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We present a novel embedded relay lens hyperspectral imaging system (ERL-HIS) with high spectral
resolution (nominal spectral resolution of 2:8nm) and spatial resolution (30 μm× 8 μm) that transfers
the scanning plane to an additional imaging plane through the internal relay lens so as to alleviate
all outside moving parts for the scanning mechanism used in the traditional HIS, where image scanning
is achieved by the relative movement between the object and hyperspectrometer. The ERL-HIS also
enables high-speed scanning and can attach to a variety of optical modules for versatile applications.
Here, we also demonstrate an application of the proposed ERL-HIS attached to a microscopic system
for observing autofluorescent images of sliced cancer tissue samples. © 2011 Optical Society of America
OCIS codes: 110.4234, 120.6200, 170.3880, 170.3890.

1. Introduction

According toWilloughby et al., a hyperspectral image
consists of tens or hundreds of spectral bands, at the
spectral resolution in the order of 0.01 [1]. By adding
the other two dimensions, namely the y axis, repre-
senting the slit direction of the optical system, and
the x axis, representing the scanning direction, a hy-
perspectral image can be regarded as a collection
of many two-dimensional (2D) images measured at
different wavelengths to form a data cube (x × y × λ).
The hyperspectral image has been widely applied to
many areas, such asmacroscopic image examination,
documentation or artistic and historic object in-
spection, and biomedical fluorescence imaging [2,3].
Recent advances in biomedical optics have led to
the widespread use of the hyperspectral image in
microscopy [4–6].

Three major methods of measuring a hyperspec-
tral image involve scanning in the wavelength,

spatial, or time domains [7]. The proposed embedded
relay lens hyperspectral imaging system (ERL-HIS)
uses a scanning technology in the spatial domain,
which is achieved by using a scanning relay lens
(RL) module consisting of a RL and a stepping motor
(SM). Unlike the traditional HIS [Fig. 1(a)] based on
the scanning mechanism relying upon relative move-
ments between the object and hyperspectrometer
(HM), the proposed ERL-HIS [Fig. 1(b)] can only
be achieved by moving either the object or the HM.
The former may need a bulky and complex scanning
mechanism, which in general costs more compared to
the proposed ERL-HIS. As seen in Fig. 1(b), the RL is
placed inside the optical module (OM). The thick
dotted line denotes the optical path of the OM, while
the thin dotted line represents the optical path of the
RL. The RL is specially designed with symmetric in-
finite conjugate lenses for scanning objects and
transferring images with minimal off-axis optical
aberration (distortion < 0:01%, field curvature<
0:2 μm). Although the ERL-HIS adds the RL part,
the entire volume is still smaller than the conven-
tional system. Because the RL system can effectively
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span the spatial space with appropriate separation,
the proposed system can optically change the moving
mechanism of nanometer-level resolution needed in
a traditional HIS, which can only be achieved by
using a piezoelectric transducer (PZT), to that of
micrometer-level resolution. The latter can be easily
accomplished by an ordinary SM, which may drama-
tically lower the cost of an HIS.

The conventional HIS has been, in general, based
on either a reflective or pushbroom scanning me-
chanism [8,9]. These scanning mechanisms had cer-
tain limitations. The reflective hyperspectral system
utilized an autorotating reflective mirror as the scan-
ning mechanism. With a different scanning angle,
different optical paths may cause optical aberrations.
Such a system had more off-axis aberration than the
ERL-HIS and cannot be used for large-scale scan in a
short distance. Also, the distortion was obvious at the
edge of an image. The other conventional scanning
mechanism was the pushbroom structure. The me-
chanism of pushbroom hyperspectral system was
more complex and larger than the ERL-HIS. The
off-axis aberration was more pronounced than that
of an ERL-HIS. Furthermore, a sample object was
normally required for scanning by using a long travel
distance and highly accurate scanning platform dri-
ven by PZT, which was more expensive than the SM.

Recently, the snapshot hyperspectral images that
can simultaneous acquire spatial and spectral infor-
mation without scanning have been widely applied to
biological microscopy, such as the coded aperture
snapshot spectral imager (CASSI) [10], computed to-
mography imaging spectrometer (CTIS) [11], and
snapshot imagemapping spectrometer (IMS) [12,13].
The CASSI and CTIS can acquire data in real time,
but they cannot show the full-resolution data cube in
real time because the computation was complex and
massive. The principle of IMS was upon recognizing
areas (pixel and lines) of the sample’s image on a
large-format CCD for spectral spread and simulta-
neous data cube acquisition. The IMS can acquire
a data cube of dimensions 285 × 285 × 60 ðx; y; λÞ
with spatial resolution (∼0:45mm) and spectral reso-
lution (∼8nm) in the case of a 40× objective. The
advantages of IMS were acquiring the data cube in
real-time, not needing to scan object, and increasing

a single channel’s signal to noise ratio. However, the
limitations were the narrow wavelength range (∼60),
lower imaging format (285 × 285), and low through-
put (∼20%).

To our best knowledge, this is the first time that a
scanning RL module has been applied to a hyper-
spectral imaging system. The proposed ERL-HIS
has several advantages over the pushbroom or
reflective hyperspectral system: the proposed system
is characterized by its higher scanning speed
(1000 × 1000 pixels with 200 spectral bands about
every 30 s); compact volume of the RL module;
attachable to various OMs with simple alignment;
controllable exposure time; and selectable region of
interest (ROI), which means that the designated
region and spectral bands of the object could be cho-
sen and scanned to decrease the acquisition time.
Furthermore, the proposed system can increase the
spatial resolution of an image through magnifying
the image using the front OM, and it has lower
off-axis optical aberration compared to the conven-
tional HIS. In this paper, the design and develop-
ment of ERL-HIS is reported. The acquired data
cube is of size 1000 × 1000 × 200 ðx; y; λÞ. We also de-
monstrate an application of the ERL-HIS attached to
the microscope (Olympus U plane super apochromat
objective 10×) for observing in vitro sliced cancer tis-
sue samples. In this case, the spatial resolution is
3 μm × 0:8 μm and the nominal spectral resolution
is about 2:8nm covering the wavelength range from
400 to 1000nm.

2. Finite Conjugate Relay Lens

A. Design Principle

This section describes the design principle and im-
portant optical parameters of the RL. In the first
part, the concept of the finite conjugate and infinite
conjugate is introduced. A finite conjugate system
implies that while a light source (not at infinity)
passes a system, it focuses on a particular spot. An
infinite conjugate system implies that while a colli-
mated (parallel) light passes a system, it changes
the beam diameter according to the magnification
and emits the collimated light [14]. The RL resem-
bles a finite conjugate optical system with unity
transverse magnification. The RL we designed here
utilizes the finite conjugate OM consisting of two
symmetrically infinite conjugate lenses with the
same focus point to cancel aberration. Because the
system could form an extra image of real objects at
a finite distance, the RL system can carry an image
through a distance, but with a limited diameter of
the lenses [15]. The RL system is also a telecentric
system. The telecentric system implies that the exit
pupil of an optical system is at infinity and the image
size remains constant with the variation of focus.
Because of the property of telecentricity, the off-axis
image remains the same as the central image; in
addition, even if the light focus changes, it does
not affect the image size and thus minimizes image

Fig. 1. Sketch of (a) a conventional system and (b) the proposed
ERL-HIS.
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distortion. The RL system consists of 14 lenses. The
5th and 6th lenses were designed to calibrate the lat-
eral color aberration. There are 31 surfaces in the
RL. The aperture stop is located on 16th surface. The
size of the aperture stop is about 4:77mm. The total
length of the RL is about 124mm, the magnification
−1, the F=# 2:8, the effective focal length about
1000mm, the back focal length about −1000mm,
the entrance pupil diameter about 750mm, the exit
pupil diameter about 750mm, the entrance pupil po-
sition about 2000mm, the exit pupil position about
−2000mm, and the image height about 7:25mm.

B. Simulations of the Relay Lens

The ZEMAX program was used to simulate the opti-
cal system and evaluate its performance. This was
followed by experiments to verify the performance
of the actual system that we had constructed.
Figure 2 schematically depicts a 2D layout of the
RL. Figures 3–6 summarize the results using the in-
itial design of the RL. The modulation transfer func-
tion (MTF) refers to the ability of an optical system to
capture image contrast over a range of spatial fre-
quency. Figure 3 plots the MTF result of the RL in
three fields, where 0mm denotes the central field of
the RL and 7:25mm is the marginal field. The MTF
in a tangential plane was better than that in a sagit-
tal plane in all fields except for the 7:25mm field.
The optical performance appeared to be stable in
all fields. Figure 4 shows the spot size in all fields.
The maximal root mean square (rms) radius was
13:05 μm in the 7:25mm field. The minimal rms ra-
dius was 9:344 μm in the 4mm field. Figure 5 indi-
cates that the image distortion is lower than 0.01%
and the field curvature is smaller than 0:2 μm. The
RL projected the image onto the scanning plane and
produce excellent imaging quality. Figure 6 shows a
lateral color smaller than 0:4 μm from wavelengths
400 to 1000nm. Notably, the lateral color shift af-
fected the image quality the most when the RL
was applied to a hyperspectral imaging system. The
simulation results showed that the RL design was
able to deliver high-quality images all over the entire
optical field.

C. Experiment of the Relay Lens

This paragraph describes an experiment to further
confirm the simulation results. Figure 7 shows the
experimental setup for testing the optical perfor-
mance of the RL. The optical components included
the RL, a two-axis platform, charge-coupled device
(CCD) sensor, and collimator. The MTF was mea-
sured by the standard slanted edge approach [16].

The collimator was used as light source. The negative
1951 USAF resolution target was used as the test
pattern, which was inserted into the collimator. On
the CCD plane, the image of the pattern could be re-
garded as an edge spread function, which was differ-
entiated to obtain the line-spread function (LSF).
The MTF was derived from the transformed LSF
using the Fourier transform. Figures 8 and 9 show
the tangential and sagittal directions of the MTF.
The simulation and experimental MTF results re-
sembled each other. The sagittal MTF of the 7:25mm
field was also better than that of the 0mm field. The
cut-off frequency was about 89 lp=mm, because the
CCD pixel size was 5:6 μm.

3. Embedded Relay Lens Hyperspectral
Imaging System

A. Operational Principle of the ERL-HIS

This section describes the operating principles and
components of the ERL-HIS. Figure 10 schematically
depicts a conceptual drawing of the ERL-HIS. The

Fig. 2. (Color online) 2D layout of the RL.

Fig. 3. (Color online) MTF of the RL.

Fig. 4. (Color online) Spot size of the RL.
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OM collects radiation from the object and forms an
image on image plane 1 (ImP1). The RL projects
the image from Image plane 1 (ImP1) to image plane
2 (ImP2), which is the slit of the hyperspectrometer.
The slit is located in the y axis and has a width of
30 μm and allows for ImP2 imaging one line at a time
on the electron multiplying charge-coupled device
(EMCCD). Despite the RL projects, the circle image
from ImP1, the image of ImP2 is limited by the slit
size. The collimating optics (CO) can collimate the
image to the dispersive (D) structure, and the dis-
persive structure then disperses the image. The
dispersive element of the hyperspectrometer is a
prism–grating–prism structure. Finally, the image
is focused on the EMCCD by the focusing optics
(FO). Therefore, while the RL is static, the image
of a slit size and its spectrum can be recorded on
the EMCCD. As the SM scans along the x axis, the
individual line image is recorded in the y–λ plane
on the EMCCD. The SM moves one step in the x axis
to acquire the next line image and its spectrum. Each

y–λ image is recorded as a single y–λ file for each row
along the object corresponding to the radiation collec-
tion region, which maps through the hyperspectrom-
eter to the EMCCD. After all of the line images are
acquired, the data cube of all of the y–λ files is loaded
to memory. Figure 11 shows the finished product of
the ERL-HIS, which consists of a mount, RL, SM
(Sigma Koki, SGSP20-20), hyperspectrometer (Spe-
cim V10E), and EMCCD (Andor Luca R604). Because
the mechanism of the ERL-HIS is straightforward,
the optical alignment is easy to perform. The ERL-
HIS can connect to various OMs through different
mounts for different applications. The volume of the
ERL-HIS is about 50 cm ðLÞ × 15 cm ðWÞ × 13 cm ðHÞ.
The volume of the RL module that is composed of RL
and SM is about 20 cm ðLÞ × 15 cm ðWÞ × 13 cm ðHÞ.
When a different hyperspectrometer has been con-
nected to the RL modules, the wavelength range
(400 to 1000nm in this study) can be easily extended.
The EMCCD used in this study produced high-
resolution images (1000 × 1000 pixels) with a small
pixel size (8 μm× 8 μm), high dynamic range (14 bits),
and high frame rate (12.4 frames per second). The
software was written in C language to control the

Fig. 6. Lateral color of the RL. Fig. 7. (Color online) Setup of MTF measurement.

Fig. 5. (Color online) Field curvature and distortion of the RL.
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hardware for imaging acquisition and to analyze
and display the spectral information of the selected
ROIs. The software was also capable of controlling
the speed of the SM, exposure time, gain and the bin-
ning number of the EMCCD, and the spectral images
to be combined for the resultant image displayed on
the software window.

B. ERL-HIS Analysis

This section describes the analysis results of spatial
resolution, spectral resolution, and image aspect ra-
tio of the proposed system. The spatial resolution of
the ERL-HIS can be discussed in the x axis and the y
axis, respectively. The spatial resolution of the x axis
is determined by the entrance slit width of the hyper-
spectrometer, number of pixels binned in the x axis of
the EMCCD, and the magnification of the front OM.
Because the magnification of the RL is −1, the RL
does not affect the spatial resolution of the proposed
system. The slit width of the proposed system is
30 μm, and the bin size of the x axis of the EMCCD
is set to 1. Thus, the spatial resolution of the x axis of
the proposed ERL-HIS is 30 μm. The spatial resolu-
tion of the y axis is determined by the pixel size of the
EMCCD, the bin size of the y axis of the EMCCD, and
the magnification of the front OM. The pixel size of
the EMCCD is 8 μm, and the bin size of the y axis is
set to 1. Hence, the spatial resolution of the y axis of

the proposed ERL-HIS is 8 μm. However, when the
system attaches to a microscope, the magnification
of the objective lens affects the spatial resolution.
For the 10× objective, the spatial resolution of the en-
tire system is 3 μm × 0:8 μm.

The spectral resolution (generally referred as the
nominal spectral resolution) of a hyperspectral imag-
ing system means the width of an individual spectral
channel. The nominal spectral resolution is defined
by the slit width of the hyperspectrometer, and it is
normally calculated by the slit width ratio. For the
80 μm slit width, the nominal spectral resolution is
about 7:5nm. Because the slit width of the ERL-HIS
is 30 μm, the nominal spectral resolution is about
2:8nm. The full width at half maximum is 2:79nm
when the peak of the measurement light is at
435:8nm, 3:06nm when the peak is at 696:5nm, and
3:17nm when the peak is at 912:3nm.

The image aspect ratio is also an important param-
eter of the proposed ERL-HIS system, and it depends
on the number of steps of the SM. The SMmust move
the appropriate number of steps for each scan line,
which means each exposure time of EMCCD.
Figure 12 shows the image aspect ratio in a different
number of steps for each scan line. The number of
steps for each scan line must be the same as the spa-
tial resolution of the y axis. For the one pixel binned,
the spatial resolution of the y axis is 8 μm. The SM
has precision of 2 μm per step. Thus, the appropriate
number of steps is four for each scan line. When the
number of steps is three, the image aspect ratio is
0.67 [Fig. 12(a)]. When the number of steps is five,

Fig. 8. (Color online) Tangential MTF of the RL.

Fig. 9. (Color online) Sagittal MTF of the RL.

Fig. 10. Operation principle of the ERL-HIS.

Fig. 11. (Color online) Finished product of the ERL-HIS.
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the image aspect ratio is 1.33 [Fig. 12(c)]. Both create
images with the wrong x–y aspect ratio.

C. Experiments and Results of ERL-HIS

This section describes the system calibration results
and related experiments. Spectral and radiometric
calibration were performed on the proposed system.
The spectral calibration ensures each pixel repre-
sents the correct wavelength. An Hg-Ar lamp (Spher-
eOptics) was used as the light source for calibration.
The spectrum of the Hg-Ar lamp was measured by
the spectrometer (SphereOptics SMS-500) and the
proposed system. The characteristic wavelength of
the Hg-Ar lamp should be in the same position of
these two instruments. Figure 13 shows the calibra-
tion results of the proposed system. The characteris-
tic wavelength of the proposed system was the same
as that of the spectrometer after calibration.

Radiometric calibration was also important work
for the ERL-HIS. The spectral response curve of
the EMCCD required calibration, because the peak
quantum efficiency of each wavelength was different.
A halogen lamp was used as the standard light
source for calibration. Initially, a dark image with
no light to the EMCCD was used to remove the noise
interference of the proposed system. Next, a refer-
ence blank was used to remove nonuniformity in the
image caused by uneven illumination; periodic scan

line stripping; and the impact of the lamp, medium,
and reflectance and transmittance of the sample. The
spectral response curve of a standard light source
was different with the ERL-HIS system from 400
to 1000nm. The k value is defined as the calibrated
parameter. According to Eq. (1), k is defined as the
spectral response values of a standard light source
that divides the spectral response values of the ERL-
HIS, where SðλÞ denotes the response value of
standard light source of each wavelength and HðλÞ
represents the response value of the proposed system
for each wavelength. Figure 14 shows the k value of
each wavelength. Therefore, the intensity of each
wavelength of the EMCCD must multiply the corre-
spondent k value. According to the results, the cali-
bration coefficient was less than 9dB. The 9dB were
calculated from 10 × logð80=9Þ. Notably, 80 is the
maximum value of k, and 9 is the minimum value
of k. The calibration was thus validated:

k ¼ SðλÞ
HðλÞ : ð1Þ

Figure 15 shows the MTF of the ERL-HIS. The
cut-off frequency was about 62 lp=mm, because the
EMCCD pixel size was 8 μm. The tangential MTF
was 30%, while the sagittal MTF was 20% at
62 lp=mm. The reliability of the proposed system was
also demonstrated by attaching it to a microscope to
acquire images of oral cells. Figure 16 shows the at-
tachment of the ERL-HIS on the microscope. The set-
up added the CCD (AVT PIKE F-421C) on the right
side. The sample under observation can be previewed
by the right-side CCD before using ERL-HIS to ac-
quire the image. Following the preview, the ERL-HIS
can select the ROI to analyze the spectral informa-
tion. The image on the monitor was superimposed
by the wavelengths of 450, 550, and 650nm. The soft-
ware allowed users to select resultant images of

Fig. 12. (Color online) Image aspect ratio in different number of
steps: (a) image aspect ratio of 0.67 with the number of steps being
3, (b) image aspect ratio of 1 with the number of steps as 4, and
(c) image aspect ratio of 1.33 with the number of steps as 5.

Fig. 13. (Color online) Result of spectral calibration from
400 to 1000nm. The longitudinal coordinate has been taken as
a logarithm.

Fig. 14. The solid line is the k value curve of the calibrated
irradiance of the ERL-HIS from 400 to 1000nm. The left longitu-
dinal coordinate is the coordinates of k curve. The right longitudi-
nal coordinate has been taken as a logarithm and is the coordinate
of the square dot and circle dot. The square dot is the response
of the standard light source. The circle dot is the response of
the ERL-HIS.
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different wavelengths and combined them to show on
the control window of the software. Each pixel con-
tained the spectrum showing the response from
400 to 1000nm. Figure 17 plots the spectral informa-
tion for the three pixels. The information was valu-
able and with the potential use of differentiating
normal tissues from cancerous tissues.

4. Discussions and Conclusions

This paper presents a novel ERL-HIS that uses an
embedded finite conjugate RL to perform a hyper-
spectral image without the need to move either the
hyperspectrometer or the measured object. Simula-
tion and analysis results indicate that the proposed
system is feasible for practical applications, espe-
cially in observing and analyzing the biomedical im-
age. The ERL-HIS has high resolution with spatial
resolution of 30 μm × 8 μm and nominal spectral reso-
lution of 2:8nm. The tangential MTF is 30%, and the
sagittal MTF is 20% at 62 lp=mm. This study imple-
ments the spectral calibration and radiometric cali-
bration to ensure the accuracy of the hyperspectral
data. This paper also designs a new (to our best
knowledge) RL, which is a symmetric finite conju-
gate design consisting of 14 lenses with a total length

of about 124mm. The RL is a telecentric design;
hence, the off-axis optical aberration is minimized.
The simulations with ZEMAX confirm that within
the entire wavelength range covered the optical per-
formance of the ERL-HIS is stable in all fields, the
distortion less than 0.01%, the field curvature less
than 0:2 μm, the minimal rms radius 9:344 μm in
the 4mm field, and the lateral color smaller than
0:4 μm. Thus, the RL can project the image onto a
scanning plane with excellent imaging quality and
is suitable for HIS application.

The proposed ERL-HIS is superior to the tradi-
tional HIS in terms of design and fabrication of the
RL module. First, a hyperspectral image depends on
the scanning method to acquire data cube. The pro-
cess could have opportunities for failure when the ob-
ject, the hyperspectrometer, or both are moving. The
proposed system spans the spatial domain onto a
scanning plane through the embedded RL and facil-
itates image scanning inside the RL module such
that the outside moving parts to move the object
against the hyperspectrometer or vice versa can be
completely removed from the mechanism. Second,
owing to the change of the moving mechanism, the
entire volume of the ERL-HIS is significantly re-
duced and the mechanism is simplified. The volume
of the proposed ERL-HIS is about 50 cm ðLÞ×
15 cm ðWÞ × 13 cm ðHÞ. Although the proposed sys-
tem adds the RL part, the volume is still smaller
than the traditional system. Third, the proposed sys-
tem is adaptive and compatible to various OMs.
When the ERL-HIS attaches to various OMs, the op-
timization of the optical parameters, such as the
alignment of the optical axis, can be easily done with-
out the need of modifying the mechanism. For in-
stance, Figure 16 shows the case of attaching the
ERL-HIS to a microscope, in which the alignment
of the optical axis and focus can be easily adjusted
through the two screws outside the ERL-HIS box.
Fourth, because of the design of the symmetric finite
conjugate and telecentric RL, the off-axis optical
aberration of the proposed system is minimized and
optimized. The distortion is smaller than 0.01%, and
the field curvature is smaller than 0:2 μm. Fifth, the

Fig. 15. (Color online) MTF of the ERL-HIS.

Fig. 16. (Color online) ERL-HIS attaches on the microscope.

Fig. 17. (Color online) Picture of the oral cell, which is captured
by the ERL-HIS.
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previous scanning mechanism needs more stabiliza-
tion and higher mechanical resolution to prevent
scanning errors. However, the ERL-HIS uses the
SM to replace the PZT because the RL utilizes the
optical concept to change the scanning mechanism
of the traditional HIS. The change reduces the me-
chanical resolution of scanning requirement but
keeps the optical resolution. Additionally, the scan-
ning time can be largely reduced, and the cost is
much less compared to the traditional system. A com-
parison of the ERL-HIS and pushbroom hyperspec-
tral system as used for microscope application is
listed in Table 1. The pushbroom hyperspectral sys-
tem combined with themicroscope refers to Ref. [5] in
this article.

In conclusion, this work has demonstrated the fea-
sibility of the ERL-HIS by attaching it to a micro-
scope for observing and diagnosing sliced cancer
tissues sample in vitro. The proposed system is char-
acterized by its higher scanning speed and optimized
optical aberration. Other advantages include its low-
er cost, compactness, and compatibility with various
OMs. We expect that the ERL-HIS can be applied to
both basic and clinical biological research, such as
differentiating cancer tissues from normal tissues.
Efforts are under way in our laboratory to integrate
fiber with the proposed system for biological and
diagnostic applications in real-time fluorescent-
spectral imaging. The proposed system can also be
attached to a telescope for macroscopic-technical
examination and documentation of artwork and for
historical analysis.
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Taiwan, R.O.C., the National Science Council of
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2218-E-039-001, and NSC 99-2631-H-034-001, and
the Chung-Shan Institute of Science & Technology
under contracts XV00E19P295 and CSIST-442-
V302.
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Table 1. Comparisons of ERL-HIS and Pushbroom System for Microscope Application

Mechanism ERL-HISþMicroscope PushbroomþMicroscope

Volume 75 cm ðLÞ × 60 cm ðWÞ × 80 cm ðHÞ 120 cm ðLÞ × 100 cm ðWÞ × 90 cm ðHÞ
Spectral range (nm) 400–1000 400–1000
F=# 2.8 6.5
Spatial resolution 30 μm× 8 μm 20 μm× 9 μm
Spectral resolution (nm) 2.73 7.2
Throughput >60% >60%
Compatibility Good Bad
Scanning mechanism SM PZT
Off-axis aberration Good Bad
Cost Low High
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