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Abstract- For hyper spectral imaging, diffraction gratings based spectrometers exhibit high spectral resolution and optical performance. 
Among those spectrometers, the Offner type (which consists of an entrance slit, two concave mirrors and convexgrating) offersa lot of 
advantages. In this paper, we propose the design and modelization of aconvexgrating which coversa spectral band ranging from0.7ìmto 5 
ìm with a minimum diffraction efficiency of 20% at 800nm, 50% at 3000nmand25%at5000nm.Fora so wideband, agrating with a single 
blaze cannot satisfy these requirements. We will the reforepropose an approach of multi-blaze grating which is subdivided into 
differentsectionseach with its ownblaze angle. Meanwhile,we perform the diffraction efficiency prediction using the scalar and rigorous 
theories to prove the compliance of this design with the technical specifications. The rigorous theory will also allow us to study the 
polarization sensitivity of this grating and the calculation of the diffraction efficiency of a grating with a profile degraded by manufacturing 
errors to assess the impact on the diffraction efficiency and the sensitivity to polarization. 
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I. INTRODUCTION 
Hyperspectral remote sensing has been defined as �the 

field of study associated with extracting information about an 
object without coming into physical contact with it�[1]. It 
combines two sensing modalities: imaging and spectrometry. 
An imaging system captures a picture of a remote scene 
related to the spatial distribution of the power of reflected 
and/or emitted electromagnetic radiation integrated over 
some spectral band.On the other hand, spectrometry measures 
the variation in power with the wavelength or frequency of 
light, capturing information related to the chemical 
composition of the materials measured[2]. Ourstudy 
focusesonthissecondpart proposinga design of 
aconvexgratingfor the hyperspectral imager spectrometer of 
the Chandrayaan 2[3] instrument which covers a spectral 
range from 0.7 ìm to 5 ìm with diffraction efficiency 
described in section IV.For spectrometry, an optical system 
with convex grating in Offner configuration demonstrates a 
high performance with a compact volume.  

II. CONVEX GRATING SPECTROMETER IN 
OFFNER CONFIGURATION 
An Offner grating spectrometer design requires the use 

of convex blazed grating that can be produced by ruling or 
diamond turning.It consists of a slit, two concave mirrors and 
a diffraction convex grating between them. Because of the 
asymmetry introduced by grating diffraction, a split-Offner 
design is employed, where orientation of the two mirrors is 
slightly asymmetric. This configuration offers a larger field 
of view and lower aberrations. These spectrometers have a 
concentric structure and thus a compact design. They operate 
with a relatively low F-number (≤f/2), accept a long slit while 

maintaining a compact size, and need only three optical 
surfaces. The use of this design has resulted in imaging 
spectrometers with extremely low values of spatial-spectral 
distortion[4].Most land observation hyperspectral instruments 
are based on Offner configuration. This is the case of the 
Hyperion instrument on board EO-1 NASA platform or 
HyspIR[5], but also for the imaging spectrometer for 
planetary mineralogy[6], EnMAP[7], CHRIS (on board 
proba-1)[8].  
   The present instrument (Chandrayaan 2) consists of a four 
optics telescope, slit,spectrometer, order sorting filter and 
detector. The instrument design is presented at figure 1. 
 

Figure 1 : Hyperspectral instrument design (AMOS 
proprietary). 
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III. GRATING DESCRIPTION 
The grating descriptionis  summarizedin the table 1. 

Table 1 grating specification related to Chandrayaan 2 
mission[3] 

Surface profile Convex spherical 
Surface shape Circular 
Clear aperture >37 mm 
Radius curvature 88.4±0.05 mm 
Material Optical grade aluminium 
Coating Gold 
Groove density 20 grooves/mm 
Incidence angle of 
the central field 

27.12 degrees  

Optimization order +1 
 

IV. DESIGN AND MODELIZATION OF THE 
CONVEXGRATING 

   IV.1.INTRODUCTION 
The grating specifications require a period of 50 µm with 

a spectral range of operation from 0.7 to 5µm. Based on a 

preliminary study, we understand the challenge due to the 
wide spectral bandwidth. As a consequence, a multi-blazed 
grating is predicted as the only viable solution. The choice 
ofblazeanglesand the configuration are dictated by 
therequired diffraction efficiencydefined by figure 2. 

 

 

Figure 2 :  Diffraction efficiency requirement for the 
convex grating. 

 

As far as modelling of surface-relief metallic gratings is 
concerned, an efficient tool is the PC  Grate software based 
on a rigorous integral method of solving the electromagnetic 
problem[9]. Blazed gratings with TE and TM polarization on 
flat or non-flat substrate can be modeled and optimized. The 
diffraction efficiency over the diffraction orders is fully 
characterized. Numerical instabilities can arise, especially 
with large period as we find in this case. 
For that reason, a simpler more intuitive approach is also 
possible since the grating period is large, compared to the 
wavelength: the �scalar theory� approach is another useful 

tool.Both tools will be used and compared to enhance the 
trust level of simulations. However, only the rigorous theory 
will give information about the polarization sensitivity of the 
grating. 

This paper will focus on the optimization of the Chandrayaan 
2 diffraction grating. The goal is to fulfill the requirements, 
especially the spectral behavior of the diffraction efficiency 
and the polarization sensitivity. The proposed method 
consists in defining a �multi-blazed profile�and we will use 

both scalar and rigorous theories. 

IV.2. Scalar theory  
The scalar theory is very convenient. It is a theory that 

ignores the vectorial aspect of light but provides results 
comparable with those obtained with rigorous theories under 
specific conditionswhile being less time consuming and 
easier to implement. Moreover, the scalar theory allows for 
an easier approach to optimise diffraction gratings, while 
rigorous theories sound more like tools to check the 
diffraction characteristics for the gratings designed. The 
scalar theory is a powerful tool to deal with high period to 
wavelength ratio grating. Scalar theory is known to be 
accurate if[10], [11] 
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(1) 

Where Ë is the grating period and ë is the wavelength. 
For the Chandrayaan 2 hyperspectral imaging spectrometer, 
the wavelength range extents from 0.7 to 5µm for a grating 

period of 50µm. Even the worst case (50µm/5µm) responds 
to the scalar theory criterion. This means that Fourier theory 
can be used. However, this model does not take into account 
the polarization state. The scalar diffraction efficiency for 
reflective gratings assuming a perfectreflectivecoating is 
given by[12]: 

 
 

(2) 

Where k is the diffraction order and h is the grating thickness 
directly linked to the blazed wavelength: 

2
b
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(3) 

 

Therefore, for one given thickness when ë = ëb, the grating 
achieves 100% diffraction efficiency at the diffraction order 
k.The diffraction efficiency will be zero for every other 
diffraction orders. Combining equations 2 and 3, the 
diffraction efficiency for the first order (k = +1) of diffraction 
becomes: 

 
 

(4) 

IV.3. Rigorous theory: �PCGrate software� 

Our rigorous analysis tool allows calculating the 
diffraction efficiency of gratings on plane, spherical, 
cylindrical and aspherical surfaces. PCGrate uses an accurate 
boundary integral equation method, with some optimization 
parameters, which is described with numerous references 
directly on the website of PCGrate[13]. 

IV.4. Diffraction efficiency and polarization sensitivity 
IV.4.1. Profile construction 

Using therigorous theory, we simulated the grating 
performance with respect to the grating profile, departing 
from ideal triangular blazed profile. 
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Also, we know that the tooling can produce a default on the 
edges of the profile: the top edge being randomly flattened 
over 5 µm while the groove bottom being rounded with a 
radius of curvature of 5(10)µm over the last 3(5) microns for 
the less (more) rounded profile.The goalis to analyze the 
impactit can have onthe gratingdiffraction efficiencyas well 
assensitivity topolarization. We constructed two types 
ofrealisticprofiles (less and more rounded profiles) according 
to each of the blazing angles that are needed in the 
multiblazed profile.The figure 3shows an example of realistic 
profiles (less and more rounded) compared to the ideal blazed 
profile for a blaze wavelength of 3000 nm. 
 

 
Figure 3: Ideal and realistic profiles used in the simulations 
for a blazing at 3000 nm (notethat the ordinate is not at the 

same scale as the abscise). 
 

 
Figure4:Ideal and realistic profiles for a blazing at 3000 nm: 

at scale. 

IV.4.2. Single blaze 
The next figures compare the diffraction efficiency 

spectral behavior computed with the scalar and the rigorous 
theories at a blaze wavelength of 3000 nm. Figures 5 depicts 
performance with respect to an ideal profile for scalar theory 
while figure 6 represents non polarized diffraction 
efficiencies given by rigorous theory for a perfect reflective 
grating with ideal, less and more rounded profiles. 
 

 
Figure 5: Diffraction efficiency of the +1st diffraction order 

for a grating with a single blazing, at 3000 nm based on 
scalar theory using ideal profile. 

 
Figure 6:Non polarized diffraction efficiencies of the +1st 

diffraction order for a perfect reflective grating with a single 
blazing, at 3000 nm based on rigorous theory using ideal, less 

and more rounded  profiles (see figure 3). 
 

Ascan be seen on both figures5 and 6, results of the scalar 
theory are similar to those of the rigorous theory for ideal 
profile. If we compare theidealand realistic profiles (figures 
6), the maximum diffraction efficiencydecreased by 16% 
from ideal to more rounded profile with a slight shift to the 
lower wavelengths.This decreaseis significantand can 
beimportantif theprofile rounding isimportant.But the 
mostimportant conclusion isthat one cannotcover the 
entireband requirement with a single blaze grating. 

IV.4.3. Multi-blazed grating 
The previous results show that onecannot 

reachthedesireddiffractionefficiencyover the entire bandwith 
a single profile grating. To overcome this problem, a 
multilevel diffraction grating (figure 7) can be used in order 
to mix diffraction efficiency spectra and reach an average 
multilevel diffraction efficiency with higher homogeneity in 
accordancewith the technical specifications. 

 

 
Figure 7:Multilevel diffractive grating 

 
The multilevel gratings can be defined over a period[11], 
[14], [15], [16] but in our case, the hybrid grating profile 
might be built as an ensemble ofsub-gratings (sections)each 
with itsblaze angle at fix period and fix draft angle á (often 
assumed as zero). It means that the groove depth h is 
increasing when the blazing angle ϒ increases as shown on 
figure 8. 
 

 
Figure 8: Influence of the blaze angle ã on the grooves depth 

h with a draft angle á. 
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During the manufacture of the multi-blaze grating, it is 
obligatory to change the slope of the diamond cutting tool to 
change the blaze angle and the depth passing from one 
section to the other. In this case, the rulings between different 
blazes will tend to match at the peaks and the difference 
between the average heights will be high. Therefore the mean 
phase difference is considerably large[17]. This would have a 
detrimental effect on the point spread function (PSF). The 
ideal solution is to match the mean heights thus leading to a 
zero mean phase difference between the blazes. 
We will first use thescalartheory to demonstrate the 
feasibilityof this technique and determinetheblaze 
geometriesthat can be implemented in the software 
toolPCGrate,better suited to apply all technical 
specificationsof the grating.In figure 9, each curve 
corresponds to a single blazing, centered at a specific blaze 
wavelength. The legend specifiesthe selected blaze 
wavelengths.Once more, the desired diffraction efficiency 
cannot be reached over the entire band with a single blaze. 
Thesimulation shows that a nine blazing profiles grating has a 
smooth diffraction efficiency curve with the desired 
diffraction efficiency (figure 10). 
 ,, 

 
Figure 9:Diffraction efficiency for nine ideal blazing profiles, 

corresponding to nine blaze wavelengths as shown on the 
legend, given by scalar theory. 

 

 
Figure 10: Diffraction efficiency of multi-blazed gratingwith 

ideal profiles given by scalar theory compared to the 
minimum required. 

 

Using therigorous theory, we built 9blazing profiles(idealand 
realistic) as described in section IV.4.1andwe modeled a 
grating with9 sectionseach with its ownblaze 
wavelength.Figures11, 12 and 13 show thediffraction 
efficienciesof themulti-level grating using respectivelyideal, 

less and more rounded profiles,with the grating parameters 
given in the table 1, 
andthecomparisonwiththerequiredperformance of thegrating. 
We note thatthe diffraction efficiencyof the multi-blazed 
grating, given by rigorous theory for ideal profile,is 
obviously similarto that given by scalar theory. 
 

 
Figure 11: Diffraction efficiency for the multi-blazed grating 
given by rigorous theory using ideal profiles with the grating 

parameters given in the table 1. 
 

 
Figure 12: Diffraction efficiency for the multi-blazed grating 
given by rigorous theory using less rounded realistic profiles 

with the grating parameters given in the table 1. 
 

 
Figure 13: Diffraction efficiency for the multi-blazed grating 

given by rigorous theory using more rounded realistic 
profiles with the grating parameters given in the table 1. 

 

The comparison between therealisticandideal profiles (figures 
11, 12 and 13)shows that diffraction efficiency decreases 
with rounded profiles. A loss of 5% is remarkablethroughthe 
ideal profiletomoreroundedprofileespecially in the middle 
infrared. 
   An important drawback when using grating as dispersive 
element is the relatively large polarization sensitivity i.e. the 
diffraction efficiency is different for TM and TE polarization. 
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This difference depends on the incidence angle, wavelength 
and spatial frequency of the grating. The polarization 
sensitivity of the grating can be studied with the rigorous 
theory. The equation 5calculates that dependency as the 
contrast or degree of polarization: 
 

 
 

(5) 

Where and are respectively the diffraction 
efficiencies for TE and TM polarized light. 
The polarization dependency of this multi-blazed grating can 
be deduced from the curves of figures 11, 12 and 13. Figure 
14 depicts that dependency as the contrast or degree of 
polarization for ideal and realistic profiles.In the case of 
theChandrayaan 2 hyperspectral imager, the polarization 
contrast of the grating should remain below 5%. This 
requirement is met over almost the whole spectral band by 
the realistic profiles and more than 80% of the band by the 
ideal profile. 
 

 
Figure 14: Polarization contrast of the +1st diffraction order 
for a multi-blazed grating based on rigorous theory  using 

ideal and realistic rounded profiles. 
 

If there alisticprofiledecreasesthe diffraction efficiency, italso 
reducesthe polarization contrast.Thepolarizationcontrast 
decreased from 7.2% for theidealprofileto less than 2 
%forthemore rounded profileespecially in the middle infrared 
where the sensitivity is the highest. The computation proves 
that a way to reducethe polarization contrast consists in 
adapting a smoother grating profile. 
Withinthedesireddiffractionefficiency, ashapeflattenedat the 
topanda roundedbottomof the groovesreducesthe effect 
ofpolarization sensitivity.Such a profile is also closer to 
manufacturing capability. 

   IV.5. Diffraction efficiency as a function of incidence angle 
Since the multi-blaze grating is convex, the incidence 

angle of an almost collimatedwavefront varies along its 
surface. For an incidence of 27.12 degrees at the grating 
center, the incidence angles at left and right ends are 
respectively 15.04 and 39.20 degrees. 
Consequently, the diffraction efficiencyofmulti-blaze grating 
withidealprofileas a function ofthe incidenceangle is studied 
below. Thesimulationis performed ata wavelengthof3000 
nm.Thediffraction efficiencyslowly varies as a functionof 
incidenceangleunder 40 degrees (figure 15).  
 

 
Figure15:Diffraction efficiency for the multi-blazed grating, 

as a function of incidence angle, given by rigorous theory 
using the ideal profile. The red line indicates the ideal 

incidence angle (27.12 degrees).The black and green lines 
indicate respectively the incidence angles at left (15.04 
degrees) and right (39.19 degrees) edges of the grating. 

 
The polarization contrast as a function of the incidence angle 
is given by thefigure 16. 
 

 
Figure 16: Polarization contrast of the +1st diffraction order 

for a multi-blazed grating, as function of incidence angle, 
based on rigorous theory using ideal profile. The red line 

indicates the ideal incidence angle (27.12 degrees). The black 
and green lines indicate respectively the incidence angles at 
left (15.04 degrees) and right (39.19 degrees) edges of the 

grating. 
 

As can beseen, thepolarization contrast ofmulti-blaze 
gratingremains far below the required value of 5% inside 
working limits. 

V. CONCLUSION 
The results obtained with single blaze have shown that 

such diffraction grating cannot cover a spectral range from 
0.7 microns to 5 microns with the required diffraction 
efficiency. Consequently, we proposed a nine (9) sections 
multi-blaze grating each with its own blaze wavelength: 700, 
1000, 1400, 1800, 2200, 2500, 3000, 3300 and 4400 nm. The 
calculation of the diffraction efficiency using both rigorous 
and scalar theories has shown that such conception is 
covering the given spectral band with efficiency matching the 
required specifications. Unfortunately the diffraction gratings 
exhibit a non-negligible sensitivity to polarization. We also 
showed the impact of a rounded profile as encountered with 
practical manufacturing techniques:the diffraction efficiency  
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decreases with rounded profiles but the polarization 
sensitivity is also reduced especially in the mid infrared. We 
also calculated the degree of polarization of multi-blaze 
depending on the angle of incidence for a wavelength of 3000 
nm. The results show that when the angle of incidence 
remains inside the working limits, the polarizationcontrast 
remains low. 
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