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A calculation model to obtain the optimal combination of Offner–Wynne imaging spectrometer 
parameters to balance the RMS spot radius of the chief ray over the entire field is established. On 
the basis of the calculation model, an Offner–Wynne imaging spectrometer is designed, and then 
it is applied in a short-wave infrared coded aperture snapshot spectral imager (CASSI). The optical 
system of the short-wave infrared CASSI is designed by a combination method of independent de-
sign and integrated optimization. The spectral smile and spectral keystone of the optical system 
which operates in the 900–1700 nm band are respectively less than half a pixel. The focal length 
of the optical system is 1200 mm, the total optical system length is 775 mm, and its average spectral 
resolution is 16 nm. The optical system offers the advantages of excellent imaging quality, compact 
optical structure, high optical transmittance, reduced spectral smile and spectral keystone. 

Keywords: Offner–Wynne imaging spectrometer, CASSI, short-wave infrared, optical design. 

1. Introduction 

Imaging spectrometers have played an important role in various areas such as remote 
sensing, medicine, environment, astrophysics, and military detection [1–4]. Tradition-
al spectral imaging often includes data scanning, either the wavelength or spatial axis, 
which is time-consuming and not suitable for measuring dynamic scenes. The coded 
aperture snapshot spectral imager (CASSI) can capture spectral imaging of dynamic 
scenes by a single-frame exposure, which has a lot of attention due to its ability to re-
cover the three-dimensional spatiospectral data cube from a snapshot two-dimensional 
coded aperture projection [5–8]. The reason is that the scene which is modulated by 
coded aperture and dispersive element is spatially and spectrally sparse and can be re-
constructed by the CS (compressed sensing) theory [9–11]. At present, CASSI is most-
ly focused on the visible spectrum operating in 400–700 nm band. In comparison to 
visible spectrum, the short -wave infrared spectrum has a unique advantage in dealing 
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with the interference of aerosol, fog and smoke, which is conducive to long -distance 
detection. Limited by the compatible optical materials and detectors [12], the research 
of short-wave infrared CASSI is rarely reported. Considering the anti-interference ad-
vantage of the short-wave infrared CASSI, it is both important and urgent to research it. 

Common to all spectral imaging system, the dispersive element design is one of the 
most important factors in the performance of CASSI system. The dispersive elements 
of CASSI are referred to plane grating or double Amici with a direct view [7, 13, 14]. 
But when these dispersive elements are used, optical systems of CASSI tend not to be 
compact due to the adding of collimating and imaging lens as shown in the dotted box 
in Fig. 1, especially for long focal length optical systems. Therefore, we intend to use 
the basic Offner imaging spectrometer which is a unit magnification system, providing 
a compact form and a small fraction of spectral and spatial distortions, to replace the 
collimating lens, the dispersion element and the imaging lens. However, LOBB has shown 
that the basic Offner imaging spectrometer works only in a thin annular region [15]. 
The optical system of CASSI based on the basic Offner spectrometer cannot present 
perfect imaging quality on account of the traditional entrance slit which is replaced by 
a square or rectangle coded aperture, so we need a wider annular region to ensure the 
perfect imaging quality. The annular region will be expanded if the system remains 
nearly telecentric in a wider region and this can be achieved by adding a concentric 
meniscus lens to the basic Offner imaging spectrometer, namely Offner–Wynne imag-
ing spectrometer [16]. Finally, we applied it in a short-wave infrared CASSI to provide 
support for compact design and aberration reduction. 

In this paper, we focus on the optical design of a short-wave infrared CASSI operating 
in 900–1700 nm band. It should be pointed out that the calculation model established 
by us can effectively obtain the optical parameters of meniscus lens, and an initial struc-
ture of the Offner–Wynne imaging spectrometer can be acquired. The Offner–Wynne 
imaging spectrometer can ensure perfect imaging quality in a wider annular region 
where the code aperture of the short-wave infrared CASSI can be placed perfectly. 
Then, a complete optical system of a short-wave infrared CASSI is designed through 
integrated optimization based on the the Offner–Wynne imaging spectrometer. In ad-
dition, the short-wave infrared band is invisible, so we must reduce the difficulty of 
adjustment. For this reason, we need more rigorous tolerance allocation and analysis 
to ensure the relatively loose tolerance requirements in optical design [17]. 

2. Principle 

The optical system of representative CASSI is realized by an objective lens, a coded 
aperture, a collimating lens, a dispersive element, an imaging lens and a focal plane 
array detector. The principle layout of CASSI system is shown in Fig. 1. The 3D source 
information is imaged on the plane of the coded aperture by the objective lens, x and 
y index of the spatial coordinates and λ index of the wavelength coordinate. The coded 
aperture performs a spatial modulation over all wavelengths in the spectral cube of the 
source information [18]. The spatially modulated light is dispersed by the dispersive 
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  Fig. 1. Schematic diagram of CASSI. 

element after propagation through the collimating lens. It is generally supposed that 
the dispersion is along one direction of the detector. Ultimately, the multiple 2D in-
tensity images of the code-modulated scene, wavelength-dependent are integrated on 
the plane of the detector array by the imaging lens. 

Generally, collimating lens and imaging lens contain multitude optical elements for 
collimating and converging light, which make the whole optical system of CASSI com-
plex. Unlike previous design, in order to improve the transmittance and image quality 
of the optical system, we apply the Offner–Wynne imaging spectrometer to the short 
-wave infrared CASSI instead of the collimating lens, the dispersive element and the 
imaging lens. The Offner–Wynne imaging spectrometer can be achieved by adding a con-
centric meniscus lens to the basic Offner imaging spectrometer. 

Compared to the basic Offner imaging spectrometer, the Offner–Wynne imaging 
spectrometer reduces the spectral smile across the entire working band by adding a con-
centric meniscus lens, and allows to enlarge the spectral dimension of the image or to 
increase the grating density [19]. Due to the addition of a meniscus lens, the spherical 
aberration and overall Petzval sum can be greatly decreased [20, 21].  

Therefore, in this paper, we propose a calculation model to achieve optical param-
eters of the meniscus lens, which can obtain the initial structure of the Offner–Wynne 
imaging spectrometer. 

The optical system of the short-wave infrared CASSI we designed consists two parts: 
the objective lens and the Offner–Wynne imaging spectrometer. It should be pointed 
out that the code aperture is located on the image surface of the objective lens, that is, 
the object surface of the Offner–Wynne imaging spectrometer. Firstly, we design these 
two parts independently on the premise of parameter matching. And then we adopt the 
method of integrated optimization to provide further enhancement of the imaging qual-
ity of the entire optical system on the basis of guaranteeing the performance of these 
two independent parts. 
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T a b l e 1. Specific design parameters of the short-wave infrared CASSI. 

Parameters Value 

Wavelength range 900–1700 nm 

Focal length 1200 mm 

F-number ≤ 6 

Spectral resolution ≤ 20 nm 

Field angle ≥ 0.6° 

Spectral smile < half a pixel 

Keystone < half a pixel 

The optical system is designed to detect and analyze the spectral information of 
the plume from a distant target. Furthermore, we can monitor the real-time operation 
status of the target engine according to the spectral information of the plume. Based 
on the application background analysis, the specific design parameters are shown in 
Table 1. 

3. Optical design 

3.1. Optical design of the objective lens 

The objective lens is designed in the form of telecentricity in image space to ensure that 
the chief ray in each field can be vertically incident on the code aperture. The relevant 
optical system parameters of the objective lens are restricted by specific design pa-
rameters of the short-wave infrared CASSI. Moreover, taking into account that the re-
duction ratio of the Offner–Wynne imaging spectrometer is 1, we used a code aperture 
of 20 μm pixel size with 512 × 512 pixels, and the pixel size of the short-wave infrared 
focal plane detector we used is equivalent to the code aperture and has 640 × 512 pixels 
considering the number of spectral bands. Therefore, the half-field angle of the objec-
tive lens can be obtained as follows: 

L ω = arctan ----------- (1) 2 f '   

where L is the diagonal dimension of the code aperture, f '  is the focal length of the 
objective lens. So the field angle of the objective lens is 2ω = 0.69°. The relevant spe-
cific design parameters of the objective optics are shown in Table 2. 

T a b l e 2. Specific design parameters of the objective lens. 

Parameters Value 

Wavelength range 900–1700 nm 

Focal length 1200 mm 

F-number 6 

Field angle 0.69° 
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Fig. 3. MTF of the objective lens. 
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Fig. 4. Objective lens. 

During the next optimization process, the telecentric path in image space, the focal 
length and the image size are used as constraint conditions, and the performance of the 
objective lens is evaluated by spot diagrams and the modulation transfer function (MTF). 
In Fig. 2, the spot diagram of the objective lens presents that the spots are well focused 
within a 20 μm pixel represented by the square in each field of view. The MTF curve 
of the objective lens is shown in Fig. 3, and the cutoff frequency is 25 lp/mm. The curve 
indicates that the MTF is higher than 0.75 in each field of view. 

The final design result shown in Fig. 4, and the objective lens we designed, has 
an excellent performance and meets the specific design parameters based on the above 
analysis. 

3.2. Optical design of the Offner–Wynne imaging spectrometer 

The Offner–Wynne imaging spectrometer, as the spectroscopic lens of the short-wave 
infrared CASSI, determines the spectral resolution of the whole optical system. In or-
der to obtain the initial structure of the Offner–Wynne imaging spectrometer, we pro-
pose a calculation model to achieve optical parameters of the meniscus lens based on 
the basic Offner imaging spectrometer. 

Figure 5 shows that the basic Offner imaging spectrometer is composed of two spher-
ical concentric elements: a concave mirror M used in double reflection and a convex 
diffraction grating G, and the concave mirror has twice the radius of the convex diffrac-
tion grating. The YZ plane represents the meridional section of the basic Offner imaging 
spectrometer. 

The grating equation for arbitrary wavelength λ can be written as 

sinβ + sinβ' = mgλ (2)

where m is the diffraction order, g is the density of grating. The wavefront aberration 
of the basic Offner imaging spectrometer is formulated in terms of the optical path dif-
ference between the chief ray from the object O to the image I passing through arbitrary 
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Fig. 5. The optical path of an arbitrary chief ray on a basic Offner imaging spectrometer. 

points P1, P2, P3 on the mirror M and grating G. By applying the Fermat principle, the 
wavefront aberration of the chief ray can be defined as [16, 22] 

ΣF = F + F' + mg λ x = OP1 + P1 P2 + P2 P3 + P3 I + m λ N x  y (3) 

The wavefront aberration ΣF is equivalent to the sum of the optical path difference 
and the phase retardation mλN (x, y) by the grating. The optical path difference com-
prised two terms: the optical path F  before incidence on the grating and the optical 
path F' after diffraction. If the arbitrary object point O (x, y) is arranged in the X axis 
which deduce the F to fourth-order in the spatial coordinates by considering an arbi-
trary meridional ray, F can be given by [23] 

1 sin β 4   ----- ------ --  F x 0 = F0 0 – x sin β + -- ---2 tanα – tan β x + O x5 (4)
38 Rg 

where Rg is the radius of grating G, and α, β are incidence angles in mirror M and grat-
ing G. The corresponding image point I (x', y' ) is also arranged in the X axis, F' can 
be given by 

1 sin β' 
 -- -- -- -- ---  F' x 0 = F' 0 0 – x' sin β' + --- -- -- -- -2 tanγ – tan β'  x' 4 + O x'  5 (5)

38 Rg 

where β' is the angle of diffraction in grating G, γ is the incidence angle on the point P3 
which is in mirror M. Using Eq. (4) and Eq. (5), the complete fourth-order term is writ-
ten as 

1 sin β 4 1 sin β' 
ΣF4 = --

8
--- -------------2 tanα – tan β x + --

8
--- ---------------2 tanγ – tan β'  x' 4 (6)

3 3R Rg g 

Since the ray transverse aberration is proportional to the spatial derivatives of the 
aberration function and assuming that the RMS spot radius (Rrms) is a measure of ray 
aberration for rays crossing the pupil border, the Rrms is defined as [23]: 
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R = ----------------- sin β2 tanα – tan β + sin β' 2 tan γ – tan β'  (7)rms 

 f #3 

where C is a constant and it has been taken into account that the F-number ( f # ) is 
inversely proportional to the grating aperture diameter. 

Figure 6 shows the Offner–Wynne imaging spectrometer which includes a concen-
tric meniscus lens (ML), a concave mirror (M) and a convex diffraction grating (G) 
with their centres of curvature coincident. It is assumed that ML and M are used in 
both object and image spaces, G is deposited among them. 

Fig. 6. The optical path of an arbitrary chief ray on an Offner–Wynne imaging spectrometer. 

Similarly, a chief ray from object point O (x, y) enters the optical system in parallel 
to the optical axis Z, passing through ML twice, M twice and G. In this case, the re-
lationship between these angles can be determined by applying the law of sines and 
Snell’s law. This allows us to write: 

sin = n sinθ ' (8a)θ1 1 

sinθ ' = n sinθ2 (8b)2 

sinα = sinθ ' / R (9a)R2 2 m 

sin = sinθ ' (9b)θ2 R1 1 / R2 

sinγ = Rg sin β' / Rm (10a) 

sin β = Rm sinα / Rg (10b) 

Where n is the refraction index of ML and R1, R2, Rm and Rg are the radius of the lens 
inner surface, lens outer surface, concave mirror and convex diffraction grating, respec-
tively. Incidence angles (θ1, θ2) correspond to refraction angles θ '  θ '  in inner and1 2 
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outer surfaces of ML. The incidence angle β corresponds to the diffraction angel β' 
in G. α, γ are incidence angles of M. 

Combing Eqs. (2), (7), (8), (9) and (10), we can derive RMS spot radius (Rrms) of 
the chief ray as 

C
R = -----------------rms 

 f #3 

22 R1
2 sin2θ1 R1

2 sin2θ1 2ab a------------------------------------------------- – ------------------------------------------------- + ------------------- – ------------------
2 2R Rm – R1

2 sin2θ1 Rg Rg
2 – R1

2 sin2θ1 1 – b2 1 – ag 

(11) 

Rg g λ – R1 sinθ1 Rg g λ – R1 sinθ1
where a = ------------------------------------------- and b = ------------------------------------------- .

Rg Rm 

Equation (11) shows that the RMS spot radius (Rrms) of the Offner–Wynne imaging 
spectrometer depends on the parameters of R1, Rg, Rm, θ1, f #, g and λ. Wavelength λ, 
incidence angle θ1, grating density g and F-number f # are determined by the specific 
design parameters of the short-wave infrared CASSI. Radius Rg and Rm can be calcu-

2 2lated by the equation R2
m /4Rg + h2

0 /Rm = 1 and Rm/Rg < 2 [24]. Therefore, Rg, Rm, 
θ1, f #, g and λ can be obtained according to the above analysis, and then the radius R1 
of the meniscus lens can be calculated by Eq. (11). 

In Fig. 7, Rg = 202 mm, Rm = 400 mm, λ = 1300 nm, g = 50 lp/mm, θ1 = 30°, and 
f # = 6, the radius R1 is plotted as a function of RMS spot radius (Rrms) based on Eq. (11). 
It is clear from Fig. 7 that the RMS spot radius (Rrms) is much faster for large solutions 
when R1 changes from its best value. Therefore, depending on the minimum value of 
RMS spot radius (Rrms), we can obtain the unique solution of radius R1 = 145 mm as 
its optimal initial solution. 

Fig. 7. RMS spot radius Rrms versus radius R1 for the Offner–Wynne imaging spectrometer. 
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On the other hand, the focal power φ of a meniscus lens and its derivative dφ/dn are: 

 1 1  d n – 12 
φ = n – 1--------- – --------- + ------------------------- (12)

 R1 R2  2 R1 R2 

dφ  1 1  d n – 12 
--------- = --------- – -------- + ------------------------- (13)
dn  R1 R2  n2R1 R2 

The chromatic aberration vanishes when the derivative equals 0. In this case, the 
following is obtained: 

–R2 R1 n2 – 1---------------------- = ------------
2
----- (14)

d n 

In addition, the achromatic meniscus lens can be used to compensate the spherical 
aberration caused by the mirror in the condition of n = 1.5 [25], and the following is 
obtained: 

R2 – R1  0.56d  (15) 

Considering the weight, costs, manufacturing and adjustment, the diameter and 
center-thickness ratio of the meniscus lens is typically between 8:1 and 15:1. When 
the ratio approaches 15:1, costs begin to rise rapidly. Various factors considered, we 
selected the appropriate center-thickness d = 20 mm, and then R2 = 156.2 mm could 
be acquired by Eq. (15). 

Finally, parameters of meniscus lens, namely radius R1, R2 and center-thickness d, 
are determined based on the calculation model. It should be pointed out that many fac-
tors in the actual optical structure will affect the value of the thickness d, the radius R1 
and R2, and the values obtained via theoretical calculations simply allowed determi-
nation of a good initial structure. 

In the subsequent design process, we used this initial structure in combination with 
the constraint conditions: such as telecentric path in object space and image space, the 
reduction ratio and the object size, to take further optimization. The relevant specific 
design parameters of the Offner–Wynne imaging spectrometer are shown in Table 3. 

T a b l e 3. Specific design parameters of the Offner–Wynne imaging spectrometer. 

Parameters Value 

Wavelength range 900–1700 nm 

Reduction ratio 1 

F-number 6 

Object height 10.2 mm 

Average spectral resolution 16 nm 

Grating groove density 50 lp/mm 
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Fig. 8. The Offner–Wynne imaging spectrometer. 

The final design result shown in Fig. 8, and the performance of the Offner–Wynne 
imaging spectrometer are evaluated by spot diagrams and the modulation transfer func-
tion (MTF). The spot diagram in each field of view is shown in Fig. 9 and squares 
represent each pixel of 20 µm. Figure 9 indicates that the spots are all well focused 
within a single pixel. Figure 10 shows the MTF curves for the wavelength 1300 nm, 
wavelength 1700 nm and wavelength 900 nm. The figure shows that the MTF is higher 
than 0.7 in each field of view at 25 lp/mm. 

In addition, the values of the spectral smile and the spectral keystone are also an es-
sential measurement index for spectral imaging system. This paper obtains the spectral 

λ = 1300 nm λ = 1700 nm 

Fig. 9. Spot diagram of the Offner–Wynne imaging spectrometer. 
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λ = 900 nm 

Fig. 9. Continued. 

smile and spectral keystone values of the system via real ray tracing, as shown in 
Table 4. It indicates that the spectral smiles in the 900–1700 nm wavelength range are 
less than 6 μm, which are almost confined within a quarter of a pixel. The spectral key-

λ = 1300 nm 

Fig. 10. MTF of the Offner–Wynne imaging spectrometer. 
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λ = 1700 nm 

λ = 900 nm 

Fig. 10. Continued. 

T a b l e 4. Spectral smile (μm) of the Offner–Wynne imaging spectrometer with wavelength λ and  
normalized field ω. 

λ [nm] 900 1000 1100 1200 1300 1400 1500 1600 1700 

ω = 0.7 3.2 2.9 2.8 2.7 2.5 2.3 2.1 1.9 1.8 

ω = 1 5.6 5.2 4.8 4.7 4.5 4.2 3.9 3.8 3.5 

stone of the system is less than 8 μm throughout the entire wavelength band. Hence, 
the spectral smile and the spectral keystone are less than half a pixel, signifying there 
is no need for data processing correction. 
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3.3. Integrated optimization of optical system 

The objective lens and the Offner–Wynne imaging spectrometer have the same F-num-
ber, and their pupil matches well owing to the design of telecentricity, so the two sys-
tems can be combined perfectly. However, on account that the objective lens and the 
Offner–Wynne imaging spectrometer have different characteristics, it is necessary to 
balance the combinational aberrations based on the following process which is called 
integrated optimization. Code-V was used to adjust the system parameters and ensure 
that the sizes of these aberrations after combination remain within the allowable range. 
The results of optical design after integrated optimization are shown in the following 
Fig. 11. The aperture stop is located on the first surface of the optical system. 

The system’s MTFs of 1300, 1700 and 900 nm are charted in Fig. 12, and the MTFs 
are all greater than 0.65 at the Nyquist frequency of 25 lp/mm. 

Fig. 11. Optical system of the short-wave infrared CASSI. 

 

 
 
  
 
  
 
  
 
  
 
   

 
 
 

    

 
 

 

 
 
 

 

 
 
 
 

 
 

  

 

 

 

λ = 1300 nm 
 

     

 

Fig. 12. MTFs of final design with wavelength. 
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λ = 1700 nm
 

     

 

 

 
 
  
 
  
 
  
 
  
 
   

 
 
 

    

 
 

 

 

 

 

 
 
 
 

 
 

  

 

 

 

λ = 900 nm
 

     

 

Fig. 12. Continued. 

The spot diagrams indicate how dispersed light images on the focal plane and the 
spots at each wavelength are given in Fig. 13. Squares represent each pixel of 20 µm 
at each wavelength and the spots in each field of view are all focused within one pixel. 

Finally, we used the MTF tolerance analysis for the central wavelength of 1300 nm 
to analyze the tolerance sensitivity of the optical system as shown in Fig. 14. It is gen-
erally recognized that the tolerance analysis indicates the feasibility of practical ap-
plication of optical systems. The results show that the MTF of the optical system has 
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Fig. 13. The spot diagrams of final design with wavelength. 



159 Optical design of a short-wave infrared CASSI... 
   

    
   

    
  

   
  

    
    

  

  
 

 
 

 

 

 

 

   

 
 

 

 

 

 

 

 

 

 

 

 

 
     

 
 

Fig. 14. MTF tolerance analysis of final design with central wavelength. 

a probability of 99% above a value of 0.62 under the default tolerance allocation con-
ditions. In other words, the optical system meets the requirements for practical appli-
cation. 

4. Conclusion 

In this paper, an improved optical system of the short-wave infrared CASSI is designed 
which includes the objective lens and the Offner–Wynne imaging spectrometer with 
a meniscus lens. In addition, a calculation model which provides a simple approach to 
achieve the optical parameters of meniscus lens is proposed based on calculating the 
RMS spot radius (Rrms) of the Offner–Wynne imaging spectrometer. The calculation 
model has a great flexibility of work and designs for different parameters as the F-num-
ber, the wavelength, the incidence angle, the grating density and the radius, which shows 
its versatility, and can obtain an excellent initial structure of the Offner–Wynne imag-
ing spectrometer. In the subsequent design process, we adopted an independent design 
firstly, and then adopted an integration optimization method to design the optical system 
of the short-wave infrared CASSI. The spot sizes at each field are far less than 20 μm, 
ensuring that the energy is all concentrated in one pixel, the MTFs at each wavelength 
are all greater than 0.68, and the spectral smile of the system is less than 6 μm. In 
short, the presented design results illustrate that the performance of the short-wave in-
frared CASSI is excellent and meets the practical application requirements. 
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