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A field-of-view-folding approach is proposed to extend the field of view (FOV) of a dispersive imaging
spectrometer after introducing several linear arrays of imaging fiber bundles to which to replace the
slit. The fiber bundles can flexibly connect fore-optics with a spectrometer to yield an imaging fiber-optic
spectrometer (IFOS). The technology of FOV segmenting and folding, which can decrease simultaneously
the dimension and spectral distortion of the imaging spectrometer, is described in detail. Because of the
sampling function of the fiber bundles, the IFOS is a double-sampling imaging system. We analyze the
effect of fiber coupling on the modulation transfer function (MTF) and then develop a cascadeMTFmodel
to estimate the imaging performance of the IFOS. A spaceborne IFOS example is presented to describe
how the method can be used. © 2011 Optical Society of America
OCIS codes: 120.3620, 110.4100, 110.4234, 060.2350.

1. Introduction

The imaging spectrometer is a well-established tech-
nique for achieving the spatial and spectral informa-
tion of the target simultaneously. One of the
important features of anext-generation imaging spec-
trometer is wide field of view (FOV), which has re-
ceived less attention until recently. A wide field
imaging spectrometer that explored the Earth atmo-
sphere from lowEarth orbithadanFOVaswideas70°
[1]; another one designed for coastal ocean detection
had a large FOVof 36° [2]. However, themain reasons
wide FOV can be obtained for them are low operation
height and short focal length, as we know that, with a
given format of focal plane array (FPA), short focal
length usually allows an imaging spectrometer to
achieve wide FOV. In general, the FOVof an imaging
spectrometer is primary restricted by the format of
the FPA. With a larger-sized one, a wider FOV could

be obtained, just as the Maritime Hyperspectral
Imager designed at the Naval Research Laboratory,
which had a 4° field from 600km altitude [3]. Conse-
quently, increasing the size of the FPA by geometri-
cally splicing multiple FPA components in the
spatial direction will eventually increase system
FOV. According to Cook’s description, an ultrawide
FOV imaging spectrometer based on reflective triplet
form has been successfully built at Raytheon [4]. The
slit format is 65mm, and dozens of slits and FPA com-
ponents were utilized to realize the wide FOV. How-
ever, with the enlargement of the FOV, the dimension
andweight of the spectrometer are increased, and the
spectral distortion, typically termed smile and key-
stone, are also increased. Wide FOV can be realized
in a number of other ways includingmultibarrel [5,6],
multispectrometer [7], and even multiple imaging
spectrometers using field splicing [8]. Among them,
the middle one shows an enormous potential in wide
FOV application, which proposes behind relays on
splitting the huge FOV in smaller portions, each of
them reimaging onto a reasonable size detector
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through an individual spectrometer. In this arrange-
ment, although the distortion would be controlled
readily, the volume and weight does not decrease
essentially.

In general, the optomechanical configuration de-
termines the dimension and weight of the remote
sensing instrument; thus, increasing the FOV physi-
cally will induce a bulky structure, especially for the
imaging spectrometer, which also generates a great
spectral distortion. Here we show an FOV-folding ap-
proach that can significantly enlarge the FOV of the
imaging spectrometer but still make them compact
and meanwhile keep the spectral distortion in micro-
meter magnitude. This method uses several linear
arrays of imaging fiber bundles to substitute for
the slit and connect fore-optics and spectrometer
flexibly. Fiber bundles working as a luminous energy
transmission component reformatting for spectro-
meters to compose a nonimaging fiber-optic spectro-
meter is very well known. It also was traditionally
used in medical imaging systems and remote inspec-
tion devices such as flexible endoscopes involving a
confocal microscope as an image transmission com-
ponent. In terms of the application in integral field
spectroscopy (IFS), fiber bundles were used as a field
splitting component to transform a two-dimensional
geometry at the focal plane of the telescope into the
one-dimensional geometry at the entrance of the
spectrograph [9,10]. The goal of using fiber bundles
in IFS is to record simultaneously three-dimensional
information of an extended object, while the goal of
our proposed technology is to extend the FOV on the
cross-track direction when the imaging spectrometer
works in a pushbroom scan. When used in a nonima-
ging system, the effect of the lattice structure of fiber
bundle distribution on the spatial resolution need
not be considered; however, it cannot be neglected
in an imaging system. The fiber bundle is a well-
known discrete sampling component, combining with
the detector to make the imaging fiber-optic spectro-
meter (IFOS) become a double-sampling imaging
system. For a complex sampling imaging system
with a coupling component, the influence of fiber cou-
pling on imaging performance must be taken into
consideration. Therefore, it is necessary to calculate
themodulation transfer function (MTF) for the IFOS.
In Section 2, we describe the FOV-folding technique
using fiber bundles; in Section 3 we analyze the effect
of fiber coupling on the MTF of the imaging spectro-
meter, and then build a cascade MTF model to eval-
uate the imaging performance for the IFOS. An
illustrative example is given in Section 4.

2. FOV-Folding Method Using Fiber Bundles

For imaging spectrometer work in a pushbroom scan,
the slit is projected on the ground and scanned for-
ward with the platformmotion. The width of the scan
in the cross-track direction is the cross-track field of
view (CFOV). As for the IFOS, the slit is replaced by a
linear array of imaging fiber bundles; using the
characteristics of flexibility and separability, we can

segment the wide CFOVof the telescope or multitele-
scope into several smaller sub-CFOVs at the input
end on the imaging plane of the telescope(s), as shown
inFig. 1(a), and then fold andarrange themat the out-
put end on the objective plane of the spectrometer in
the orthogonal direction to theCFOV [see Fig. 1(b)]. It
should be noted that the intervals between each fiber
bundle must be greater than the dispersive width of
the spectrometer so that the spectral images of the
sub-CFOVs do not overlap with the adjacent one.
All sub-CFOVs are then imaged by the common spec-
trometer and depend on wavelengths on a common
detector [see Fig. 1(c)]. After that, all of the spectral
images of the sub-CFOVs are spliced into an integer
in sequence by using the technique of image stitching
[see Fig. 1(d)]. To achieve the same CFOV, the novel
arrangement allows a more compact structure than
that of a slit imaging spectrometer because all sub-
CFOVs of the telescope share a common spectrometer
and a single focal plane array. Moreover, the spectral
distortion would be controlled easily since all the sub-
CFOVs are imaged independently.

3. MTF Evaluation for IFOS

In general the shift invariant (or isoplanatic) as-
sumption for the sampling imaging system is no
longer valid. The traditional approach defining the
MTF of a sampled imaging system is to analyze the
impulse response by sampling and discrete Fourier
transform [11,12]. The main results involving sam-
pling and imaging effects were not suited for the cas-
cade system; thus, the traditional method of MTF
analysis cannot clearly account for the degeneration
of the MTF caused by the effect factors. In a later sec-
tion we will develop an MTF model for the IFOS,
from which one can clearly find the effects on the
MTF from the sampling process and fiber coupling.

For the imaging spectrometer designed for Earth
observation, in most cases, the spectrometers have
a magnification of 1× so that the slit width is
matched with the size of the detector pixel. As for

Fig. 1. (Color online) Diagrammatic sketch of distribution of fiber
or spectral images (a) on the imaging plane of the telescope (at the
input end of fiber bundles), (b) on the objective plane of the spectro-
meter (at the output end of fiber bundles), (c) on the imaging plane
of the spectrometer, and (d) after image stitching.
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the fiber-based imaging spectrometer, the image of
fiber bundles (pseudo slit) is generally formed to cov-
er two rows of pixels on the FPA. Therefore, in the
perfect world, each fiber image for a certain wave-
length would be fully matched with the correspond-
ing 2 × 2 detector pixels and be sampled by them as
shown in Fig. 2(a). However, the departure of the fi-
ber image from the ideal location will be generated in
the presence of the spectrometer distortion, which
gives rise to a disorder to the sampling process of
the detector, as shown in Fig. 2(b), and hence a degra-
dation of imaging performance. It therefore is neces-
sary to estimate the MTF for the IFOS. In Fig. 2(b),
the vertical component of the departure is the well-
known smile, and the horizontal component is
termed “offset k,” with the maximum value marked
as “offset kM ,” which are the products of the fact that
the spectrometer is not distortion-free and its reduc-
tion ratio is not strictly equal to 1.

For the single fiber the assumption of a linear
space invariant has been proved to be established
[13] based on which MTF model is built up. For
the sake of simplicity, the following analysis is lim-
ited to the one-dimensional case, and the expression
can be expanded to the two-dimensional case also. In
general, two MTFs are involved in the sampling pro-
cess [14]: the integral MTF as a result of pixel size,
MTFint, and the fictitious sampling MTF caused by
spatial sampling rate, MTFsam. Reference [13] indi-
cates that the aperture function of the integral sur-
face could be regarded as the fictitious point-spread
function (PSF) for a sampling component. In the case
of a perfect match [see Fig. 3(a)], the entire fiber core
is sampled by the corresponding 2 × 2 pixels; thus,
the aperture function of core is the fiber PSF, and
the integral MTF of sampling process is given by

MTFðf Þa−int ¼ jFðf ÞjjGðf Þj; ð1Þ

where Fðf Þ and Gðf Þ are the Fourier transforms of
the aperture function of fiber core and rectangular
detector pixel, respectively. Here they are well-
known functions expressed as

Fðf Þ ¼ J1ð2πrf Þ
πrf ; ð2Þ

Gðf Þ ¼ sincðRf Þ; ð3Þ
where r and R are the radius of the cross sections of
the fiber core and fiber, respectively, with pixel pitch
equal to R, and J1 is the Bessel function of the first
kind and of the first order. Combining Eqs. (1)–(3), we
obtain the integral MTF of a perfect match,

MTFðf Þa−int ¼
J1ð2πrf Þ

πrf sincðRf Þ: ð4Þ

In the case of a mismatch shown in Figs. 3(b) and
3(c), according to the theory about misalignment in
fiber bundles, the average MTF model of the sam-
pling process of a detector is given by [15]

MTFðf Þm−int ¼ jFðf ÞjjG�ðf ÞjjPðf Þj; ð5Þ

where Pðf Þ is the Fourier transform of distribution
function of stochastic departures from the match.
Since the offset k and the smile described in Fig. 2(b)
are far less than fiber bundle width, the offset ki of
the ith couple of fiberandcorrespondingdetectorpixel
can be regarded as uniform distribution from zero to
the maximum value kM and described by

pðkiÞ ¼
�
1=kM ; 0 ≤ ki ≤ kM;
0; elsewhere: ð6Þ

Equation(6)canbeexpressedinanotherformlikethis:

pðkiÞ ¼
1
kM

rect
�
ki − kM=2

kM

�
: ð7Þ

Thus, the Fourier transform of pðkiÞ is

jPðf Þj ¼ sincðkMf Þ; ð8Þ
with neglecting the parameter for the right term.
Combining Eqs. (2), (3), (5), and (8), we determine
the average MTF of the sampling process to be

MTFðf Þm−int ¼
J1ð2πrf Þ

πrf sincðRf ÞsincðkMf Þ: ð9Þ

It is to be noted that Eq. (9) accounts for rough
evaluation when the setoff kM is greater than fiber

Fig. 2. Match state between the image of fiber bundle and FPA
for a certain wavelength (only half the fiber bundle is drawn; the
other half gives symmetrical results): (a) perfectmatch and (b)mis-
match (for clear illustration, each square includes 2 × 2 sampling
pixels).

Fig. 3. Match state for a single fiber and corresponding pixels
when (a) kM ¼ 0, (b) 0 < kM ≤ R − r, and (c) kM > R − r.
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cladding thickness. There are some details that must
be considered. In the case of mismatch but with the
offset kM less than fiber cladding thickness, as shown
in Fig. 3(b), the offset just introduces a phase factor
after the Fourier transform, which does not contri-
bute to MTF, and the entire core is still sampled by
the corresponding pixels; thereby the MTF is the
same as that of perfect match and expressed by
Eq. (4). However, for the case of the offset kM greater
than fiber cladding thickness, as shown in Fig. 3(c),
the accurate MTF expression,

MTFðf Þm−int ¼
J1ð2πrf Þ

πrf sincðRf Þsinc½ðkM − Rþ rÞf �;
ð10Þ

should be used to replace Eq. (9). The third term of
the right polynomial in Eq. (10) can be regarded as
the mismatch MTF, while the product of other two
terms represents the integral MTF of perfect match.
So the average integral MTF is expressed as Eq. (4)
when the entire fiber core is sampled by the corre-
sponding pixels and as Eq. (10) when the fiber core
is partially sampled. For fiber bundles and detector,
both are sampling components and have their own
sampling MTFs, which are well known and respec-
tively given by the sinc formulas:

MTFf−sam ¼ sincð2Rf Þ; ð11Þ

MTFd−sam ¼ sincðRf Þ: ð12Þ

Therefore, combining the Eqs. (4), (11), and (12),
when the maximum offset kM is less than the fiber
cladding thickness, the system MTF of the IFOS
can be expressed:

MTFðf Þa−sys ¼
J1ð2πrf Þ

πrf sincð2Rf Þsinc2ðRf Þ; ð13Þ

and when the maximum offset kM is greater than the
fiber cladding thickness, it is expressed by

MTFðf Þm−sys ¼
J1ð2πrf Þ

πrf sincð2Rf Þsinc2ðRf Þsinc½ðkM
− Rþ rÞf �: ð14Þ

Compared with the MTF of the slit imaging spec-
trometer, this model has three additional terms: the
integral, the samplingMTFof fiber core, and themis-
match MTF; the product of them can be regarded as
coupling MTF owing to the introduction of fiber
bundles.

4. Example of the Design

The following example is intended to illustrate the
application of the CFOV-folding method using fiber
bundles. It is a spaceborne IFOS that operates on
a spectral range of 420–1000nm with four fiber

bundles replacing the slit and providing a CFOV of
11:42° for the focal length of 360mm. The fiber bun-
dles segment the 72mm linear field of the Wetherell
three-mirror anastigmat (TMA) telescope into four
equal portions a, b, c, and d in 18mm, as shown in
Fig. 4. They are folded and arranged at the output
end in the same interval along the orthogonal direc-
tion to that of an array of fiber bundles. The spectro-
meter reimages the images transmitted from
telescope through the fiber bundles and disperses
them on the FPA depending on wavelengths (A, B,
C, and D in Fig. 4 are the spectral images of a, b,
c, and d, respectively). Both at the input end and
the output end, the linear array of the fiber bundle
is fixed in V-shaped grooves (see Fig. 5) on the ima-
ging plane of the telescope and the objective plane of
spectrometer, respectively. Utilizing this arrange-
ment, we can control the cumulative width error of
the fiber bundle from the fabrication process.

The telescope in this IFOS has two functions: it
forms the images of the ground strip scene on the en-
trance surface of the fiber bundles and then couples
them into fiber bundles. Because of the circle aper-
ture of the fiber sampling, ð1 − pi × r2=ð4 × R2ÞÞ ×
100% of the available light is lost compared with
the slit spectrometer; however, this is not a fatal
drawback for a prism spectrometer. The spectro-
meter is an Offner type, with four Féry prisms lo-
cated on the two arms symmetrically. It has a small
spectral distortion similar to that of an Offner grat-
ing spectrometer and a good linearity of dispersion
after the introduction of two other flint prisms
[16]. Both the maximum smile and keystone of the
designed IFOS are controlled less than 2 μm in
CODE V, and the nonlinearity of dispersion is less

Fig. 4. (Color online) Sketch of the layout of the spaceborne IFOS.
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than 0.15. To show that the compact structure and
low spectral distortion can be obtained simulta-
neously for our designed FOV-folding prism spectro-
meter, we compare it under the same conditions with
the classical Offner grating spectrometer, which is
well known for a compact system design and lack
of distortion. Because the system size, to a large
extent, influences the image quality and spectral dis-
tortion, all of these factors are used for comparison,
and the results are listed in Table 1. Here the image
quality is measured in micrometers of RMS wave-
front error (WFE) including average WFE and max-
imumWFE, and the spectral distortion including the
smile and keystone are measured in micrometers.
The slit format in the Offner grating spectrometer
is 72mm; some decenters are added to optimization
to achieve better image quality. The designed FOV-
folding spectrometer has overwhelming advantages
over the designed volume, which is about one fifth
of the slit one. Meanwhile, it has better image, less
smile, and almost equal keystone relative to the slit
one. In addition, the flexible fiber bundles permit the
telescope and spectrometer to be in random arrange-
ment and to be more compact.

To show the imaging performance of the designed
IFOS and the effect of the fiber coupling on the
MTF, we take the example of R ¼ 9 μm and r ¼
8 μm and plot the systemMTF without consideration
of the MTF of telescope and spectrometer and then
compare them with that of the slit imaging spectro-

meter. The maximum offset kM described in Section 3
for fiber bundles a, b, c, and d versus three typical
wavelengths are listed in Table 2, which shows that
the fiber bundles have almost equal kM at those
wavelengths. Take fiber c as the example and plot
MTF curves for the wavelength of 600nm by substi-
tuting the kM values listed in Table 2 into Eq. (14);
those curves are depicted in Fig. 6. The solid squares
represent the MTF of mismatch expressed by
sinc½ðkM − Rþ rÞf �, the solid curve represents the
MTFof the slit imaging spectrometer, the solid circles
represent the coupling MTF of the fiber bundles, and
the solid triangles represent the system MTF. It can
be seen that, compared to the slit one, the systemMTF
is degraded by about 0.5 due to the coupling effect of
the fiber bundles at the Nyquist frequency but is still
acceptable.

5. Conclusions

We present a method of FOVenlargement for the dis-
persive imaging spectrometer by substituting the slit
with a linear array of imaging fiber bundles. Utiliz-
ing the flexibility and separability of fiber bundles,
we split the wide FOV of the telescope into several
small units and then fold and arrange them on the
objective plane of the spectrometer with some inter-
vals separated between them. The images trans-
ferred from the telescope through fiber bundles are
reimaged on a common detector by the spectrometer.
This approach can simultaneously decrease the vo-
lume of the imaging spectrometer and the spectral
distortion due to wide FOV design at the cost of MTF
degradation caused by a couple function of the fiber
bundles. The IFOS is a multisampling imaging sys-
tem, and a cascade MTF model is developed to esti-
mate the imaging performance. An example of a
spaceborne IFOS is designed to illustrate the use of
the FOV folding, and MTF curves were plotted for it,
which indicates that the wide FOV and compact

Fig. 5. Cross section of the V-shaped grooves.

Fig. 6. (Color online) MTF curves of the slit spectrometer and
the designed IFOS when the values of R and r are 9 μm and 8 μm,
respectively.

Table 1. Parameters Comparison between the Designed FOV-Folding
Spectrometer and the Classical Offner Grating Spectrometer

FOV-Folding
Prism

Spectrometer

Offner
Grating

Spectrometer

Slit format (mm) 18 × 4 72
Size (mm) 290 × 225 × 120 520 × 340 × 230
Average RMS WFE (μm) 0.136 0.193
Maximum RMS WFE (μm) 0.176 0.246
Maximum smile (μm) 1.9 5.6
Maximum keystone (μm) 1.5 1.3

Table 2. Maximum Offset kM for Fiber Bundles at Central and
Marginal Wavelengths in μm

420nm 600nm 1000nm

Fiber a 11.1 11.9 12.1
Fiber b 11.2 12.0 12.3
Fiber c 11.4 12.1 12.4
Fiber d 11.5 12.3 12.6
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structure can be obtained simultaneously at the
sacrifice of partial MTF value.
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