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ABSTRACT 

We present the design, architecture and results of the End-to-End simulator model of the high resolution spectrograph 
HIRES for the European Extremely Large Telescope (E-ELT). This system can be used as a tool to characterize 
the spectrograph both by engineers and scientists. The model allows to simulate the behavior of photons starting 
from the scientific object (modeled bearing in mind the main science drivers) to the detector, considering also 
calibration light sources, and allowing to perform evaluation of the different parameters of the spectrograph design. In 
this paper, we will detail the architecture of the simulator and the computational model which are strongly 
characterized by modularity and flexibility that will be crucial in the next generation astronomical observation 
projects like E-ELT due to of the high complexity and long-time design and development. Finally, we present 
synthetic images obtained with the current version of the End-to-End simulator based on the E-ELT HIRES 
requirements (especially high radial velocity accuracy). Once ingested in the Data reduction Software (DRS), they will 
allow to verify that the instrument design can achieve the radial velocity accuracy needed by the HIRES science cases.  

Keywords: End-to-End model – End-to-End modular modeling – End-to-End flexible modeling – Spectrograph 
parametric model – High resolution spectrograph – E-ELT telescope. 

INTRODUCTION: MOTIVATION AND MAIN GOALS  
In the last decades astronomical observation projects have become more and more complex both in term of 
technologies, instrumentations, operative modes and procedures. This arises both from the infrastructure required by 
large aperture telescope and even more heterogeneous and complex instrumentation.  
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In order to overcome and mitigate this situation it became necessary to develop End-to-End instrument models2,3, i.e. 
simulators which allow physical modeling of the whole system from the light source to the reduced data. 

The aim of our work is to design and develop the physical model of the different modules, which compose the entire 
End-to-End system, directly during the project design phase. This approach will benefit the entire project since it allows 
to: 

• generate synthetic detector images starting from starlight or calibration light that closely represent the expected 
ones from the commissioned instrumentation, that will serve for detailed scientific verifications of the proposed 
observations; 

• exploit the generated detector images for the development of the data reduction software in parallel to the 
instrument design, or alternatively, for test and verification purposes of existing data reduction pipelines, 
exploring the possibility of reusing existing pipeline code;  

• keep  the whole system and its different modules efficiently under control during every phase of the project 
(both design and assembly-integration phases) allowing to test directly the chosen design from simulated frames 
to data reduction and analyses.  

• exploit reliable tools (the different operative modes of the simulator) at a system engineering level to evaluate 
the effect of the main instrument parameters directly on the final performance. 

• evaluate the effects on the final performance of the different instrument architectures and technologies;  

• achieve a deep understanding of the design as well as design optimization and improvements exploiting the 
capability of early identification of system level problems;  

• gather an early performance verification purposes ensuring design requirements are met;  

• give reliable inputs for calibration procedures;  

• improve the effectively achievable scientific goals, through the observation performance optimization during 
simulation, long before it is carried out in practice; 

• plan efficiently the observation proposals and programs that will be run on the actual instrument;  

 

Fundamental general aspects which characterize the simulator are its modularity and flexibility. They will be extremely 
important in the next generation telescopes and their related instruments like the E-ELT (European Extremely Large 
Telescope) because of the high complexity and long-time design and realization. Moreover these aspects will help an 
efficient evaluation of the effects of new technologies (e.g. instrumentations) and procedure (e .g. data reduction 
software). Modularity and flexibility will be of relevant importance in the design and building of an End-to-End 
simulator, which foresees the integration of different software packages that are aimed to allow a successful cooperation 
of a wide range of users: from project manager and engineers to instrument scientist and astronomers.  

 

 

MAIN CAPABILITIES 
In order to design and develop the End-to-End instrument simulator the following main tasks have been identified: 

• to evaluate the spectral energy distribution of different targets like star, QSO or galaxies (these are of course 
related to the specific observation  program); 

• to account for the effects of the atmosphere; 

• to perform a simulation of the complete optical train of the instrument; in particular for all the possible 
operative modes (e.g. different resolutions) of the instrument and all possible operation phases;  

• to take into account both optical aberrations and diffraction effects; 
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• to take into account both mechanical and thermal effects; 

• to perform high accuracy image reconstruction to be provided to data reduction pipeline; 

• to include a simulation of the detector properties and of the impact of cosmic rays. 

 

END-TO-END MODEL STUDY CASE: THE E-ELT HIRES 
 
We present in this section the specific study case we have focused on for the design and development of the simulator, 
which is the High Resolution Spectrograph at the European Extremely Large Telescope (this is for the moment called E-
ELT HIRES in order to avoid wrong association with the HIRES spectrograph at Keck telescope). We give an overview 
of the E-ELT design and of the spectrograph proposed architecture concept. 
 
 
E-ELT HIRES overview 

The huge photon collecting power of the 39 m primary mirror diameter E-ELT (see Figure 1 and 2) coupled with a High 
Resolution Spectrograph (E-ELT HIRES) will allow the European high resolution community to make fundamental 
discoveries in a wide range of astrophysical areas, outlined by the Science Team of the E-ELT HIRES Initiative4,5,6:  

• The study of Exo-planetary atmospheres and the detection of signatures of life on rocky exo-planets. 

• The chemical composition, atmospheres, structures and oscillations of stars. 

• The spectroscopic study of the galaxies evolution as well as the three dimensional IGM reconstruction at high 
redshift. 

• Fundamental constants (such as the fine-structure constant α and the proton-to-electron mass ratio µ) variation 
and the related cosmology.  

The E-ELT will be the largest telescope to observe in visible and infra-red light; the baseline of the optical design (see 
Fig. 1) is a five mirror solution1: aspherical (almost paraboloid) primary mirror M1, a convex secondary mirror M2 with 
4 m diameter, concave tertiary mirror M3 with 3.75 m diameter, and two flat mirrors (called M4 and M5). These two 
latter mirrors have the purpose to feed two Nasmyth focal stations and for adaptive optics; below each Nasmyth platform 
a Gravity Invariant focal station, fed by a steerable and removable mirror (M6), will be located (see Fig. 2). In addition 
the M6 mirror and a Coudè-train relay optics will allow to feed a Coudè focal station, which will be specialized to host 
instruments requiring very high long term stability in terms of thermal and mechanical perturbations. The telescope 
structure (rendering shown in Fig. 3) will be alt-azimuth type. 

 
 

Figure 1. E-ELT optical layout: Nasmyth focus (left) and Gravity invariant focus (right), taken from [1]. 
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Figure 2. E-ELT structure, rendering, taken from [1]. 
 

The E-ELT spectrograph preliminary architecture concept, proposed by the E-ELT HIRES Initiative working group and 
at the moment in the phase A of the project, is highly modular. It foresees different independent fiber-fed echelle cross-
dispersed spectrographs optimized for different wavelength bands of the whole spectral coverage of the instrument 370 
nm to 2400 nm (see Figure 3 for details).  
 
The different spectrometers can be divided according to their specific function into two units: the pre-slit unit, a re-
imaging system which collects the light from the fiber optics and feeds the spectrometer unit, which has the usual 
purpose of separate the light into its constitutive wavelengths and then refocus them onto the detector surface. A fore-
optics system in combination with a lens-let array is used to couple the telescope focal plane and the fiber optics6, which 
are vertically re-arranged to feed the pre-slit unit.  
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calculation. The Polarimeter11 Unit aim to simulate the induced telescope polarization effects and the final odd and even 
flux at the polarimetry arm output. It is foreseen the simulation of the physical operative conditions in terms of ambient, 
mechanical and thermal effects. The module interfaces with Atmospheric Module, Telescope Module, the Image 
Simulation Module and Detector module. 

Image Simulation Module 

It simulates the image on the detector surface by generating low resolution spectra or high resolution echellograms 
according to the user required observing mode; synthetic frames are obtained by convolving the ideal image of a specific 
object or entrance slit at a specific wavelength (optical fiber at a specific wavelength in the case of fiber fed instruments) 
with the resulting PSF of the whole instrument. The module is split into two units: one, the First Order Unit, takes into 
account first order diffraction and optical blurring effects in the PSF to be used in the convolution with the ideal image; 
the other, called Second Order Unit, estimates second order effects on the PSF halo due to pupil obscurations and non-
uniform illumination (as also deeply described in Li Causi et al 201413). This module also combined the 
efficiencies/throughput computed by other modules to simulate the number of photons hitting each pixel of the detector. 
Interfaces are with all other modules. Optical defocusing effects due to both flatness deviation of detector surface and 
beam divergence across the thickness of detector substrate (especially for thick full-depleted CCDs) are also taken into 
account by this module. 

Detector Module  

This module simulates the real final detector outputs, modeling the photon noise (due to the quantum nature of light) 
and all the detector physical effects: quantum efficiency, charge diffusion, charge transfer efficiency (CTE), read-out 
noise, conversion into ADU, detector bias, dark current, non-linearity, defects like bad pixel/column and 
contaminants like cosmic rays; it is interfaced with Image Simulation Module and DRS pipeline (which is not part 
of the End-to-End simulator).   

Control program of the whole simulator architecture 

The whole End-to-End simulator architecture is planned to be controlled and managed by a high level program, external 
to the different modules listed above. This high level program integrates all the modules by setting the input data, 
parameters and passing data between them; moreover it will also call the different modules at appropriate times, 
managing the data flow and it will determine the times at which a module must be run again to account for a change in 
its input data or parameters. At the current version most of the functions and operations that coordinate the different 
modules are implemented in MATLAB. A possible different implementation could be considered (e.g. C++)  on the 
basis of the optimization of the performance in modularity and flexibility managing as well as the maximization of the 
End-to-End simulator usability by the wide range of users for which it is developed. 

PRELIMINARY RESULTS: INSTRUMENT AND IMAGE SIMULATION MODULES 
Instrument Module: Spectrograph Unit 

The purpose of the Instrument Module is to simulate the physical aspects of the different optical components of the 
instrument, taking into account aberrations, distortion and diffraction effects as well as the physical operative conditions 
of the instrument in term of ambient, mechanical and thermal effects. Here we present the results concerning the 
spectrograph which can be modeled using two different alternative versions: the Parametric Version and Ray-Tracing 
Version. The former is based on a physical parametric model built with the physical equations and relations which 
characterize the optical elements, while the latter is a ray-tracing version built with commercial optical design software 
(e.g. ZEMAX). Dispersion and diffraction effects as well as optical component efficiency have been already taken into 
account, while ambient, mechanical and thermal effects will be introduced in the future versions. A detailed description 
and verification of the paraxial parametric model can be found in a previous proceeding14. Below we list the main 
parameters related to the spectrograph physical model, while in figure 6 we show a schematic representation of them.  

Inputs Parameters form other modules: telescope primary mirror diameter, angular aperture diameter of the object 
image on the telescope focal plane (which is actually related to the seeing condition) and pixel size. 
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lnpu t Parameters from other Modules:
cope primary mirror diameter

Angular aperture diameter of the obiect image on the telescope focal plane
Pixel size

Top Level Requirements &
Input performance data:

Resolving power
waveiengrn Dana
Optical Efficiency
Spectral and spatial sampling values
Inter -order separation

1

Instrument Module:
E -ELT High Resolution Spectrogr

Input variable parameters:
Optical fibers number & working F -ratio
Main collimator F- ratios
Echelle grating blaze angle & groove density
Cross disperser working angle & line density
Various possible anamorphic effects

The relevant output parameters for the instrument design:
Echelle grating numbers
Spectrograph camera optics working F- ratios
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Input variable parameters: number of optical fibers and their working F-ratio; main collimator F-ratios (which could be 
different in the x, spectral, and y, spatial, directions), echelle grating blaze angle, groove density and tile size (normally 
high resolution performances require a mosaic made by more than one echelle grating), cross disperser working angle 
and groove density, various different possible anamorphic effects generated by the spectrograph optical components. 

Top level requirements and input performance data: resolving power, wavelength coverage and band division, spectral 
and spatial sampling values, inter-order separation (separation of the different diffracted orders projected onto the 
detector surface). 

The critical output parameters for the instrument design, mainly related to technical complexity and cost issues which 
characterize the proposed architecture concept and/or involved or assessed technologies, are: echelle grating numbers to 
form the mosaic, spectrograph camera size and optics working F-ratios, number of detectors required the collect the 
whole echellogram. 

 

 
Figure 6. Schematic of the Instrument Module for the E-ELT high resolution spectrograph main input and output (for both 
the instrument design at a system engineering level and for the final generation of synthetic echellogram) parameters. 

 

The other relevant outputs which come out from this model are the coordinates of the projected resolution elements on 
the detector surface (in particular the coordinates the projected image of the central point of the spectrograph entrance 
slit is calculated in the paraxial parametric model); these are passed as input to the Image Simulation Module for the 
generation of synthetic diffracted spectra. An example of the echellogram format retrieved by the Instrument Module is 
shown in figure 7. 
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and the implementation of Spectrograph Unit of the Instrument Module have been illustrated (referring to a previous 
paper for further details), showing an example of echellogram format simulation. For what concern the Image Simulation 
Module the key parameters for the pixel flux calculation have been defined and the innovative approach based on heavy 
parallel computing CUDA by NVIDIA and cloud computing architecture is described. In the future developments of the 
simulator the contribution of all the other modules will be integrated in order to run a complete end-to-end simulation.  
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