and detector Dk

is

d
S, = 0
° tan [arcsin(A,,/9+A4/g-sing,) |- p, (15)
P, = tan[ arcsin(4,;, /g —sine,) | (16)
where g is the groove spacing (grating period) of grating

Gk, and A4, is the spectral resolution of the 2DUFBHSIS
at the minimum wavelength A, . In addition, h,

by

is given

_ do' Po
tan | arcsin (4., /g +A4, /g —sina,) |- p,

(A7)

The spectral resolution of the 2DUFBHSIS at the
wavelength 4; can be expressed as

A% =gsin {arctan [Id—o + Py J}
So
)do

i—-1
—gsin {arctan {(I—+ po}}
So
where i=1 2,

According to the deflnltlon of the resolving power of a grat-
ing and the formula of the theoretical maximum resolving
power of a planar grating, the spectral resolution of the
2DUFBHSIS at the wavelength 4; should also satisfy

i-th

(18)

A% 2 94 /d, (19)

The intensity of the first-order diffracted light of the
2DUFBHSIS at wavelength 4 is approximately given by
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Yz

1(2)=]

Y1

nd,
a P(/l )cos® & sin / (

d,AS sinm

] dy (20)

Y, =S, [tan a, +tan (arcsin (/g —sin ao))] (21)

y, =d, +5, [tan a, + tan (arcsin (4/g —sin ao))] (22)

where a is the transmission width per grating period of
transmission grating, and P (1) is the total intensity inci-
dent on grating Gk at wavelength A for the output beam
of a microlens of MLA(k+1).

Suppose that Aa is the alignment error angle of the colli-
mating microlens array along the y-axis direction, the angle
between the optical axis of each microlens of MLA(k+1) and
the normal of grating Gk is «'=a, + A, and the angle of
incidence to the grating Gkis o' =«, + A« . The spectral res-
olution of the 2DUFBHSIS at the i-th wavelength 4;, in-

cluding the alignment error of the collimating microlens array
in the y-axis direction, can be approximately calculated by

i—-1)d
—gsin{arctan {—(I )d co§ao + po}}
S, cosa

The error of spectral resolution of the 2DUFBHSIS at
wavelength 4; , generated by the alignment error of the col-
limating microlens array in the y-axis direction, can be given
by

id, cos g,

AX = gsin{arctan[ g ;
S, cosa
(23)

A -

EJ = AK A4, (24)

Small alignment errors of the collimating microlens array
in the x-axis direction have almost no effect on the spectral
resolution of the 2DUFBHSIS.

In practical applications, the value of z, should satisfy
7, =[D,/b]+2b-N, where N is a positive integer, and so
the minimum value of z, is 7, =[D,/b]+2b. In order to

better eliminate the impact of the channel crosstalk and the
alignment error in the x-axis direction, it can also be set as
7,=[ Dy/b]+4b or z,=[D,/b]+6b.

When the optical throughput needs to be increased, the ap-
erture size D, of each microlens of MLAL needs to be in-
creased, a 2D ultrawide FOV will lead to an increase in size
of MLAL. To increase the optical throughput, the
2DUFBHSIS can slightly reduce the field of view to control
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the instrument size, making it better for wide-area optical re-
connaissance and surveillance on remote sensing platforms.

3. Simulation

Suppose that the spectral range is 400 nm to 750 nm, the
spectral resolution at wavelength 400 nm is A4, =10 nm,

the horizontal FOV is &, =105°, the vertical FOV is
@, =80°, the FOV of each microlens of MLAL is ¢=1°,
and the pixel size of each detector is b=0.01 mm. The an-
gular resolutionis 8¢ =1°, the number of microlenses in each
row of MLAL is g, =105°/1°=105, the number of micro-
lenses in each column of MLAL is g, =80°/1°=80 . Each

part of MLAL has a horizontal FOV of 15< a vertical FOV of
80 and contains 15 columns <80 rows of microlenses. The
radius of the circular arcs formed by each column (row) of
MLAL is r =80 mm. The aperture size of each microlens of
MLAlis D, =0.7 mm. The focal length of each microlens of

MLAL canbe f, =30 mm.
The groove spacing of grating Gk is g=0.5um. The

d0 =0.13 mm, o = 53.1 degree, g=0.5 um,

length in the y-axis direction of the illuminated region on de-
tector Dk for each wavelength resolved by the 2DUFBHSIS
is d, =0.13 mm. The angle between the optical axis of each
microlens in MLA(k+1) and the grating normal of grating
Gk is «a,=53.1°. The distance between grating Gk and
detector Dk is S, =6.5mm. Inaddition, h, =0.002 mm.

The number of microlenses of MLA(k+1) is Q, =1200.
The aperture size of each microlens of MLA(k+1) is
D, =0.078 mm . The focal length of each microlens of
MLA(k+1) can be f, =1 mm. The center distance between
two adjacent microlenses of MLA(k+1) can be 7, =0.1 mm.

The size in the x-axis direction of filter Fk should satisfy
L., >120 mm,soitcanbe L. =125mm. The size of grating
Gk canbe Lg, =125mm and Ly =3mm.

Figure 5 shows the spectral resolution of the 2DUFBHSIS.
The number of wavelengths that can be resolved by the
2DUFBHSIS in the wavelength range from 400 nm to 750 nm
is M =50. The spectral resolution of the 2DUFBHSIS in the
wavelength range from 400 nm to 750 nm is approximately 10
nm ~ 3.6 nm.

S0 =6.5mm

N
o

Spectral resolution of the 2DUFBHSIS (nm)

3 1 1
400 450 500

550

600 650 700 750

Wavelength A (i=1,2,...,50) resolved by the 2DUFBHSIS (nm)

Figure 5. Spectral resolution of the 2DUFBHSIS.

Figure 6 shows a comparison between the calculated spec-
tral information and input spectral information in the wave-
length range of 400 nm to 750 nm, where the 50 wavelengths

27

resolved by the 2DUFBHSIS are used as the sampling points
and randomly assigned normalized spectral intensity to create
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an input spectral profile, and the calculated spectral infor-
mation is obtained from a simulation on the above input spec-
tral information and contains only the above 50 wavelengths.

Figure 7 shows a comparison between the calculated spec-
tral information and input spectral information in the wave-
length range of 400 nm to 750 nm, where the input spectral

information comprises about 50100 wavelengths selected
from the input spectral profile shown in Figure 6, but the cal-
culated spectral information contains only the 50 wavelengths
resolved by the 2DUFBHSIS.

T T T
—+—The input spectral intensity
—— The calculated spectral intensity

0.8

0.2r-

Normalized spectral intensity

0 1 1 1
400 430 500 550

500 650 700 a0

Wavelength  (nm}

Figure 6. Comparison between the calculated spectral information and input spectral information in the wavelength range of 400 nm to 750
nm, where the input spectral information comprises only 50 wavelengths resolved by the 2DUFBHSIS, and the calculated spectral information

contains only the above 50 wavelengths.
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Figure 7. Comparison between the calculated spectral information and input spectral information in the wavelength range of 400 nm to 750
nm, where the input spectral information contains about 50100 wavelengths selected from the input spectral profile shown in Figure 6, but
the calculated spectral information contains only the 50 wavelengths resolved by the 2DUFBHSIS.
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The normalized input spectral intensity for the wavelength range from 550 nm to 650 nm
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Figure 8. Comparison between the calculated spectral information and input spectral information in the wavelength range of 550 nm to 650
nm, where the input spectral information comprises about 14>100 wavelengths selected from the input spectral profile shown in Figure 6, but
the calculated spectral information contains only the 14 wavelengths resolved by the 2DUFBHSIS.

Figure 8 shows a comparison between the calculated spec-
tral information and input spectral information in the wave-
length range of 550 nm to 650 nm, where the input spectral
information comprises about 14x100 wavelengths selected
from the input spectral profile shown in Figure 6 in the wave-
length range of 550 nm to 650 nm, but the calculated spectral
information contains only 14 wavelengths resolved by the
2DUFBHSIS in the wavelength range of 550 nm to 650 nm.

According to Egs. (12)-(14), the overall size of the
2DUFBHSIS can be less than 130 mm in the x-axis direction,
less than 100 mm in the y-axis direction, and less than 100 mm
in the z-axis direction perpendicular to the x-y plane.

Since the value of s, canbesmalland S, = 6.5 mm, setting

7, =| D, /b|+2b issufficient to eliminate the impact of the chan-
nel crosstalk and the alignment error in the x-axis direction.

4. Conclusions

The principle of the 2DUFBHSIS was described, the first-

Abbreviations

2DUFBHSIS
Spectrometer
FOV Field of View
2D Two-dimensional
SGI Static Grating Interferometer
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order approximations of system performance were given, and
a simulation of an example was shown.

Compared with the existing 2D-ultrawide-FOV broadband
high-spectral-resolution imaging spectrometers that are all
scanning types, the 2DUFBHSIS can achieve real-time meas-
urement and is compact and stable. Compared with the one-
dimensional ultrawide-FOV high-resolution snapshot imag-
ing spectrometer [30], the 2DUFBHSIS can achieve both a
much wider spectral range (e.g. 350 nm) and a 2D ultrawide
FOV (e.g. 10580 in real time.

The 2DUFBHSIS can simultaneously achieve 2D ul-
trawide FOV (e.g. 105809, broad spectral range (e.g.
350 nm and above), high spectral resolution (superior to 10
nm in the wavelength range of 400 nm to 750 nm), real-
time measurement, and compact size (e.g. overall size can
be less than 130 mm > 100 mm > 100 mm). The
2DUFBHSIS has significant potential for wide-area optical
reconnaissance and surveillance on remote sensing plat-
forms (e.g., unmanned aerial vehicles, helicopters, and sat-
ellites).

Two-dimensional-ultrawide-field-of-view Broadband High-spectral-resolution Snapshot Imaging
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MLAL Imaging Microlens Array
MLA2~MLA8 Seven Identical Collimating Microlens Arrays
MLA(k+1) Collimating Microlens Array (k+1), Where k=1, 2, ..., 7
ML (k+1) A Microlens of the Collimating Microlens Array (k+1), where k=1, 2, ..., 7
F1~F7 Seven ldentical Optical Filters
Fk Optical Filter k, Where k=1,2, ..., 7
G1~-G7 Seven Identical Planar Transmission Gratings
Gk Planar Transmission Grating k, where k=1, 2, ..., 7
D1~D7 Seven ldentical Detectors
Dk Detector k, where k=1, 2, ..., 7
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