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El diseño de sistemas ópticos, entendido como un arte por algunos, como una 

ciencia por otros, se ha realizado durante siglos. Desde los egipcios hasta nuestros días 

los sistemas de formación de imagen han ido evolucionando así como las técnicas de 

diseño asociadas. Sin embargo ha sido en los últimos 50 años cuando las técnicas de 

diseño han experimentado su mayor desarrollo y evolución, debido, en parte, a la 

aparición de nuevas técnicas de fabricación y al desarrollo de ordenadores cada vez más 

potentes que han permitido el cálculo y análisis del trazado de rayos a través de los 

sistemas ópticos de forma rápida y eficiente. 

Esto ha propiciado que el diseño de sistemas ópticos evolucione desde los 

diseños desarrollados únicamente a partir de la óptica paraxial hasta lo modernos 

diseños realizados mediante la utilización de diferentes técnicas de optimización 

multiparamétrica.  

El principal problema con el que se encuentra el diseñador es que las diferentes 

técnicas de optimización necesitan partir de un diseño inicial el cual puede fijar las 

posibles soluciones. Dicho de otra forma, si el punto de inicio está lejos del mínimo 

global, o diseño óptimo para las condiciones establecidas, el diseño final puede ser un 

mínimo local cerca del punto de inicio y lejos del mínimo global. Este tipo de 

problemática ha llevado al desarrollo de sistemas globales de optimización que cada vez 

sean menos sensibles al punto de inicio de la optimización. Aunque si bien es cierto que 

es posible obtener buenos diseños a partir de este tipo de técnicas, se requiere de 

muchos intentos hasta llegar a la solución deseada, habiendo un entorno de 

incertidumbre durante todo el proceso, puesto que no está asegurado el que se llegue a 

la solución óptima.  

El método de las Superficies Múltiples Simultaneas (SMS), que nació como una 

herramienta de cálculo de concentradores anidólicos, se ha demostrado como una 

herramienta también capaz utilizarse para el diseño de sistemas ópticos formadores de 

imagen, aunque hasta la fecha se ha utilizado para el diseño puntual de sistemas de 

formación de imagen.  

Esta tesis tiene por objeto presentar el SMS como un método que puede ser 

utilizado de forma general para el diseño de cualquier sistema óptico de focal fija o 

Resumen 
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afocal con un aumento definido así como una herramienta que puede industrializarse 

para ayudar al diseñador a afrontar de forma sencilla el diseño de sistemas ópticos 

complejos. 

Esta tesis está estructurada en cinco capítulos:  

 El capítulo 1, es un capítulo de fundamentos donde se presentan los conceptos 

fundamentales necesarios para que el lector, aunque no posea una gran base en óptica 

formadora de imagen, pueda entender los planteamientos y resultados que se presentan 

en el resto de capítulos 

El capitulo 2 aborda el problema de la optimización de sistemas ópticos, donde 

se presenta el método SMS como una herramienta idónea para obtener un punto de 

partida para el proceso de optimización. Mediante un ejemplo aplicado se demuestra la 

importancia del punto de partida utilizado en la solución final encontrada. Además en 

este capítulo se presentan diferentes técnicas que permiten la interpolación y 

optimización de las superficies obtenidas a partir de la aplicación del SMS. Aunque en 

esta tesis se trabajará únicamente utilizando el SMS2D, se presenta además un método 

para la interpolación y optimización de las nubes de puntos obtenidas a partir del 

SMS3D basado en funciones de base radial (RBF). 

En el capítulo 3 se presenta el diseño, fabricación y medidas de un objetivo 

catadióptrico panorámico diseñado para trabajar en la banda del infrarrojo lejano (8-12 

μm) para aplicaciones de vigilancia perimetral. El objetivo presentado se diseña 

utilizando el método SMS para tres frentes de onda de entrada utilizando cuatro 

superficies. La potencia del método de diseño utilizado se hace evidente en la sencillez 

con la que este complejo sistema se diseña. Las imágenes presentadas demuestran cómo 

el prototipo desarrollado cumple a la perfección su propósito.  

El capítulo 4 aborda el problema del diseño de sistemas ópticos ultra compactos, 

se introduce el concepto de sistemas multicanal, como aquellos sistemas ópticos 

compuestos por una serie de canales que trabajan en paralelo. Este tipo de sistemas 

resultan particularmente idóneos para él diseño de sistemas afocales. Se presentan 

estrategias de diseño para sistemas multicanal tanto monocromáticos como 

policromáticos. Utilizando la novedosa técnica de diseño que en este capítulo se 

presenta el diseño de un telescopio de seis aumentos y medio.  

En el capítulo 5 se presenta una generalización del método SMS para rayos 

meridianos. En este capítulo se presenta el algoritmo que debe utilizarse para el diseño 

de cualquier sistema óptico de focal fija. La denominada optimización fase 1 se 
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introduce en el algoritmo presentado de forma que mediante el cambio de las 

condiciones iníciales del diseño SMS que, aunque el diseño se realice para rayos 

meridianos, los rayos skew tengan un comportamiento similar. Para probar la potencia 

del algoritmo desarrollado se presenta un conjunto de diseños con diferente número de 

superficies. La estabilidad y potencia del algoritmo se hace evidente al conseguirse por 

primera vez el diseño de un sistema de seis superficies diseñado por SMS.  
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Abstract 
 

 

The design of optical systems, considered an art by some and a science by 

others, has been developed for centuries. Imaging optical systems have been evolving 

since Ancient Egyptian times, as have design techniques. Nevertheless, the most 

important developments in design techniques have taken place over the past 50 years, in 

part due to the advances in manufacturing techniques and the development of 

increasingly powerful computers, which have enabled the fast and efficient calculation 

and analysis of ray tracing through optical systems. 

This has led to the design of optical systems evolving from designs developed 

solely from paraxial optics to modern designs created by using different multiparametric 

optimization techniques. 

The main problem the designer faces is that the different optimization techniques 

require an initial design which can set possible solutions as a starting point. In other 

words, if the starting point is far from the global minimum or optimal design for the set 

conditions, the final design may be a local minimum close to the starting point and far 

from the global minimum. This type of problem has led to the development of global 

optimization systems which are increasingly less sensitive to the starting point of the 

optimization process. Even though it is possible to obtain good designs from these types 

of techniques, many attempts are necessary to reach the desired solution. This is 

because of the uncertain environment due to the fact that there is no guarantee that the 

optimal solution will be obtained. 

The Simultaneous Multiple Surfaces (SMS) method, designed as a tool to 

calculate anidolic concentrators, has also proved useful for the design of image-forming 

optical systems, although until now it has occasionally been used for the design of 

imaging systems. 

This thesis aims to present the SMS method as a technique that can be used in 

general for the design of any optical system, whether with a fixed focal or an afocal 

with a defined magnification, and also as a tool that can be commercialized to help 

designers in the design of complex optical systems. 

The thesis is divided into five chapters.  

Chapter 1 establishes the basics by presenting the fundamental concepts which 

the reader needs to acquire, even if he/she doesn‟t have extensive knowledge in the field 
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of image-forming optics, in order to understand the steps taken and the results obtained 

in the following chapters. 

Chapter 2 addresses the problem of optimizing optical systems. Here the SMS 

method is presented as an ideal tool to obtain a starting point for the optimization 

process. The importance of the starting point for the final solution is demonstrated 

through an example. Additionally, this chapter introduces various techniques for the 

interpolation and optimization of the surfaces obtained through the application of the 

SMS method. Even though in this thesis only the SMS2D method is used, we present a 

method for the interpolation and optimization of clouds of points obtained though the 

SMS3D method, based on radial basis functions (RBF). 

Chapter 3 presents the design, manufacturing and measurement processes of a 

catadioptric panoramic lens designed to work in the Long Wavelength Infrared (LWIR) 

(8-12 microns) for perimeter surveillance applications. The lens presented is designed 

by using the SMS method for three input wavefronts using four surfaces. The 

powerfulness of the design method used is revealed through the ease with which this 

complex system is designed. The images presented show how the prototype perfectly 

fulfills its purpose. 

Chapter 4 addresses the problem of designing ultra-compact optical systems. 

The concept of multi-channel systems, such as optical systems composed of a series of 

channels that work in parallel, is introduced. Such systems are especially suitable for the 

design of afocal systems. We present design strategies for multichannel systems, both 

monochromatic and polychromatic. A telescope designed with a magnification of six-

and-a-half through the innovative technique exposed in this chapter is presented. 

Chapter 5 presents a generalization of the SMS method for meridian rays. The 

algorithm to be used for the design of any fixed focal optics is revealed. The 

optimization known as phase 1 optimization is inserted into the algorithm so that, by 

changing the initial conditions of the SMS design, the skew rays have a similar 

behavior, despite the design being carried out for meridian rays. To test the power of the 

developed algorithm, a set of designs with a different number of surfaces is presented. 

The stability and strength of the algorithm become apparent when the first design of a 

system with six surfaces if obtained through the SMS method. 
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“All the truths are easy to understand once they are discovered; the point is to 
discover them.” 

Galileo Galilei 
  

1.1 Fundamental concepts in geometrical optics [1],[2] 

 

Light is an electromagnetic wave, the propagation of which is described in 

Maxwell‟s equations. However, when the wavelength of this electromagnetic wave is 

sufficiently small, the light can be described by a set of curvilinear trajectories that 

comply with some geometrical laws. The branch of optics that studies these sets of 

trajectories is known as Geometrical Optics, and the set of curvilinear trajectories rays 

of light. 

 

1.1.1 The Eikonal Function 

The waves‟ equation for the vector E of an electromagnetic wave is given by 

 

    
 

 

   

   
   

(1.1) 
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Of course, if E verifies Eq. (1.1), all its components also verify this equation. 

Let‟s consider one of the components of the vector E, as is the case in all the problems 

of Geometrical Optics.  

 

    
 

 

   

   
   

(1.2) 

 

The solutions of this equation are the basis of Geometrical Optics. ξ(r, t) is one 

of the components of the vector E. A monochromatic wave can in general be described 

by 

 

                       (1.3) 

 

where g(r) is the phase of the wave when t=0. In Eq. (1.3), there is a term which 

represents the spatial part of the wave and the other part represents the harmonic 

behaviour, so Eq. (1.3) can be written 

 

                (1.4) 

 

where K(r) is the spatial part of the wave. K(r) must verify Helmholtz‟s 

Equation below: 

 

         (1.5) 

 

Let‟s consider a luminous wave which is propagating in a certain medium. As 

we have seen, its spatial term is given by  

 

                (1.6) 
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In order to see how this wave is propagating, let‟s consider a sphere of r0 radius 

which is surrounding the luminous wave at a certain time. If the sphere is small enough 

to verify that n(r) ≈ n(ro), and if the spatial term of the luminous wave remains constant 

and the phase can be approximated to the two first terms of the Taylor series, then we 

can write the spatial part of the luminous wave as 

 

                                  (1.7) 

 

As the spatial term must be the solution of Helmholtz‟s Equation, and taking 

into account that inside the sphere n(r) ≈ n(ro) we obtain the following result: 

 

            
        (1.8) 

 

If we define 

  

      
    

  
 

(1.9) 

 

then we can rewrite Eq. (1.8) as follows: 

 

     
 

       (1.10) 

 

where Eq. (1.10) is known as the Eikonal Function. This equation is one of the 

fundamental equations in Geometrical Optics. The optical direction cosines can be 

written in terms of the components of the Eikonal Function. Since Eq. (1.10) can be 

written in terms of its components: 

 

 
   

  

 

 
   

  

 

 
   

  

 

            
(1.11) 

  

then the optical direction cosine related with the eikonal equations  
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(1.12) 

 

1.1.2 Rays of light 

 As we have seen in the previous section, the direction of the propagation of the light is 

proportional to the gradient of the eikonal. Then if we define a unitary vector tangent to 

the trajectory of the light, it is will be given by the following expressions: 

   
   

     
 

(1.13) 

 

Using the Eikonal Function, Eq. (1.13) can be written 

         (1.14) 

 

If we consider a ray of light as a certain curve in the space   , then the vector to the 

curve in a certain point can be written as the derivative of the position vector of this 

point in relation to the arc parameter of the curve.  

 

  
   

  
     

(1.15) 

 

differentiating the arc parameter in both sides of Eq. (1.15) 

 

 

  
   

   

  
  

 

  
      

   

  
  

(1.16) 

 

It can be demonstrated that     

  
    Ref.[1]. Applying this over Eq. (1.16) we obtain 

the light rays equation.  
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(1.17) 

 

Each curve which is a solution of this equation is a ray of light. If the light is 

propagating in homogeneous media, then      and the solutions of Eq. (1.17) are 

straight lines. Throughout this doctoral thesis we will only consider homogeneous 

media, and this will allow us to represent the rays of light as straight lines. 

The optical path length between two points for the case of homogenous media 

will be given by 

 

      (1.18) 

 

where D is the distance between the two points.  

1.1.3  Wavefronts and Theorem of Malus and Dupin 

 One of the fundamental concepts in optics and a term that will be used very often 

throughout this doctoral thesis, is the concept of the wavefront. The wavefront can be 

defined as a surface in space which has a constant value of the optical path length. It can 

be demonstrated that the rays of light are normals to this surface, which means that if 

we have a point source, the wavefronts related with this source will be spheres. On the 

other hand if we locate the point source at long distance from the optical system, the 

rays will be parallel, which means that the related wavefront will be plane. 

 An important result was obtained first by Malus, and then by Dupin. They claim that 

the optical path length between two wavefronts is constant. This result can be seen in 

detail in Ref. [2]. This important result allows us to design optical surfaces which 

produce perfect image quality (we will see in the next sections the meaning of perfect 

image quality) as is the case of the Cartesian Oval. 

1.1.4 Stops, pupils and reference rays 

The physical aperture that limits the amount of light entering an optical system is 

known as aperture stop. The aperture stop can be a mechanical piece located between 

the lenses, and then is known as diaphragm, or it can be a lens mount.  
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The image of the aperture stop in the object space is known as Entrance Pupil 

(EP).The image of the entrance pupil trough the optical system or the image of the 

aperture stop in the image space is known as Exit Pupil (ExP).  

There are five rays which are known as reference rays for each wavefront that 

cross the entrance pupil. The reference rays are composed by the chief ray, which is the 

ray that crosses the centre of the entrance pupil and the marginal rays, which are the 

rays that cross the pupil at the borders  

We have talked about the physical aperture that limits the amount of light, in 

other words the physical aperture which controls the illumination of the optical system. 

Furthermore, the physical aperture that limits the size of the image in an optical system 

is known as field stop. Depending on the system, the field stop can be used to avoid 

parts of the image that are not interesting for the application.  

1.2  The Generalized Cartesian Oval 

Generalized Cartesian Ovals are reflective or refractive surfaces that transform 

one input wavefront Σ1 into another output wavefront Σ2. From the imaging optics point 

of view the problem of the Cartesian Oval consists in finding the optical surface that 

makes all the rays coming from a given point O focus on another point O‟, or in other 

words the optical surfaces which makes O and O‟ stigmatic, as shown in Fig. [1.1]:  

 

 

 
Figure 1.1 Generalized Cartesian Oval 

 

 

The condition that the optical surface must verify to make O and O‟ stigmatic is  
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                    (1.19) 

 

where P is any point belonging to the optical surface C. The Cartesian Oval 

calculation has been applied in imaging optics and in non-imaging optics, being the 

basis of the “string method” from which many high efficiency concentrators have been 

developed Ref.[3]-[4]  

1.3 Simultaneous Multiple Surfaces method (SMS) 

The Generalized Cartesian Oval problem makes us wonder, if it were possible to 

couple an input wavefront into an output wavefront, then what would happen if we 

considered more than one input wavefront. The simultaneous multiple surface method 

(SMS) has been specifically developed to answer this question by Miñano, Benitez and 

co-workers since the late 90s. Ref.[5]-[7] Basically, the SMS theory was born from the 

idea that if one free form surface is capable of transforming one input wavefront into 

another output wavefront, two free form surfaces should be capable of transforming a 

pair of input wavefronts into a pair of output wavefronts.  

Although the SMS theory was initially used for non-imaging applications, it is 

shown in Ref. [8] that it can also be used for imaging applications.  

 

 
Figure 1.2 Scheme of SMS method coupling two pairs of wavefronts 
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The basic example used to explain the SMS method is given in Fig. [1.3], where 

two sets of points and normals are obtained from coupling two wavefronts. The SMS 

chain consists of the following steps (as is explained in Wan‟s thesis Ref.[9]): 

 
 

1. P0 is a predetermined point with its normal vector N0 

2. Ray 1 comes from wavefront Wi2 and will be deflected after point P0 and P1 to 

Ray 2 of wavefront Wo2; P1 and its normal vector N1 are then calculated by 

means of the constant optical path length L2 between Wi2 and Wo2 

3. Point P2 and its normal vector N2 are calculated to transmit Ray 3 from 

wavefront Wo1 to wavefront Wi1 with constant optical path length condition L2 

4. Repeat the above process to obtain the SMS chain. 

 

The optical path lengths between two pairs of wavefronts should be carefully 

selected so that the chain can be integrated. Otherwise, curves interpolated through a 

calculated chain will not possess the normal vectors required. Later the SMS surfaces 

are constructed through a series of SMS chains. 

 

 
Figure 1.3 Scheme of SMS method coupling two pairs of wavefronts 

 

In Wan‟s thesis [9] the stability of the method has been improved.  
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1.4 Wavefront aberrations [10] 

As we have seen before, the Cartesian Oval is an optical surface which produces 

the stigmatic image of the object point O. From a wavefront point of view, we could say 

that a Cartesian Oval is a perfect imaging system for a punctual object. The optical 

system transforms the spherical wavefront centred in O (Σ in Fig. [1.4]) into another 

spherical waver front centred in O‟ (Σ‟ in Fig. [1.4])  

 
Figure 1.4 The ideal optical system. In the case of only one wavefront being considered, the 

ideal optical system, this would be the Cartesian Oval. 

 

Unfortunately, an optical system is more complicated than that, and the object is 

extended. This means that several spherical wavefronts coming from points in the object 

(or plane wavefronts depending on the location of the object) will cross the optical 

system, and it will be transformed into another wavefronts that in general won‟t be 

spherical anymore. Wavefront aberrations can be considered as the effect produced by 

the optical system that deforms the spherical wavefront in the exit pupil to a certain 

shape.  

Since the rays are normals in relation to the wavefront, the rays related with an 

aberrated wavefront will focus on different places in the image plane. In Fig. [1.5], the 

dash line represents the reference spherical wavefront (S), while the continuous line 

represents the real wavefront (W).  
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Figure 1.5  An aberrated wavefront at the exit pupil 

 

The aberration theory has been developed to indentify the different causes and 

effects that the aberrations produce in the input wavefronts. For any optical system we 

can define a function that it is known as wavefront aberration function. This function is 

a function of the coordinates of the ray in the exit pupil and in the image plane.  

 

 
Figure 1.6 Aberration coordinates 

 

Then any ray passing through the optical system can be defined by r, Φ and y‟. If 

we use  W to refer the wavefront aberration, 
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W=W(y’, r, Φ) 1.20 

 

The aberration function can be expressed as a power of series of these terms 

where it is normal to use the Hopkins notation iwjky‟irjcosk Φ: 

 

 

1.21 

 

The transverse ray aberrations can be obtained by differentiating the wavefront 

aberration Ref.[11]. In the next table we can see the dependence of the Seidel 

aberrations on the aperture and the field of view of the optical system. In the following 

table the relation of each third order aberration with the aperture and the field of view is 

shown.  

 

 Aperture Field of view 

Spherical aberration Cubic ----------- 

Coma Quadratic Linear 

Astigmatism Linear Quadratic 

Field curvature Linear Quadratic 

Distortion ---------- Cubic 

 

1.5 Image evaluation 

There are many methods to evaluate the image performance of an optical 

system, and the choice of which uses is important for the optical engineer to decide 

during the design phase. The method or the methods chosen must contain enough 



Chapter 1 Fundamentals  

 
22 

information in order to know on one hand what kind of aberrations the optical system 

has, and on the other hand if the image quality is good enough for the application. 

Although we will also use the spot diagram versus field of view (see Chapter 5) the 

two main methods that we will use along this thesis will be the ray aberration curves 

and the modulation transfer function (MTF). 

1.5.1 Ray aberration curves 

The ray aberration curves give enough information to the optical engineer in 

order to know what main aberrations that the optical system has. This kind of 

information is very useful in order to make the best decisions during the design phase, 

such as change the optical glasses use, introduce new elements or use more or less 

aspherical surfaces and so on.  

The ray aberration curves represent the behaviour of the meridian and the sagital 

rays of a certain wavefront in relation to the chief ray in the image plane. 

 
 

 

(a) 

 

(b) 

 

 

(c) 

 
Figure 1.7 (a) Scheme of the rays considered for the ray aberration curves  

(b) Ray aberration graph for meridional rays (c) Ray aberration graph for sagital rays 
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The ray aberration curves represent in the abscissa the normalized exit pupil 

radius, and in the ordinate the distance between the chief ray and the ray traced in the 

image plane. In Fig. [1.8] the typical curves of the primary aberrations are shown, 

except for the field curvature which is a defocus related with the field object angle 

represented. 

 
Figure 1.8 The third order aberrations represented in ray aberration curve, figure obtained from Ref. [11] 

1.5.1 MTF 

A common method to evaluate the performance of the optical system is the 

modulation transfer function (MTF). The MTF describes the contrast in the image (or 

the modulation Eq. (1.22) as a function of the spatial frequency. The Modulation is 

defined by the following equation: 

 

           
         

         
 

1.22 

 

The value of the MTF is given by  

 

    
                

                 
 

1.23 
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From the Optical Fourier theory, the MTF is the module of the Optical Transfer 

Function (OTF) which is the one-dimensional Fourier transform of the Point Spread 

Function (PSF) ( in the frequency domain. The OTF is given by 

 

                      
1.24 

  

As we can see in the equation, the OTF is a complex function, The real part of 

which is the MTF, and its imaginary part is given by the Phase Transfer Function (PTF), 

when the value of the phase exceeds 180 degrees, the effect in the image is a reverse in 

the contrast. 

For a perfect optical system with a circular pupil without obstruction, the MTF 

has the shape of Fig.[1.9] and is 0 at the optical cut-off frequency, which is given by  

  

 

For instance the MTF of a perfect lens F/2 designed for λ of 586nm 

 
Figure 1.9 MTF of perfect optical system F/2 for a wavelength reference of 586 nm 

 

The use of the MTF is so widespread that it is currently used for specifying 

optical systems. That is because the MTF gives information about the capacity of the 

optical system to resolve certain frequencies or in other words about the image 

performance. When the MTF is specified, it is important to define more than one 

         
 

    
 

1.25 
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frequency. In Fig [1.10] we can see the resolution of two optical systems. The first one 

Fig[1.10 (a)] has a good MTF at low frequencies and a worse MTF at high frequencies. 

The second optical system, Fig[1.10 (b)] has a lower value of the MTF at low 

frequencies but has a better MTF compare to the first system at high frequencies. 

 

(a) 

 

(b) 

Figure 1.10 (a) Optical system A with good MTF at low frequencies and poor MTF at high 
frequencies  

(b) Optical system with poor MTF at low frequencies and better MTF than optical system A at high 
frequencies 
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“Each problem that I solved became a rule which served afterwards to solve other 

problems.” 

René Descartes  

 

 

 
 

2.1 Introduction 

In the previous chapter we reviewed the fundamental optical concepts which we 

need to understand in order to undertake the design of imaging systems. The purpose of 

this chapter is to explain the basic concepts of optimization of optical systems and to 

demonstrate how the SMS method and its approximations, combined with optimization 

methods, can help us to obtain a fast optimal solution. 

In the last part of the chapter, different methods for data-fitting of the points 

obtained through the simultaneous multiple surface method or its approximations to 

optical surfaces will be presented. Some of these methods have been developed during 

Chapter2 
Optimization of optical 

systems 
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the course of this research in order to obtain continuous surfaces from the cloud of 

points and normals given by the SMS methods and its approximations.  

During the last 60 years, a lot of research has gone into the matter of how to use 

computers in order to trace as many rays as possible to evaluate an optical system, and 

how to make changes in design in order to increase image quality. Optical design 

software enables us to start making changes in some parameters for minimizing a 

function called „merit function’ in our optical systems.  

The optimization process consists in reducing the value of the merit function as 

much as possible, also known as „error merit function‟ because it can be understood as 

the relative error that the design has as regards the perfect solution (where there is a 

perfect solution, a system without aberrations isn‟t necessary). 

The problem of minimizing the merit function is solved using different 

techniques of optimization; each one has advantages and disadvantages (more 

information about different methods of optimization can be found in Ref.[1]). The main 

problem of the optimization process, as is explained in Ref.[2], is that the functions 

forming the merit function are not linear. Therefore, the solution very much depends on 

the starting point. In order to avoid this great dependence, other methods for 

optimization called “methods of global optimization” have been developed, such as the 

generalized simulated anhealing, or the global synthesis optimization method 

developed by ORA and now SYNOPSYS.  

Using these methods, the optimization process depends less on the starting point; 

however a large number of trials are required before a random change can find a good 

combination for the initial point. Some designers who use this kind of method take as 

initial point a set of parallel glass plates, and they obtain a good design. However, in 

general, lenses designed in this way are not likely to be as good as those in which the 

initial starting system is already well corrected. 

 

2.2 The merit function [1] 

The optical systems are defined by a set of parameters which includes all the 

physical characteristics that can be measured as the radius of curvature, the distance 

between optical elements, the thickness of the glasses used in the system, the 

coefficients of the surfaces which are not spheres (aspheres, diffractive, toroidals…).  
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Furthermore, to define the system by its parameters, it is necessary to analyze it by 

defining the ray data, which describe rays that are going to be traced through the optical 

system.  

Let‟s consider an optical system of n parameters (η1, η2, η3,……. ηn). Each ray 

which passes through the optical system will be described by six parameters, three 

coordinates and three director cosines. Due to the fact that each ray must fulfil the 

relation of the optical cosines in Eq.(2.1) and the coordinates must verify the surface 

equation, there are only four parameters of the independent ray  

 

  

 

where L is the direction cosine of the ray along the x axis, M is the direction 

cosine of the ray along the y axis, and N is the direction cosine of the ray along the z 

axis.  

With these considerations the rays coming from the object can be defined using 

four parameters (X0, Y0, L0, M0). In a similar way we can define the rays in the image. 

The parameters which describe the rays in the image can be obtained using four 

equations, Eq. (2.2):  

 

   

If the object is fixed, the quantities X0 and Y0 are of course fixed, in which case 

the bundle of rays coming from the object can be represented by two parameters instead 

of four. Let‟s call aberration functions Λ and Β and let is define them as: 

 

             (2.1) 

                                

                                

                                

                                   

 

(2.2) 
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Note that this is not the conventional aberration function. It is necessary to 

understand that during the optimization of optical systems the concept of aberration is 

wider and it is defined as the difference between the real position of the ray in the image 

   
    

   and the desired position for this ray (  
    

  .  

If Λ = Β =0 for all the rays coming from the object and all the variables of the 

system (            ), this means that we have found the exact value for each 

variable, which implies that every ray coming from the object strikes in the desirable 

point in the image. Note that to obtain the exact solution we should have the same 

number of aberrations as variables Ref.[5]. 

In general there will be more aberrations than variables, so the problem will be 

to find a set of changes in the variables x to minimize the sum of the squares of the 

aberration residuals. The functions G and H can only be evaluated by tracing a selected 

set of rays. 

 

 

Since the distinction of the aberrations function  i or Βi is not important, the 

problem description can be simplified by writing  

 

 

                              
    

     

                               
    

  

 

(2.3) 

      
    

  

 

   

 (2.4) 

     
               

 

   

 (2.5) 
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where    is one of the aberrations is functions  i or Βi. As there are much more 

significant rays than others, it is necessary to apply a factor called weight factor (  , 

then the function is re-written as:  

where    is the weight factor applied to the aberration residual function    

 

This function is mostly known as merit function .There are different ways to 

define the merit function. One of these is given in Ref.[2] as a function of parameters 

which describes the quality of the system (how close it is to the ideal solution). The goal 

of the optimization process is to reduce the value of this function as much as possible.  

However the definition of the merit function is still incomplete because the 

variables of the system are not unconstrained. In order to constrain the variables, it is 

necessary to define and to control several conditions called „boundary conditions‟. The 

right definition of the boundary conditions is one of the most important parts of the 

optimization problem.  

On the one hand, the boundary conditions that are usually defined during the 

definition of the merit function are related to the manufacturability of the optical 

elements and their physical properties. 

For instance, in order to help with the design in the manufacturability and the 

assembly process, variables such as the minimum air thickness, the minimum material 

edge, and the minimum air edge are controlled.  

 
Figure 2.1 Typical parameters used to define the boundary conditions  

(figure obtained of CODEV® manual) 

     
    

               

 

   

 (2.6) 
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On the other hand, there are other parameters, such as the effective focal length 

which must be controlled as well. For instance in the case of the effective focal length, it 

must be maintained at a fixed value within a small tolerance, otherwise the relative 

aperture, the angular field and everything else will change during the design process.  

In the same way as we have defined the aberration function, it is necessary to 

define a certain function which represents the boundary conditions; we will call this 

function  the function of constraints Ref.[3]. This function is defined for the constraints 

of the optical system which need a fixed value:  

 

  

where    is the difference between the value of the constraint and the value of 

the constraint that we need to obtain.  

In the same way as we have defined a weighting factor for the aberration 

functions, it is necessary to define a set of weight factors for the constraints. We can see 

that there are some fixed values that have a wider tolerance than others. Considering the 

constraints function, the merit function is written as: 

 

 

This is the general definition of the merit function. We can see that the value of 

the merit function depends not only on the aberration functions, but also on the 

constraint functions. That means that even if our system is very well corrected in terms 

of aberrations, if we impose a value for a constraint far from its initial value, the 

optimization will focus on reducing this big difference, and then the well-corrected 

initial point can be changed dramatically. For this reason it is important to understand 

that the values of the constraints of the initial point should be close to the final values, 

because the optimization process can focus only on correcting the aberration functions. 

We will see this more in detail in the following section. 

 

                               (2.7) 

     
    

               

 

   

     
     

 

 
              

 

   

 (2.8) 
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2.3 Starting point of the optimization 

Before starting on the design of the system, it is necessary to define its 

requirements and limitations (number of elements, number of aspheric surfaces, total 

cost,). The more complete the definition of requirements, the easier it will be to know 

how to set up the best strategy to define the starting point. In the following chart a list of 

parameters has been presented that must be considered during the definition of the 

requirements of the systems. We must take into account that some of them can be 

redundant or that meeting one can deny another.  

 
Table 2.1 List of parameters that must be considered in the definition of an optical system 

Effective focal length Wavelength and bandwidth Pupil locations 

Field angle or object size Transmission Aperture stop, field stop 

F-number Object and image distance Vignetting 

Clear aperture Magnification Distortion 

Size, weight and packaging constraints Back focal length Focus range 

Diffractive surfaces Plastic elements Aspheric surfaces 

Materials Environmental conditions Athermalization 

 

Once of the requirements of the optical system have been defined, we can start 

to design the system. The starting point (or initial point) is one of the most important 

concepts in optical design. This is because it is the point where the optical engineer 

decides what kind of optimization is necessary in order to obtain the desired result.  

As Smith said (as cited in Ref.[4]), experienced designers are often asked 

questions such as ‟How do you know where to start?‟. The answer to this question is 

almost always the same: designers learn from experience. However, certain tools or 

methods enable him/her to obtain a good starting point. Books on optical engineering 

(such as Ref.[5] and Ref.[6]) provide methods for designing an initial point using firstly 

order approximations, then achromatizing the lay-out. Other authors suggest that a 

previous design obtained from a patent book can be used as starting point. In this thesis 

we suggest using the SMS method and approximations, such as the aplanatics design, as 

methods for obtaining starting points. The main advantages of these methods are that 

the systems are well corrected for some input bundles of rays, and that they have well-

fixed constraints such as the focal length 
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2.4 Comparison of a telephoto design using different starting points 

As example of the concepts explained in the previous sections, let‟s design a 

telephoto for the SWIR (short wavelength infrared) band. As we explained before, the 

first step in the design process is to determine the optical parameters which define our 

optical system. Let‟s consider that for this application we are going to use a detector of 

640 x 512 pixels and 20 microns of pixel pitch (the purpose of this example being to see 

how the selection of the starting point of the optimization can change the final design; 

we won‟t consider the optical interface of the detector). Let‟s assume that the FOV for 

the application must be 0.92º x 0.73º. Considering the detector size and the FOV for the 

application, we can obtain the nominal focal length for the optical system using the 

well-known expression: 

  

where x is the horizontal size in mm of the detector and SHFOV is the semi 

horizontal field of view of the system. Using Eq.(2.9), 800 mm of effective focal length 

is obtained. Once the focal length has been defined we should fix the F-number of the 

system. Considering that we have a large value for the focal length, we should be 

careful when choosing the f/#, as it will drive EPD and as the volume of the system. 

Obviously, in order to have a small design in terms of volume, we need to design a slow 

system. But the question is: how slow can our system meet the range performance 

requirements for our application? We followed the criteria described in Ref.[7] and 

Ref.[8] based on the optical Q factor, which is a convenient and simple way of 

describing the theoretical limit of an imaging system, and it is defined as the 

relationship between the optical frequency cut-off and detector Nyquist frequency: 

where λ  is the wavelength,     is the f-number and p is the detector pitch. If we 

consider that the fill factor for the pixel is nearly 100%, then p ≈ xdet. The Nyquist 

frequency fN for a focal plane array with a detector pitch of xdet is given by  

 

 
             (2.9) 

  
    

 
 (2.10) 

   
 

     
 (2.11) 
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The optical system cut-off frequency is given by 

 If we use Eq.(2.11) and Eq. (2.12)we obtain the most common expression of Q as  

Thus, for an effective focal length of 800mm and f/8, we obtain for our 

application a value of Q = 0.52, and a reasonable size for the entrance pupil diameter.  

Once the main optical parameters have been defined, it is necessary to decide 

how to start the design. Although the optimization process for the designs is inevitable, 

as we have seen before, there are different ways to define the starting point. The starting 

configuration should, wherever possible, be a configuration which is inherently capable 

of meeting the specification for the design. In this example we are going to present three 

different approaches, each with different starting point. 

2.4.1 Using an existing design 

Since we want to achieve a long focal length but a short total length, a telephoto 

lens must be designed and a catadioptric configuration is always a good choice. For the 

first approach we will design the system starting from a conventional catadioptric 

objective that was originally used for a night-vision system, and with all spherical 

surfaces. Original parameters are Effective Focal length (EFL) 125mm and the Overall 

leght (OAL) 90mm, that is, a 0.72 telephoto ratio. This objective was designed for a 

spectral waveband of 480 to 900nm and ±4º FOV. It is faster than the current 

requirement f/1.47.  

 
Figure 2.2 Conventional night-vision objective f/1.47, efl 125, FOV ±4º, oal 90mm 

 

13:00:57

NIGHT VISION OBJECTIVE Scale: 1.40 IND  11-Aug-11 

17.86   MM   

    
 

    
 (2.12) 

  
   

   
 (2.13) 
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However, although it seems that only re-optimizing the radii and thickness of the 

current design would be enough, the considerations for the glass selection in the SWIR 

band are a bit different. In Ref. [8] a study about the differences between the glass 

selection in the visible band and the SWIR band is presented. In Fig. [2.3] a comparison 

is made between the ray aberration curves of the design considering the visible and NIR 

band and the design working in the SWIR band.  

As it can be seen in the Fig. [2.3] when we change the spectral band of work the 

chromatic aberration is not corrected anymore. This effect is because the doublet which 

it was correcting the chromatic aberration using a suitable combination of a crown and 

flint materials, in the SWIR band both glasses became to be flint materials (Abbe 

number <50) 

 
(a) 

 
(b) 

Figure 2.3 (a) Ray aberration curves in the visible and NIR band  

(b) Ray aberration curves in the SWIR band 

 

Furthermore, with the current effective focal length specification, maintaining 

the telephoto ratio would yield an unacceptable length, so we have to increase focal 

length and telephoto ratio at the same time. On the contrary we have to reduce the 

obstruction ratio: the original one was close to 50%, which was acceptable for an f/1.47 

system, but it is not for an f/8. As a result we need to increase power on the first lens 

1
0
:
5
1
:
3
5

   05-Nov-12

RAY ABERRATIONS ( MILLIMETERS )

  852.0000 NM

  768.0000 NM

  656.0000 NM

  546.0000 NM

  486.0000 NM

-0.05

 0.05

-0.05

 0.05

0.00 RELATIVE

FIELD HEIGHT

( 0.000 )
O

-0.05

 0.05

-0.05

 0.05

0.50 RELATIVE

FIELD HEIGHT

( 1.000 )
O

-0.05

 0.05

-0.05

 0.05

TANGENTIAL 1.00 RELATIVE SAGITTAL

FIELD HEIGHT

( 2.000 )
O

1
0
:
5
3
:
0
4

   05-Nov-12

RAY ABERRATIONS ( MILLIMETERS )

 1728.2000 NM

 1555.5000 NM

 1322.1000 NM

 1079.1000 NM

  904.3000 NM

-0.05

 0.05

-0.05

 0.05

0.00 RELATIVE

FIELD HEIGHT

( 0.000 )
O

-0.05

 0.05

-0.05

 0.05

0.50 RELATIVE

FIELD HEIGHT

( 1.000 )
O

-0.05

 0.05

-0.05

 0.05

TANGENTIAL 1.00 RELATIVE SAGITTAL

FIELD HEIGHT

( 2.000 )
O



Chapter 2 Optimization of optical systems  

 
36 

and the first mirror. As this will make tolerances tighter, we define several zoom 

positions with decentred elements that are optimized simultaneously.  

That means that our merit function should consider as constraints the value of 

the effective focal length necessary for this design and the desirable overall length of the 

objective. On the other hand, because the starting point was designed to work in other 

spectral band; the initial point won‟t be well corrected so the value of the aberration 

function during the beginning of the optimization will be high.  

This design uses the first lens second surface as second mirror, which is an 

elegant solution from the manufacturability point of view. But since the first lens bends 

in a meniscus shape at the early stages of the design, this constraint had to be released. 

Another mechanical constraint imposed was a positive back focal length.  

In order to achieve the desired optical performance, both elements 1 and 2 now 

include aspherical surfaces. The positive focusing group in the original design is 

substituted by a negative doublet that controls colour and distortion but also increases 

back focal length.  

The resulting system has the desired focal length, but a 60mm total track, that is, 

0.075 telephoto ratio with 13% obstruction and 4mm image clearance. The image 

quality is diffraction limit on axis but not for off-axis fields due to the chromatic 

aberration. Distortion is virtually zero.  

 

  
(a) (b) 

Figure 2.3 SWIR objective (a) Lens configuration (b) Image quality 

 

As we have seen in this particular design, it is possible to achieve a final design 

that meets the imposed requirements using as a starting point a design which is far for 

the final solution. However, this entails building a complex merit function where the 
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weights of the aberrations and constraints must be controlled during all phases of the 

design. 

2.4.2 Using an aplanatic design as a starting point 

Another strategy for the design would be to use a starting point where some of 

the constraints are met and part of the field of view is well corrected. To set up an 

aplanatic design is an easy way to start and depends on the design offers a really good 

results.  

  Aplanatic designs are free from on-axis spherical aberration and linear coma. 

These two conditions mean (1) stigmatic on-axis image and (2) the Abbe sine condition. 

The opposite is also true; a design which produces a stigmatic on-axis image and 

fulfilling the Abbe sine condition is aplanatic.  

Considering a Cassegrain configuration, the aplanatic condition is achieved with 

two mirrors whose curvatures are designed using two conditions, the Abbe sine 

conditions and the Fermat principle. Of course, the optical system may have more than 

two surfaces. In general, it is possible to design an aplanatic system by designing only 

two of them, i.e. considering all other surfaces prescribed. Besides, there is another 

possibility which we will use to design the telephoto.  

These other surfaces can be used for different purposes. In this design we will 

add additional elements during the optimization process, so we will consider the 

aplanatic design as a starting point. 

The expression that an aplanatic system has to verify when the object is at 

infinity is obtained in Ref. [9] and is given by  

 

where f is the effective focal length, x is the height of the ray measured from the 

optical axis, and θ is the angle between the optical axis and the ray in the image point. 

In Ref. [9] we can find the procedure for designing two aspheric mirrors where 

two given points are aplanatic. In Fig. [2.4] we can see the process of the graphical 

construction for two aspheric mirrors when the object is at infinity.  

 

        (2.14) 
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(a) 

 
(b) 

 
(c) 

 
Figure 2.4 Design process of two aplanatic mirrors (a) Initial points and normals of the design (b) The 

rays from the image point F with a certain angle θ after two reflections must go to a point with a 

coordinate x, where x= fsinθ (c) The final design designed for the half aperture (D/2) 
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Note that the method gives us a list of points and normals for each mirror so they 

must be approximated by some function. In section 2.5 we will study different 

techniques to perform the skinning process. For this particular design, Forbes 

polynomials have been used, Ref. [10]-[12]. 

  

 
(a) 

 
(b) 

 
(c) 

Figure 2.5 Using an aplanatic objective as a starting point (a) Starting point for the optimization process 

(b) RMS spot versus field of view for the aplanatic design (c) MTF on-axis for the aplanatic design 

 

As the design was started from an aplanatic design, only on-axis perfect image 

quality is achieved. As we can see in Fig. [2.5 (b)], for other values of off-axis fields, 

the value of the spot size is increasing. Since the value diagonal field of view of the 

objective that we want to design is ±0.58º, we could consider that starting from this 

aplanatic design, 13% of the total FOV is corrected.  

In order to correct the field aberrations and distortion, more elements must be 

added to the system. For this design we decided to use a doublet in order to correct the 

chromatic and help with the field aberrations. Distortion is corrected by a front lens with 

second surface aspherical. 
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Considering that the main constraints of the design have been met before starting 

the optimization during the optimization process, we only have to take care of the field 

aberrations and the distortion. The optimization process is faster than in the previous 

case.  

As compared with the previous system, this one is slightly larger: 62mm but 

obstruction is much reduced, down to 4.8%. Off-axis image quality is improved and 

distortion is about 1% as shown in the next figure. 

 

 
(a) 

 
(b) 

 
(c)     

 
Figure 2.6 SWIR objective (a) Final design after the optimization process  

(b) MTF image quality (c) Distortion 

2.4.3 Using the SMS2D method  

As we have seen in the previous design, it is possible to obtain good results 

using an aplanatic design as a starting point. Considering that the aplanatic design is a 

particular case of two surface SMS2D designs Ref. [13], Ref. [16]-[21], the next natural 

step would be to use the SMS2D method in order to obtain another starting point closer 

to the final result.  
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The standard SMS2D process includes two parts: initial curves selection and 

Recursive Cartesian Oval calculation Ref[14-21]. The initial curves selection plays an 

important role in the SMS calculation because all the curves will grow in small 

segments from selected initial curves. A good selection of initial curves differs greatly 

from a bad selection in both stability of the SMS process and performance of the final 

optical design. Since the central vertices of initial curves can be defined loosely from 

mechanical or optical requirements of the system, a set of criteria is needed for the 

selection of the central shape of the initial curves. From paraxial image calculation or 

aplanatic conditions, initial curves can only control axial rays, without considering non-

axial rays 

Here we propose a set of wavefront criteria for three initial curves selections, as 

shown in Fig 2.6. The theory of the SMS method states that three surfaces can perfectly 

coupling three input wavefronts in three output wavefronts Ref. [15]. In this work, only 

meridian ray bundles are selected for the SMS2D design, therefore they are placed 

symmetrically around the optical axis, which is a reasonable representation of all the 

meridian ray bundles. Points V1, V2, V3 are central vertices of the initial curves that can 

be defined beforehand by system requirements. R2 is the chief ray which passes from an 

on-axis point Obj2 to an on-axis point Img2 along the optical axis. R1 is the chief ray 

which passes from an off-axis point Obj1 to an off-axis point Img1, and R3 is its 

symmetrical counterpart. R1, R2, R3 all pass through the vertex of middle curve: V2.  

  

 
Figure 2.6. Wavefront criteria for initial curves selection 

 

The wavefront criteria requires that the meridian wavefronts around the chief 

rays of three object points should be transformed into the meridian wavefronts of their 

corresponding image points by passing through this rotational optical system with 

generalized ray-tracing Ref. [22]. In this way, not only axial rays, but also non-axial 
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meridian rays around R1 and R3 form perfect images by initial central curves. The 

solution to wavefront criteria might not be unique. It often results in several different 

shapes of initial curves. Later, after an SMS construction for each selection of initial 

curves, we can determine which is the better solution by simply ray-tracing designed 

ray-bundles (meridian ray-bundles in our case). The better solution to wavefront criteria 

should have better control of the designed rays.  

Once the initial curves are selected, the rest of each curve can be grown from the 

initial curves, as shown in Fig [2.8]. 

 

 
Figure 2.8 SMS growth process 

 

Primarily, a small segment Seg1 of curve 2 is calculated as a Cartesian Oval 

from the existing part of curve 1 and curve 3 to image Obj2 into Img2; secondarily, a 

small segment Seg2 of curve 1 is then calculated through Seg1 and curve 3 to image 

Obj3 into Img3; thirdly, Seg3 of curve 3 can be calculated from Seg1 and curve 1 to 

image Obj1 into Img1. By repeating the same process, all segments can then be grown 

from the initial curves. 

In order to achieve high compactness with high optical performance we suggest 

a XRXR SMS2D design. In SMS nomenclature, X refers to a reflective surface and R to 

a refractive surface. 

In the design procedure described above, the first reflective surface is pre-given. 

In this case we have used a parabola with a certain curvature. This affords additional 

freedom to optimize the optical system, because we have only designed the system with 
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meridian rays, without controlling skew rays. The optimization is achieved by simply 

varying the central curvature of the first given parabola, and then continuing the 

SMS2D construction for the others three curves, which is a one-variable optimization 

process. The merit function for this optimization is the largest RMS spot size, calculated 

by ray-tracing both meridian rays and skew rays. 

 

 
Figure 2.9 SMS2D XRXR design 

 

Using the SMS2D construction, the resulting starting point is shown in Fig. [9]. 

As we can see, the monochromatic system is diffraction limit over most of the field of 

view. At this point, we have only used fictitious glass for a single wavelength of 1300 

nm.  

 

 
 

(a) (b) 
Figure 2.10 (a) Starting point given by the SMS2D (b) Image quality 

 

The optimization process plays an important role in controlling all the 

requirements that have not been covered during the SMS method, such as the colour 
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correction. As more degrees of freedom are needed, the strategy is to transform the 

element designed using the SMS method into a doublet and using a field lens to 

maintain control over off axis aberrations. The choice of the glass is automatic using the 

CODEV® macro glass expert, which is quite useful, especially when your starting point 

is monochromatic.  

 
Figure 2.11 SWIR objective final design 

 

 
(a) 

 
(b) 

Figure 2.12 SWIR objective (a) Image quality (b) Distortion 

 

The resulting system is the shortest one with a total track of only 52mm 

(telephoto ratio 0.065), plus the smallest obstruction, only 4.3%. Besides, because the 

first element has been removed its weight has been reduced to only 210gr for an 

aluminium primary that is 39% of the weight for the first system. 
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2.5 Curve-fitting and interpolation for the optimization of optical 

surfaces 

As we have discussed in the previous sections the optimization process consists 

in minimizing the error merit function. This process is carried out changing in small 

increments the parameters of the optical systems such as the index of refraction, the 

thickness and the coefficients used for describing the optical surfaces which make up 

the system. 

The methods used during this doctoral thesis to perform the different designs 

give us a set of data (composed of points and their normals) that must be adjusted to a 

curve. This curve will be described for a set of coefficients whose can be modified 

during the optimization process. 

The problem that we have to face is to find an analytic function which is the best 

approximation to the data obtained. The rotation of this function around the optical axis 

provides us with the desirable optical surface. Once we have the optical surface, 

describes as an analytical function, it can be used in the optimization process. 

In the general case of the design in 2D, the data obtained can be adjusted using 

the common expression of the aspherical curve expressed in Eq. (2.15). The function 

f(x) is composed of two terms: the first term describes a conic, and the second term is a 

polynomial of order 2M+4, which represents the departure of the conic 

 

The revolution around the optical axis of this expression gives us the well-

known aspherical surface in polar representation  

     
   

              
            

 

   

 (2.15) 
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where ρ2=x2+y2 

However as Forbes has proved Ref. [10] this representation is inefficient and 

numerically unstable. As we will see in the next section, it is not the best option for our 

problem of data-fitting either 

2.5.1 Data-fitting using orthogonal polynomials. Forbes description 

The data-fitting using polynomials is a very well-know method and consist into 

adjusting a set of points (xμ, yμ) {μ=1,……, m} using a polynomial of order k defined as 

: 

 

Fitting the data means that the norm      of a certain vector called error vector is 

minimum. In other words if we define the components of the error vector as 

 

  

and the Euclidean norm 

  

The mathematical problem of data-fitting is to find the values of the coefficients t0, 

t1,…, tk which mean that: 

             

 

In general and in our case we will find the coefficients that minimize the root mean 

square of the error vectors. 

 

     
   

              
            

 

   

 (2.16) 

                    (2.17) 
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This problem can be applied for obtaining optical curves. As we discussed before, in 

general we can adjust the points obtained using the SMS method to a curve described in 

Eq. (2.16), so that the problem of data-fitting is to find the values of {c, k, A2m+4} with 

m=0,1,…, M. 

However, the problem of the data-fitting is more efficient if we use orthogonal 

polynomials. And that is because when we obtain the normal equations of the least-

squares data-fitting problem, if we use orthogonal polynomials these equations can be 

represented using a diagonal matrix Ref. [13]  

Considering that, Forbes has presented a new way to represent the aspherical 

surfaces using two kinds of orthogonal polynomials called Qcon and Qbfs Ref. [10]-[12] 

The use of the Qcon polynomials is more recommended when we are using strong 

aspheres, and it follows this expression 

 

However there are other cases when the aspheres have their deviation from the 

sphere constrained. In those cases the best way to describe the aspheric surface is using 

[Shape specification for axially symmetric optical surfaces] 

 

 

where ρmax is the value of the semi clear aperture and the cbfs is the curvature of the best-

fit sphere. 
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2.5.2 Comparison between Forbes polynomials and the common expression for 
aspheres 

 

As an example, we can see the advantages for our designs using the Forbes 

polynomials to adjust arrays of points instead of the common representations. 

Let‟s explain this with a simple example. Consider that we want to design an 

aplanatic lens of NBK7, an effective focal length of 30 mm and a numerical aperture of 

0.42. If we just apply the method to design this kind of systems Ref. [9] we obtain two 

arrays of points that they can be seen in Fig. [2.13]: 

  

 
Figure 2.13 Aplanatic points obtained 

 

Now we will adjust the array of points 1 to a certain curve 1 and the array of points 2 

to the curve 2, first we will consider that both curves follow the Eq. (2.16) and we will 

compare the results after using Eq. (2.21). We use seven terms for the departure of the 

conic  

  

Figure 2.14 Comparison of the fit error for both surfaces using Forbes polynomials and the common 

equation for the aspheric surface 
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2.6 Interpolation of optical surfaces using RBF 

Although in this doctoral thesis we haven‟t designed using methods to design in 

3D, such as the SMS3D, during the study of data-fitting we studied the best way to face 

the problem when the data obtained are a cloud of points in the three dimensional space. 

The problem faced before was to adjust a set of points contained in a plane which also 

contains the optical axis; now we just generalize the problem. 

An optical surface can be represented as a sum of basis functions as:  

 

where i are the basis functions, and wi the coefficients or weights of these 

functions. In this section we are going to present the radial basis functions, in particular 

the Gaussians functions as the basis functions for describing the optical surfaces. The 

main advantages of using these kinds of functions are: 

 

 The Gaussian functions are smooth functions which mean that they have n 

continuous derivatives. 

  The Fourier transform of a Gaussian function is also a Gaussian function 

which provides us with an analytical description of the PSD (Power Spectral 

Density). The PSD is represented for a lineal combination of Gaussian 

functions. 

  

 

Definition [13]. A function,  : s
 is called radial if it exists a function 

),0[:  that: 

 

 

 And   is a certain norm over s space that will usually be the Euclidean norm. In 

this section we suggest functions as: 
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The parameter  is the shape factor of the function which is related to the 

variance  of a normal distribution through the following expression:  

 

If we form the Gaussian function using the Euclidean norm 2
  we obtain for 

each pre fixed centre xK  s a function  

 

where k y  are related through the expression  

 

 

This relation led us to the name Radial Basis Function (RFB) Ref. [24]  

 

2.6.1 Data-fitting using Gaussian functions 

In order to study the behaviour of the RBF we have used and academic design. 

The design consists of a lens (the function of which it is to produce aberrations in the 

spherical wavefront coming from the object point) and a freeform mirror. The freeform 

mirror will transform the aberrated wavefront into a spherical wavefront whose centre is 

located in the image point.  

To obtain the cloud of points of the freeform mirror we imposed the condition of 

constant optical path between the wavefront coming from the object and the wavefront 

of the image (Theorem of Malus-Dupin).  

 2)( rer   , where rs (2.25) 
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The resolution of this problem gives us as a result a cloud of points and normals 

which can be adjusted using linear combinations of functions expressed in Eq. (2.28) 

obtaining the wanted surface 

In order to face this problem we have considered: first the method used by Ref. 

[25], where the shape factor is fixed, and secondly we have used the shape factor as 

another coefficient to adjust. In both cases, in order to fix the centres we have defined a 

mesh with MxM equispace Gaussians.  

 

 
Figure 2.15 Mesh of Gaussians functions. 

 

 
(a) 

 
(b) 

 

Figure 2.16 Construction of the surface, (a) The analytical points obtained after adjusting the data to the 

surface (b) The 3D representation of the surface  

 

We will follow the same criteria as in the previous sections. In order to know if 

the adjustment to the surface has been accurate enough, we will study the behaviour of 

the surface, i.e. the surface has to have the same behaviour as the cloud of points and 
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must provide us with a perfect image of the object point. We will consider that we 

obtain a perfect image when the RMS of the spot diagram is under of 1 micron. 

In order to perform the simulations and to study the optical behaviour of the optical 

surface we have used CODEV®. As a part of the study we have developed a special 

library to use our functions (gausian.dll) which allow us to represent the surface from 

the parameters obtained from the adjustment. 
 

 Data-fitting using a fixed shape factor 

  

Using this kind of adjustment there are two types of initial parameters which must 

be considered before starting the process of the data-fitting. First we must fix the 

number of Gaussian functions that we will use, and secondly, we must fix the value of 

the shape factor (). We can see below now the proper value of the shape factor has a 

deep influence in the precision and the numerical stability of the solution. 

In the Fig 2.17 the simulations performed with CODEV® are presented. Through 

this method we use as parameters the number of functions, the weights of each one and 

the shape factor. As can be seen in the figure, the adjustment gets better when we 

increase the number of functions for a fixed shape factor.  

 

 

 
(a) 

 
(b) 

17 x 17 
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(c)  

Figure 2.17 Different simulations using a different number of functions with the shape factor fixed to 0.1 

(a) RMS spot size : 461 m.(b)RMS spot size: 7 m. (c)RMS spot size: 5 m 

 

In Fig. [2.17], we can see that there is a dependence between the chosen mesh 

and the adjustment of the data to the surface. As it might be expected, the adjustment is 

better if we increase the number of Gaussians. However even using a high amount of 

Gaussians, (1936 functions used in Fig. [2.17(c)]), the image quality is not perfect. This 

means that the surface that we have obtained doesn‟t represent the cloud of points well 

enough. 

In the next charts we can see how the adjustment varies also with the shape 

factor chosen. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2.18 Spot size versus shape factor for a different number of basis functions 
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As a conclusion of the charts shown in Fig. [2.18] the shape factor has a big impact 

on the result of the adjustment. There is no procedure in order to know before 

performing the adjustment which is the best value of the shape factor. For this reason 

this method can be a bit inefficient, because several attempts are needed to find the best 

adjustment of the surface to the data.  

 

 Data-fitting using a variable shape factor 

 

This method is maybe a bit more complex than the method applied before, however 

as we will see is more efficient. This new method is performed in two steps. In the first 

step, we adjust the shape factor for each Gaussian considering that the weight factor of 

each one is equal to the unity. In order to perform this first step we split the space of 

points in different regions where there is only one node (a Gaussian function). In each 

region we calculate the shape factor that is the best value which adjust the node to the 

points. Repeating the process for each node of the mesh we can obtain different values 

for the shape factor for each function. 

In the second step, we fixed the shape factor with the values obtained and we 

calculated the weight factor as in the first method. 

In order to represent the surfaces, it is necessary to change the library because we 

have new input parameters such as the weight factors, the number of functions and the 

shape factors which make up the surface. 

This new degree of freedom is going to allow us to obtain better results with a less 

dense mesh. In Fig. [2.19] we present the results obtained for 7x7 RBF,9x9 RBF and 14 

x14 RBF 
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(c) 

 

Figure 2.19 Different simulations using a different number of functions with a variable shape factor  

(a) 7x7 RBF, RMS spot 894 m (b) 9x9, RBF, RMS spot 4.7 m(c) 14x14 RBF, RMS spot 0.1 m 

 

As we can see in the figure, as in the previous method, the adjustment depends 

on the number of functions used. However, if we compare both methods, using a 

variable shape factor we achieve a perfect imaging (0.1 microns of rms spot size), using 

196 functions. With the other method, using 1936 functions, we achieved a rms spot 

size of 5 microns. 

On the other hand, as we are using fewer functions, the simulations and the 

adjustment are faster and more efficient.  

 

2.7 Conclusions 

In this chapter we have studied the main concepts for optical systems 

optimization. Through an example we have seen how by using a proper starting point, 

the optimization process can be performed in a more efficient way. In order to verify 

this fact, we have undertaken the optical design of a compact telephoto for the SWIR 

band.  

The problem was set out using three different methods for obtaining the starting 

point: the first suggested method was to use an existing design (note that this kind of 

strategy is widely used for optical engineers).Due to the fact that the starting point used 

was corrected in the visible band, and the focal length was far from the desirable value, 

the definition of the merit function was complicated and the optimization process 

needed many trials to yield us a good design. As an alternative way to face the problem 

10:45:33

MALLADO 14X14 PERFECT IMAGING Scale: 5.70      13-Aug-09 

4.39    MM   
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we suggested using the simultaneous multiple surface method and its approximations. 

For the sake of simplicity, we started using the aplanatic approximation which can be 

considered special case of the SMS method. The starting point that the aplanatic 

approximation provides is very well corrected on axis, and the constraints as the f-

number and the effective focal length have the desirable value. In the optimization 

process, we only have to correct the field aberrations and the distortion. Although this 

starting point gives us a final design similar to the first method in terms of telephoto 

ratio and image quality, the optimization process is faster and needs fewer trials than the 

first method. The SMS method provides us with a starting point which is well corrected 

on axis and for two points of axis. Through the proper selection of the off-axis points, 

the full field of view can be corrected. However the starting point was monochromatic, 

for this reasons it is necessary to use the optimization process to correct the chromatic 

aberration. Using the SMS approximation we have obtained a design with the same 

image quality with minimum volume and weight.  

In the last part of the chapter we have presented different techniques for the 

data-fitting of the points obtained through using the SMS and its approximations. 

Through an example we have demonstrated the advantages of using orthogonal 

polynomials in order to obtain good results. Furthermore, the radial basis functions, the 

Gaussian functions, have been presented as a good method to interpolate a cloud of 

points in 3D to an optical surface. This kind of interpolation has been performed before 

[24]-[26]. In this research we have improved the method by using the local adjustment 

of the shape factor. This fact allows us to improve the results by using almost ten times 

less Gaussian functions. 
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“A lot of people in our industry haven’t had very diverse experiences. So they 
don’t have enough dots to connect, and they end up very linear solutions without 
a broad perspective on the problem. The broader one’s understanding of the 
human experience, the better design will have.” 

Steve Jobs  

 

3.1  Introduction 

 

Over the past years panoramic vision systems have been in high demand because 

of their use in several applications: as security cameras for buildings or perimeter 

surveillance, webcams for video conferences and driving cameras. 

In defence applications (security or driving cameras) the infrared technology 

presents many more advantages than other technologies. This is due to the fact that the 

thermal sensor can obtain images independently from the weather conditions or the 

luminosity of the scene. However these systems are still expensive compared to other 

sensors such as the CCDs or the intensified cameras. Although the resolution of the 

thermal sensors is still lower than the CCDs or intensified cameras, IR technology is 

more expensive than other technologies.  

Chapter 3.  
 Design of a panoramic 

objective using the SMS 
method 
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Depending on the application a Fish-eye Ref. [1] design can be used. 

Nevertheless the disadvantage of these kinds of configurations is that their range 

performances are limited. This is because the field of view per pixel or Instantaneous 

Field of View (IFOV) Ref. [2] is quite high which has a direct influence on the range 

performance. For this reason these kinds of configurations are only capable of detecting, 

identifying and recognizing objects at a close distance. 

In order to increase the range performance of panoramic systems is necessary to 

split the field of view. The idea consists of decreasing the IFOV of the system in order 

to increase its range performance. Nowadays there are two kind of panoramic thermal 

systems, systems that we could call Static systems which they are composed of more 

than one camera, and dynamic systems which they are composed for only one camera 

rotating n times 360º. The images are captured during the rotation and the final image 

that is presented is the composition of all the images.  

Companies such as FLIR SYSTEMS have decided to produced Static systems 

launching to market products such as Thermovision WideEyeTm, which is composed of 

two sensors obtaining a total field of view of 180º x 38º and Thermovision WideEyeTM 

II, where they three sensors are used to obtain a total FOV of 180º x 45º 

 

 

 

Figure 3.1 Thermovision WideEyeTM and Thermovision WideEyeTM II from FLIR SYSTEMS 
 

The dynamic system, which uses image processing and continuous spinning of 

the camera, is achieved to obtain a vision of 360º. However this kind of systems 

presents disadvantages such as low resolution and a noticeable delay in the image 

Companies such as HGH Systèmes Infrarouges, DSR Tech DSR Tech & Thales 

Nederland y Thales present products using this kind of method 
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(a) 

 

 

 

(b) 

 

 

(c) 

Figure 3.2 (a) Sistema VIGISCAN de HGH Systèmes Infrarouges (b) SIRIUS de DSR Tech & Thales 

Nederland (c) IRSCAN de Thales 

 

The goal of this chapter is to present the design of the objective for a static 

system. The purpose of the system is that it can be used as vigilance applications for 

driving applications. Before considering the optical design of the objective, it is 

necessary to decide which sensor will be more suitable for our purpose.  

The infrared spectral band is divided mainly into three bands as shown in Fig. 

[3.3] (due to the fact that there are three atmospheric windows), NIR (near infrared 1-3 

μm), MWIR (middle waveband infrared 3-5 μm) and LWIR (long waveband infrared 8-

14 μm). The technology for the MWIR and LWIR bands is more developed than the 

NIR for defence applications 

 
Figure 3.3 Typical atmospheric transmittance for the three IR atmospheric windows 
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The main differences between both bands are: 

 

 MWIR. Thermal sensors which work between 3-5 μm are more suitable 

to observed targets with high thermal contrast and environmental 

conditions with a high temperature and humidity.  

 On-board systems for detection 

 Thermal signatures of missiles, aircrafts, ships, tanks… 

  LWIR. Thermal sensors which work between 8-12 μm are more 

suitable to observed targets with a temperature close to the scene.  

 People or animals  

 Land vehicles 

 Buildings 

 Most used for land applications of surveillance.  

 

Considering the targets that are necessary to observe for the application, the 

sensor will work between 8-12 microns. This is simply because the wavelength of the 

peak emission is best fitted. Once the band has been decided the next critical decision 

for the design will be the kind of detector that will be used. There are two families of 

detectors in the LWIR band which are related with their operating temperature: cooled 

and uncooled detectors. 

  The cooled detectors received this name because the detector is contained in a 

vacuum housing. In order to increase the sensibility the detector is cooled to cryogenic 

temperatures. The housing where the detector is located is called Dewar. An aperture 

stop is located inside the Dewar, this stop limits the angle over which the detector 

receives radiation. In Fig. [3.4] an optical sketch of the IR cooled detector is shown.  

 
Figure 3.4 Optical sketch of an IR cooled detector  
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One important parameter of this kind of systems is the cold-stop efficiency. This 

parameter is defined as the percentage of the total scene source power reaching the 

detector. In order to obtain 100% of cold stop efficiency it is necessary to guarantee that 

the exit pupil of the focusing optics is located in the position of the cold stop. This 

means, that the cold stop of the detector is the aperture stop of the system.  

However there are other kinds of detector which work at ambient temperature. 

There are known as un-cooled cameras. In general these are detectors of 

microbolometers. The microbolometers are thermistor-based detectors that measure 

temperature change in a thermally isolated membrane heated by infrared radiation 

absorbed on the surface. Micro-electro-mechanical systems (MEMS) technology is used 

to provide good thermal isolation from the silicon read-out integrated circuit (ROIC) 

substrate, and to obtain a high fill factor, Ref. [3] 

The main advantage of this kind of technology is that the uncooled cameras are 

light, compact and cheaper. However, in general, the uncooled detectors have lower 

performances than the cryogenic detectors in terms of sensitivity. The Noise Equivalent 

Temperature Difference (NETD) is higher and for this reason they need more signal 

which in general means fast objectives.  

From an optical point of view, the main advantage of the uncooled detector is 

that the aperture stop is not fixed as in the cryogenic detectors, where the aperture stop 

is located inside the Dewar. Having the possibility of being able to change the location 

of the aperture stop can help the optical designer to correct optical aberrations without 

introduce other optical elements in the design Ref. [4]. 

The cryogenic detectors are used frequently in application where the range 

performance of the electro-optical system is important. Systems specifically designed to 

detect, recognize and identify targets from long distances. However when the 

application consist of perimeter vigilance, parameters such as the volume, the weight 

and the price are more important than the range performance. 

For our application we decided to use a microbolometer dectector EYE-R640TM 

supplied by OPGAL. This detector is a small sized, lightweight, TECLESS thermal 

imaging engine, based on a 640x480 pixels microbolometer detector. Tuned to the long 

wave infrared band together with a sensitivity of under 0.07°C, the EYE-R640™, 

provides state of the art DSP based image enhancement thermal imaging 
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Figure 3.5 EYE-R640TM 

 

The main characteristics of the detector that we must consider during the design 

of the objective are presented in the table 3.1 
Table 3.1 Detector characteristics 

Focal Plane Array Asi microbolometer 

Spectral Range 8-14 μm 

Number of Pixels 640 x 480 

Pixel Size 25 μm 

NETD ≤ 70 mK @ f/1 lens 

 

In the Appendix A, we include the specifications of the sensor where it can be 

found, and complete description of the mechanical, electrical and physical 

characteristics of the detector. 

The methodology for the design of the objective will be presented in two 

different parts: The SMS approximation where we will see how through using the 

simultaneous multiple surfaces method, it is possible to design a system which is close 

to the final design, the optimization process, where we will present how to extend the 

results provides in the first part by the definition of the merit function for this design. 
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3.2  Optical design 

3.2.1 Preliminary considerations 

One of the disadvantages of the uncooled detector is that the value of the NETD Ref. 

[3] is much higher than the cooler detectors. Since the NETD value is proportional to 

the square of the F-Number, in order to maintain this value or reducing it the optics 

must be designed for an F/1 or faster.   

The first decision for this design was to design the objective using reflective 

surfaces. The goal of the design was to design an objective with the lowest number of 

elements as possible in order to increase the Signal Noise Ratio (SNR) of camera by 

minimizing the transmission loses produced by the objective. On the other hand if we 

only design using reflective surfaces we are avoiding dealing with the chromatic 

aberration. This fact simplified the design due to the fact that is not necessary to use 

different materials or design diffractive surfaces.  

Note that the design that is going to be presented is not covered in the plan 

showing the design types commonly used for various combinations of aperture and field 

of view 

 
Figure 3.6 Figure obtained of Ref. [5] where the objective designed in this chapter had been included 
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As we wanted to design a system composed of reflective surface with F/1 or 

faster, the Schwarzschild configuration (Fig. [3.7]), Ref. [6] partly matches the desired 

configuration because it is designed for faster reflective objectives.  

 

 
Figure 3.7 Schwarzschild configuration 

 

However that configuration was designed for a field of views below one degree 

and the primary mirror is the aperture stop of the system. In our case we are going to 

design the objective for a wider FOV (±62.5ºHFOV), so that if the primary mirror is 

still the aperture stop this would produce a wide hole in the secondary mirror. Another 

option would be to locate the aperture stop in the hole of the secondary mirror; in this 

case the primary mirror should be close to it in order not to obtain a large secondary 

mirror. The big problem of this solution is that in order to avoid the obscuration 

produced by the primary mirror, this mirror must be a wild aspheric surface. This kind 

of surface would produce an enormous secondary mirror for collecting all the light and 

a very difficult surface for manufacturing.  

It transpires that we should introduce an additional element that allows us to 

locate the entrance pupil in the proper place. For this reason it is necessary to put a 

negative meniscus in the hole of the secondary mirror. Note that in this case the primary 

mirror will be the aperture stop and that we control the position of the entrance pupil by 

controlling the power of the meniscus. If we control the position of the entrance pupil 

we can also control the size of the mirrors.  

 



José M Infante Herrero 

 
67 

 
Figure 3.8 Sketch of the position of the entrance pupil using a negative meniscus. Using geometrical 

optics and two rays, we can calculate the position of the image of the aperture stop. The ray 1 virtually 

crosses the focal point of the negative meniscus, which means that after refracting the thin lens ray 1 will 

come out parallel to the optical axis. Ray 2 passes through the nodal points of the thin lens which are 

located in the middle of the lens.  

 

One immediate conclusion which is important to point out is the power of the 

meniscus which is going to control the position where the entrance pupil will be located. 

This fact allows us to control the size of the mirrors through the control of the power of 

meniscus. 

However, when we are designing wide angle systems the location of the 

entrance and the exit pupils may be different to the paraxial approximation. The 

position, the shape and the orientation of the pupils depends on the pupil aberrations 

Ref. [7] due to this fact the goal of the negative meniscus in this design will be to 

correct the pupil aberrations and to control the position of the entrance pupil. 

 

3.2.2 SMS approximation  

As we have explained in detail in the previous chapter the SMS method can be 

used in order to obtain a pre-design which is close enough to the final solution. The step 

from the pre-design to the final solution will be achieved through the optimization of 

the surfaces given by the SMS method. 

In this design we designed four surfaces prescribing the first one, which is the 

first surface of the meniscus, the rest of the surfaces will be obtained using the SMS 

method. For the material of the lenses we decided to use Germanium due to the high 
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value of the index of refraction which gives us some benefits as a small contribution to 

the spherical aberration, low chromatic aberration.  

We called S1, S2 and S3 to the surfaces that we will design. S0 will be the 

predefined surface, which is the first surface of the Germanium meniscus. For the sake 

of simplicity this curve will be spherical. In general the SMS method can be 

implemented using meridian and skew ray-bundles, for this design we used the “SMS-

3M, simultaneous multiple surface method for three surfaces using three meridian ray-

bundles” Ref. [8].The SMS design starts with the selection of the initial segments of 

two of them and by fixing one point whit its normal of the third one (note that for this 

design only one wavelength is considered. For the characteristics of this design the 

chromatic aberration will not have a big effect in the final image quality).  

 

 

(a) 

 

(b) 

Figure 3.9 (a) Scheme of the curves that will be designed  

(b) Construction of the initial segments S10 between [A0, A1] and S30 between [C0, C1] 
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For our particular design (as can be seen in Fig. [3.3]) we started with S10 and 

S30. The surface S10 which is the first segment of the surface S1, is a basic conic. S1 

focus the rays r3, r2 and r1 on B0, first point fixed of surface S2. The selection of this 

conic depends on the initial conditions Ref. [9]. The segment S30 will be designed as the 

Cartesian Oval for the image points P1, P2 and P3  

The design starts obtaining the first segment of the surface S2, where only one 

point and its normal are defined. Tracing a ray r‟2 belongs to the same wavefront of r2, 

r‟2 has to have the same optical path of r2, and must impact the image plane on the point 

P2. Imposing these conditions the point B1 and its normal can be calculated. For the 

final algorithm we called this part step 1, where we obtain a new point of S2 using a ray 

belonging to the object wavefront 2 which is transformed into a ray of the spherical 

image wavefront centred in P2  

 

 

Figure 3.10 Construction of the first segment for S2 

 

Using the new point obtained for S2 with the well-defined normal, we will trace 

a ray r‟3 from the image point P3 and it will go to the new point of S2 after the reflection 

on the surface S3. As r‟3 belongs to the same wavefront of r3 the optical path for this ray 

is well known. Because of this condition, a new point for the surface S1 can be obtained 

for A2 and its normal. This procedure will be the step 2.  
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Figure 3.11 Construction of the first segment for S1 

 

The step 3 consist of tracing a ray r‟1 coming from the object space, which 

belongs to the same wavefront of r1 and after the refractions on S0 and S1 goes to the 

new point obtained in step 1. Imposing the optical path condition the point C2 and its 

normal can be obtained.  

 

 

Figure 3.12 Construction of the first segment for S3 

 

Repeating the three steps we can obtain the points and normals corresponding to 

the curves S1, S2 and S3 

The points obtained for each optical curve (because we are using the SMS2D) 

must be interpolated in order to obtain a curve. For this design in particular the aspheric 

equation was used. However, as we discussed in Chapter 2 using Forbes Polynomial 
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during this process its more convenient [10]-[12], because the results of the 

interpolation are better than using the aspheric equation.  

The final design of the optical system using the SMS-3M method can be seen in 

Fig. [3.13] where S1, S2 and S3 are the aspheric surfaces obtained.  

 

 

(a) 

 

(b) 

 

Figure 3.13 (a) Final design using the SMS-3M method (b) 3D model of the SMS-3M design 
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3.2.3 Definition of the merit function 

One of the important parts of the design is how the merit function of the system 

has been defined. Our merit function has to cover all the requirements of the design that 

hasn‟t been covered during the SMS method and to preserve all the constants of the 

SMS design.  

The merit function will include as constraints: 

1. The effective focal length of the system,  

2. The effective F-number considering the central obstruction produced by 

the primary mirror  

3. The distortion.  

It is important to point out that the value of the focal length was imposed during 

the SMS-3M method at the moment which we define the mapping over the sensor, 

which means the relation between the angles of the input wavefront and the position of 

the image points in the sensor. For this reason the starting point for the optimization has 

the needed value of this parameter that means that we only have to ensure in our merit 

function that this value won‟t change. 

On the other hand the configuration that we have chosen for our design has a 

central obscuration produced by the primary mirror which means that as we explained 

before the value of NETD is proportional to the square of the F-Number in order 

maintain the value of the NETD. The central obscuration is going to produce the 

effective F-number that will be higher than the working F-number. In the merit function 

it will have to control the F-number in order to maintain the NETD of the detector. 

In order to compute the effective F-number we have to consider the amount of 

light at the image plane. The irradiance at the image plane is proportional to the 

projected solid angle (PSA) of the light cone. When we are considering systems without 

obstruction the projected solid angle is given by 

 

If we have an obstruction the net PSA will be given by 

          
 

          
 (3.1) 

                       
          

         (3.2) 
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In Fig. [3.14] the net projected solid angle over a draft of our system can be seen. 

 

 
Figure 3.14 Definition of the effective numerical aperture 

 

If we consider Eq.(3.1) and Eq.(3.2) the effective F-number will be given by 

 

  

The image quality must be the same for all the FOV. For a static optical system 

it is important to have the same resolution in all the zones of the image in order to avoid 

zones where the user can‟t see the target as well defined. 

 As it has been explained in Chapter 1 the SMS method guarantee us a diffraction 

limit image quality for the field objects related with the image points used during the 

design. In Fig. [3.16] it can be seen that the image quality for the three points in the 

image considered during the design are diffraction limited corrected.  

 

       
 

            
          

  

 
(3.3) 
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(a) 

 

(b) 

 

Figure 3.15 (a) Final lay-out obtained using the SMS-3M method  
(b) Image quality of the three field objects of design, with a  corrected limited diffraction  

 

But if we study the image quality for another point in the image, for instance the 

point in the image related to a field object of 50º the image quality is much worse The 

behaviour of the field object not used for the design is shown in Re.[13].In the 

optimization process we must guarantee the same image quality for all the points in the 

image.  
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This goal can be achieved by using more points in the image plane. In our case 

we will use five points in the image giving them the same weight factor during the 

optimization  

This can be achieved considering five points in the image (including the points 

of the design) and giving them the same weight for their contribution in the merit 

function. As the new point will have a greater value of the aberration function, their 

contribution to the error of the merit function is going to be higher than the image points 

used during the SMS design hereinafter points of design. As a result, the value of the 

aberration function of the new points will decrease; meanwhile the value for the 

aberration function of the points of design will increase. It is important to point out that 

the SMS method guarantee that the points of design are overcorrected. 

Finally the merit function that we have used for this design can be expressed as: 

 

where      ,           are the constraint functions related to the effective 

focal length, the f-number and the distortion. Note that the constraint function was 

defined in Eq. (2.7). Each constraint function has its weight in the merit function 

defined by wEFL, wF/# and wD . On the other hand, we have defined five aberrations 

functions (one aberration function per point in the image defined) with the same weight 

in order to obtain, more or less, the same value of these functions. 

3.2.4 Final design  

The optical properties of the system have been summarized in the following table: 
 

 

Table 3.2 Optical properties 

 

Waveband 7-14 microns 
Focal Length 7.33 mm 
FOV 125º x 93º 
Effective F/# F/1 
Working F/# F/0.8 

       
               

 

   

     
       

                     
 

      
                  

     
                

 

(3.4) 
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Elements 

Front lenses    
(Germanium)  Spherical/Aspherical 

Primary mirror Aspherical 

Secondary mirror  Aspherical 

Optical 

Dimensions 

142 mm diameter 
128 mm length 

 

 

The optical system is composed of two aspheric mirrors and a negative 

meniscus. The negative meniscus plays a very important role in the design because it is 

the element that is controlling the pupil aberrations [3]. In order to reduce the cost of the 

lens, we have only used an aspheric surface in the lens, the other one being spherical. 

The primary and secondary mirrors control the aberrations in the image. In the figure 

the final draft of the design can be seen. Note that this configuration has enabled us to 

obtain a faster objective (as can be seen). 

 

 
Figure 3.16 Final lay-out of the system 
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In Fig. [3.16], the image quality for all the fields can be observed. As is shown, 

the image quality is not exactly the same for all the fields, there is a maximum 

difference of 20% in the MTF.  

 

 

Figure 3.17 MTF results of the final system 

 

As we can see in Fig. [3.17], the quality of the fields is very similar .We can see 

the average values of the MTF in Table 3.3. In order to attain that quality, the quality of 

the centre of the image has been sacrificed.  
 

 

Table 3.3 MTF@ Frequency 

FOV 
MTF @ frequency 

10cl/mm (T+S)/2 20cl/mm (T+S)/2 

0º 62% 33% 

18.75º x 6º 69% 38% 

42.75º x 14º 62% 32% 

62.50º x 20º 49% 23% 

62.50º x 46.5º 56% 29% 
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An F/0.8 working F/# involves very tight tolerances. However, the tolerances for 

the centring of the mirrors can be improved through using an optimization process 

defining different zoom positions with a slight decentre of the optical elements.  

Using the movement of the detector as a compensator of tolerances, and 

considering all the errors produced during the manufacturing process, the maximum 

movement of the detector will be of ±0.24mm. The expected MTF considering all the 

possible errors in the manufacturing process and during the centring of the optical 

elements is presented in the Table 3.4. 

 

Table 3.4 Expected MTF@ Frequency due to manufacturing and centring errors 

FOV 
MTF @ frequency 

10cl/mm 20cl/mm 

0º 56% 28% 

18.75º x 6º 59% 27% 

42.75º x 14º 50% 22% 

62.50º x 20º 35% 15% 

62.50º x 46.5º 47% 17% 

 

 

3.3  Opto-mechanical design 

The mechanical lay-out of the objective has been designed in order to guarantee 

the accurate position of the optical elements while, on the other hand, trying to keep the 

manufacturing cost low. In order to fulfil this goal, it is necessary to design simple 

mechanical pieces. However, this aim presents the main problem that the final volume 

of the opto-mechanical design hasn‟t been optimized.  

The cover of the objective Fig. [3.18] ((1)) allows us to reference the secondary 

mirror in respect to the primary one. The external side of the secondary mirror has been 

designed in order to use it as well as a mount of the negative meniscus in order to 

minimize the positioning error of the lens in respect to the secondary mirror.  

On the other hand because the material of the lens is Germanium is necessary to 

consider the effect of the temperature in the position of the focal plane of the system. 



José M Infante Herrero 

 
79 

This is a significant problem in the infrared region. This fact is because the infrared 

materials have a change in refractive index with the temperature. Germanium, in 

particular, has a very high dn/dt.  

The athermalization process is the correction of this effect of focus shift with the 

temperature. There are several mechanical an optical methods, active and passive, 

available to accomplish athermalization Ref. [14] In our design we decide to use a 

mechanical active method, where the focus lens or lenses are moved axially by 

electromechanical means. In our case, the mechanism to focus is the sensor. We located 

a temperature sensor in the germanium lenses. This sensor provides the temperature to 

the motor which drive the sensor to the required position.  

 
 
Figure 3.18 3D view of the panoramic camera: (1) secondary mirror, (2) primary mirror, (3) uncooled 

detector and electronic, (4) spindle, (5) hitch of the engine to the spindle, (6) engine and (7) guides and 

bearings 
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Figure 3.19 Backside view of the panoramic camera: (1) secondary mirror, (3) uncooled detector and 

electronic, (6) engine and (7) guides and bearings 

 

3.4 Manufacturing the optical elements 

The objective is composed for three optical elements: A germanium lens with 62 

mm of diameter, a convex mirror with 37 mm of diameter (primary) and a concave 

mirror with 160 mm of diameter. 

  The germanium lens has the first surface spherical and the second surface 

aspherical. Due to the fact that we have used this lens to isolate the interior of the 

camera the coating for the external surface of the lenses is a hard carbon coating 

meanwhile for the internal surface we have used a high efficiency coating, both coatings 

were performed according to Ref. [17].  
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(a) 

 

(b) 

Figure 3.20 Germanium lenses. (a) Spherical surface (b) Aspherical surface 

 

Six germanium lenses have been manufactured. In table 3.5 we can see the 

nominal values for the lenses and in the table 3.6 the values measured for each lens. 
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Table 3.5 Nominal values of lenses parameters and tolerances 

N PARAMETER 
SPECIFICATIONS 

NOM TOL 

1 Diameter, mm/inch 65.629 ±0.03 

2 Centre Thickness, mm/inch 7.782 ±0.050 

3 Radius S1, mm/inch CX 43.458 ±0.0022 

4 Radius S2, mm/inch CC 23.871 (asphere) 

5 SAG S2, mm/inch 13.388 ±0.010 

6 Chamfer S1/S2, mm/inch Protective  

7 Clear aperture S1/S2, mm/inch 62.255 / 43.222 

8 TIR, mm/inch/arc min ≤ 0.05  

9 Irregularity S1, fringes / λ 1  

10 Irregularity S2, fringes / λ 2  

 
Table 3.6 Actual data measured  

N 1 2 3 4 5 6 

1 65.630 65.632 65.626 65.630 65.633 65.630 

2 7.790 7.814 7.791 7.800 7.795 7.783 

3 43.4575 43.4571 43.4564 43.4574 43.4595 43.4556 

4 (23.871) (23.871) (23.871) (23.871) (23.871) (23.871) 

5 13.383 13.386 13.396 13.394 13.397 13.382 

6 0.2/0.2 0.2/0.2 0.2/0.2 0.2/0.2 0.2/0.2 0.2/0.2 

7 0.003 0.003 0.003 0.004 0.003 0.003 

8 0.006 0.005 0.005 0.006 0.005 0.005 

9 0.37 0.28 0.24 0.35 0.50 0.23 

10 1.24 0.95 0.76 1.40 0.62 1.44 

 

The manufacturing process of the primary mirror has two stages. The first stage 

is the machining with diamond turning of the aspherical surface. The second stage 

consists of the machining of the second surface of the mirror. In the second surface of 

the mirror the holes for clamping screws to the spider. Two fixed pins are located in the 

second surface of the mirror in order to guarantee the well location of the element in the 

spider 
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Both mirrors have been manufactured in aluminium, and in order to increase the 

reflectivity of the mirror they have been coated with a gold coating. In the next figure 

we can see how the gold reflectivity is higher than the aluminium one. By increasing the 

reflectivity in the mirrors, we try to compensate losses in the signal due to the 

transmission of the hard carbon coating in the first surface of the germanium lens. 

 
Figure 3.21 Figure obtained from Ref[15]  

 

 
 

Figure 3.22 Drawing of the primary mirror 
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Figure 3.23 Photographs of the mechanized in aluminium of the primary mirror  
 

The manufacturing process of the secondary mirror entails machining both 

surfaces; the internal side is manufactured using diamond turning in order to obtain the 

aspherical profile, and the external surface is machined to use this side as a mount for 

the germanium lens. The rest of the surface must be machined to fix the secondary 

mirror with the rest of the housing. 

In the drawing of Fig. [3.24] the mechanical piece of the mirror can be seen in 

the detail. In Fig. [3.25] photographs of the mirror after machining are shown. 

 

 
 

Figure 3.24 Drawing for the manufacturing of the secondary mirror  
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Figure 3.25 Photographs of the secondary aspherical mirror  

 

In the next figure can be seen both mirrors after the gold coating. Fig. [3.26 (b)] 

shows the mounting of the secondary mirror in the spider. Fig. [3.26 (c)] shows the 

germanium lenses mounted over the external surface of the primary mirror. 

 

(a) 
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(b) 

 

(b) 

Figure 3.26 Photographs of the different optical elements after coating  

(a) Secondary Mirror (b) Primary mirror mounted in the spider (c) Germanium lens mounted 
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The manufactured mechanical pieces have been sandblasted and painted with 

black paint of low emissivity and reflectivity for our spectral band. The next figure 

shows some mechanical pieces which make up the mechanics of the camera.  

 

 

 
Figure 3.27 Photographs of certain pieces manufactured from the mechanical support 

 

In the next figure we present the prototype. The black part of the housing is 

where the microbolometer camera is located. The front part of the prototype is where 

the optical elements are located. As we said before and as it can be seen in the figure the 

size of the prototype wasn‟t optimized. 

 

 

  

Figure 3.28 Different photographs of the prototype. 
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3.5 Images and measurements with the prototype 

To characterize the prototype it has been performed two common tests such as 

the MRTD, according to Ref. [16], and the measurement of the field of view. The 

MRTD will provide us with the performance of the prototype.  

To measure the MRTD electro-optical equipment is necessary like in Fig. [3.29] 

composed for an optical collimator with a black body, and controlled by the black body 

controller.  

 

 
Figure 3.29 Optical bench for measuring the MRTD 

 

Besides this, it is necessary to use a set of frequencies of interest. For our 

measurements we have used targets of 0.09 cy/mrad, 0.10 cy/mrad and 0.11 cy/mrad. 

Obtaining the next results 

 
Table 3.7 MRTD measurements 

MRTD 

Freq(cl/mrad) ΔT (K) 

0.9 0.16 

0.10 0.20 

0.11 0.5 

 

The MRTD values obtained are good enough to use the prototype for perimeter 

surveillance applications. In the Appendix B we will study how transform the MRTD 

data into range performance of the camera. 
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The measurements of the field of the view of the prototype were performed 

using goniometric plates. Only the horizontal field of view, hereinafter HFOV was 

measured and the vertical field of view was obtained as an indirect measurement. The 

result obtained for HFOV is presented in the next table 

 
Table 3.8 HFOV measurement 

 Nominal Measured  Error 

HFOV 125º 123.5º 1.2% 

 

Bearing in mind that the aspect ratio of the detector is 4/3, the VFOV can be 

obtained using the following expression 

     
 

 
     

 

where we obtain a field of view of 92.6º. In the Fig. [3.30] an indoor images of the 

prototype are shown  

 

 

 
Figure 3.30 Indoor images with the panoramic camera 
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In order to check the behaviour of the prototype used as perimeter surveillance 

camera we performed the following field set-up (Fig. [3.31]) composed by a tripod in 

order to move the camera in azimuth an elevation, a power supply and a computer in 

order to control de camera and to obtain the images 

 

 
Figure 3.31 Field set-up of the panoramic camera  

 

The prototype is capable of obtaining images that cover half of the building. In 

the image the CEDINT building on Montegancedo campus can be observed, 

 
Figure 3.32 Outdoor image obtained with the panoramic camera.  
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From Fig. [3.32] we can conclude that only by using two prototypes it is possible to 

cover the whole perimeter of the building  

3.6 Conclusions 

In the previous chapter we studied the advantages of using the SMS method to 

face an optical design. In this chapter we have demonstrated the power of the method 

through designing a panoramic objective 

The SMS method ensures that the input and output bundles become fully 

coupled by the optical system. This fact allows us not only to obtain a good starting 

point, but also the design can have the optimum number of optical elements. It is 

important to point out that we set out the SMS problems using four surfaces where one 

of them was prescribed, and the final design has four surfaces, which means, that our 

starting point had the necessary number of surfaces to obtain a good solution. It is very 

important from a certain point of view because we can reduce the cost of the optics as 

well. The later optimization process is also improved because it can be fulfilled faster 

and more efficiently due to the fact that the starting point is very close to the final 

solution. 

 The opto-mechanical design was performed in order to design mechanical pieces 

which were easily manufactured. For this reason the volume of the prototype is not the 

optimum.   

 As can be seen in Fig. [3.32] the prototype covers perfectly its goal as system for 

perimeter surveillance.  
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“Every great and deep difficulty bears in itself its own solution. It forces us to 

change our thinking in order to find it.” 

Niels Bohr  
  

4.1 Introduction 

In general, one of the goals that the optical designer has in mind is to reduce the 

volume and the length of the optical system as much as possible. In the non-imaging 

field there have been different approaches to solving this problem. In particular, this 

problem was set up for the design of ultra-compact collimators. In all the approaches to 

solving the problem, there is a common idea and that is to divide the light flux in 

different optical subsystems that we call channels. We can then define a multichannel 

optical system as the optical system which is composed for n numbers of optical 

subsystems working in parallel. 

The first multichannel optical systems were developed for solar concentration 

and illuminations applications. These optical systems were called Stepped Flow-Line 

(SFL) optics [1]-[2]. The SFL non-imaging optics were developed in order to overcome 

the limitations of the systems designed using the flow line method. The idea of the SFL 

optical systems consist in considering a curve along the flow lines, with some parts of 

Chapter 4.  
Novel ultra-compact 
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design 
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this curve belonging to a flow line and other parts perpendicular to them. The parts 

which belong to a flow line are transformed into mirrors and we add optics in the parts 

which are perpendicular to a flow line.  

The concept of the flow lines is very common in non-imaging optics however 

this concept is not a usual term in the design of imaging systems. The flow lines are 

curves which define the direction of the propagation of the light flux in the (x1, x2, x3) 

space. The flow lines are tangent to the vector flux J at each point. It can be 

demonstrated that the flux is conserved between the flow lines Ref.[3]-[4]. 

The purpose of this chapter is to design optical imaging systems using the design 

techniques of the SFL non-imaging systems. For the sake of simplicity, we will start 

studding the design of Multichannel Optical Imaging Systems, hereinafter MOIS, first 

for an on-axis field and one wavelength. Afterwards, we will extend the design 

considering off-axis fields. In the last part we will present the design of polychromatic 

MOIS. We will also presented a variant of the multichannel optical systems designed 

using the SMS.  

 

4.2 Multichannel configuration 

The design procedure explained here is restricted to rotational symmetric cases, 

i.e., they are 2D designs in the sense that only planar profiles are generated, and we 

obtain the 3D optical surfaces as in the previous chapters. The multichannel optics, 

based on the SMS method, are characterized by having an optical surface called light 

distributor d, which collects the rays coming from the image (note that for the sake of 

simplicity we refer to the output wavefront as the rays coming from the image, but in 

general the rays can come from the image, the object, or for afocal systems the rays will 

come from the entrance pupil or exit pupil depending on the criteria) and distributes 

them over a given support surface. The distributor is in general a mirror. The optics to 

be designed will be confined between two support surfaces whose cross sections are the 

lines l and m (see Fig. [4.1]) which, in this example, are straight lines Fig. [4.1] also 

shows the flow-lines of the input and output beams. In the case of Fig. [4.1], the flow 

lines of the output beam are vertical parallel lines. Once the MOIS is designed, the flow 

lines must be continuous so that every flow line of the input beam will be connected 

with its corresponding flow-line at the output beam. The distributor d is designed so that 
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once it reflects the flow lines of the input beam they intercept the mirror supporting line 

m at the point where the flow lines of the output beam would intercept it if there was 

refraction on the surface l (see Fig. [4.2]). Ref. [5]. 

In this case, since the surface l is flat, all that is necessary is a straight extension 

of the flow-lines at the output. In this way, the irradiance (flow per unit of surface) on 

both supporting surfaces will be the same. This requirement is established to avoid 

discontinuities on the line l, in order to simplify manufacturing. Ref. [6]  

 
Figure 4.1 Design of the distributor d. The optical system to design is bounded by lines l and m. 

 

 
Figure 4.2 The distributor ensures that the average irradiance on the supporting surface m is 

equal to that on the supporting surface l. 

 

Once the distributor is known, a refractive and reflective surface can be designed 

according to two conditions.  

 

4.2.1 Design procedure 

The design procedure of the MOIS has two parts: in the first part the distributor 

is designed by imposing one condition, all the designs that are we going to present 

along this chapter are aplanatics, so we impose the Abbe sine condition.  

In the second part of the design, the channels are designed. As we are designing 

aplanatic systems, two curves will be designed by imposing two conditions, the Abbe 
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sine condition and the constant optical path length. Although we are going to present 

designs with more than two surfaces, for the sake of simplicity we are going to explain 

here the design procedure for two surfaces. Note that in general the aplanatics design 

can be made with more than two surfaces where the rest of them are prescribed.  

 
 The distributor design procedure 

 

The distributor design procedure mainly consists of designing a mirror which fulfils 

one condition for a bundle of rays. We are going to present three different kinds of 

distributor designs using the following expressions: 

 

        (4.1) 

  
      

       
 

(4.2) 

 

x is the coordinate belongs to the perpendicular axis in the plane of the paper of the 

optical axis. Eq. (4.1) is the sine condition shown in Eq. (4.2) applied for an object at 

infinity. If we consider an afocal system for an on-axis field, the Eq. (4.2) can be 

rewritten as a transformation of coordinates in the following way: 

 

      (4.3) 

 

Option 1. Distributor design for an objective 

 An optical system whose function consists in obtaining a real image from a real 

object is called objective. In this section we are going to consider that the object is 

located at infinity. 

For the design of a distributor for an objective we are going to use Eq.(4.1). The 

procedure is explained below: 

 

Step 1  To start the process we define the initial conditions of the design. Those 

conditions are the position of the image point F, the vertex of the distributor D 

and its normal and the mirror support line m perpendicular to the optical axis in 

the plane of the paper. 
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Figure 4.3 Definition of the initial conditions for the design of the distributor 

 

Step 2  Starting from the centre, we select a ray from the image point F with a small 

angle θ1. Using the linear approximation we can obtain the next point of the 

distributor d1. The reflected ray must cross the support line m in the coordinate 

x1; this coordinate is obtained by applying Eq.(4.1) to the angle θ1, x1=fsin θ1, 

where f is the effective focal length of the whole optical system. 

Step 3  From the incident ray in d1 and the reflected ray which crosses the mirror 

support line m in the coordinate x1, the normal of d1 can be obtained. 

Step 4  Repeat the process until the value of θmax has been obtained. The value of θmax is 

obtained through the value of the F-number of the optical system using the 

following expression:  

 

            
 

    
  

(4.4) 

 

where we have considered that the image space is not immersed in any material. 

For the case in which the image is immersed in some material the index of 

refraction of the material must be included in the expression.  
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(a) 

              

(b) 

            

(c) 

Figure 4.4 (a) Trajectory of the ray after performing step 2 and step 3  

(b) Repeating step 2 and 3 to obtain the next point of the distributor (c) Repeat step 2 and step 3 until the 

value of θmax is reached. 
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Option 2. Distributor design procedure for systems with a virtual image 

 

In this case we are going to design a distributor for any optical system which 

produces a virtual image with a certain magnification. The condition that we use is the 

Eq. (4.2). The design procedure consists in the following steps: 
 

Step 1 To start the process we define the positions of the vertex of the distributor, the 

line m, the object point and the image point.  

Step 2 Starting from the centre, we select a ray from the object point with a small angle 

θ1. Using the linear approximation we can obtain the next point of the distributor 

d1. The reflected ray must cross the support line m in the coordinate x1; this 

coordinate is obtained by tracing a ray from the image with an angle    . The 

value of this angle is obtained by applying Eq. (4.2) for the magnification that 

the whole optical system has. 

Step 3 From the incident ray in d1 and the reflected ray which crosses the mirror 

support line m in the coordinate x1, the normal of d1 can be obtained. 

Step 4 Repeat the process until the value of θmax has been obtained. The value of θmax 

will depend on the application, because it is related with the position of the eye 

and its possible movements around its nominal position.  

 

(a) 
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(b) 

 

(c) 

          

(d) 

Figure 4.5 (a) Definition of the initial conditions of the design (b) Trajectory of the ray after performing 

step 2 and step 3 (c) Repeat step 2 and step 3 to obtain the next point of the distributor (d) Repeat step 2 

and step 3 until the value of θmax is reached. 
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Option 3. Distributor design for afocal optical systems. 

 

  Any system whose focal planes are located at infinity is known as an afocal 

optical system. If we want to design an afocal optical system, it is necessary to use the 

position of the conjugate pupils. Applying Eq.(4.3) to the rays which cross the entrance 

pupil, we can obtain the shape of the distributor. 

 

Step 1 To start the process we define the positions of the vertex of the distributor d, the 

line m and the position of the entrance pupil.  

 
Figure 4.6 Definition of the initial conditions of the design 

 

Step 2  Starting from the centre, we select a ray which crosses the entrance pupil at the 

coordinate x . Using the linear approximation, we can obtain the next point of 

the distributor d1. The reflected ray must cross the support line m at the 

coordinate x‟; this coordinate is obtained applying Eq.(4.3) for the magnification 

of the whole optical system. 

Step 3  From the incident ray in d1 and the reflected ray which crosses the mirror 

support line m in the coordinate x1, the normal of d1 can be obtained. 
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(a) 

  

(b) 

Figure 4.7 (a) Trajectory of the ray after performing step 2 and step 3  

(b) Repeating step 2 and step 3 for the next ray 
 

 

 

 



José M Infante Herrero 

 
103 

Step 4  Repeat the process until the value of xmax has been reached. The value of xmax is 

the value of the semi-aperture of the entrance pupil of the whole system. 

                 

(a) 

 

(b) 

 

Figure 4.7 (a) Carrying out step 4 we obtain a set of points and normals which define the shape of the 

distributor (b) The distributor surface is obtained by rotating the 2D model obtained around the optical 

axis. 
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 Channel design procedure 

 

Once the distributor has been designed, we set up step 2 of the design, the design of 

the channels. For the sake of simplicity, in this section we will explain the design of two 

surfaces configurations for each channel. Let‟s considerer that we have designed a 

distributor as explained in the option 3. 
 

Step 1  We divide the semi-aperture of the whole system in n equal parts, where n is the 

number of channels that we are going to design (in general the size of the 

channels can be determined using different criteria, however for the sake of 

simplicity we use this criteria here) 

Step 2 We start the design from an initial point 0P  on the mirror supporting line. From 

the x‟ coordinate of the point, we can calculate the x coordinate of the ray in the 

entrance pupil (which reaches this point).This ray will finally exit from the lens 

supporting line as a collimated one, with the same x‟coordinate, i.e. the ray 

becomes vertical after the reflection on the mirror supporting line and reaches 

the point 0 'P  on the lens supporting line.  

Step 3 Once the trajectory of the ray is know, the normals of the points 0P  and 0 'P  can 

be obtained.  

Step 4 Let‟s consider the previous ray as the centre ray of the channel. The optical path 

for all the rays of this channel must be equal to the optical path for the centre ray 

and it‟s given by:                                
                . If we consider another ray which 

crosses the entrance pupil at a distance Δx, the next points of the support mirror 

and the lens can be obtained using Eq.(4.3) and constant optical path length 

condition (if the increment of the ray is small enough, the linear approximation 

can be used). 

Step 5 Repeat the process until the x‟=Mx0+d/2. 

Step 6 Now we start again, but considering negative increments from the centre ray – 

Δx, repeating the process explained in step d), the left side of the channel can be 

obtained and in that case the process stops when x‟=Mx0-d/2. 

Step 7 Repeat the steps a) to f) many times as the number of channels you want to 

design, 
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(a) 

 

(b) 

 

(c) 

Figure 4.8 (a) From the ray which crosses the centre of the channel, the value of the optical path length is 

obtained (b) Imposing the condition of the optical path length and the magnification condition between 

the pupils, the lens and the mirror surfaces can be obtained (c) Repeat the steps a) to f) as many times as 

the number of channel you want to design. 
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4.3 Monochromatic design examples  

In this section we are going to show a couple of examples of monochromatic 

MOIS in the design of afocal systems. These kinds of systems are used in a wide range 

of applications such as power changers in microscopes, FLIR systems, laser beam 

expanders, etc. 

 The first example is a 6.5x telescope, located in front of a CCD camera with 

122.4 mm of focal length, F/11.2 and ±0.85º of field of view.  

As we have explained before, the optical design procedure is composed of two 

steps. In the first part the distributor is designed. As we are designing for afocal systems 

we use the procedure that has been explained, option 3 of the design procedures of 

distributors. The second step consists of the design of each channel.  

In the next figure (Fig. [4.9]), the design of the afocal MOIS is shown.  

 
Figure 4.9 6.5x Multichannel telescope. 

 

For this example we have used BK7 as material, and we have assumed a 

wavelength of 587 nm. To design this system we started using the aplanatic design. 

Afterwards we optimized it in order to minimize the angular errors for each field of 

view  

There are different ways to study the behaviour of the afocal system; some 

computer programs simply use a very large image distance for ray tracing evaluation, 

while others use a “perfect lens” at the exit pupil. In this case we will evaluate the 
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behaviour of the afocal system using a “perfect lens” of 795.6 mm of focal length 

obtaining the following results: 

 

Figure 4.10 Geometrical spot diagram versus field of view. The FOV is the FOV in the entrance pupil 

and RMS is diameter of the spot obtained in the image of the perfect lens. 

As we can see in Fig. [4.10], the aplanatic design is not enough to warrant the 

good image quality for all the FOV of the camera. For this reason it is necessary to 

optimize the design in order to balance the image quality in the field of view of the 

camera. 

Taking into account that the physical diameter of the Airy disc is given by 

                (4.5) 

We obtained diffraction spot of ~ 16 μm. Because of this fact we can relax the 

image quality on axis and focus the optimization in order to obtain the best image 

quality off axis,  

We must take into account that Eq.(4.5) defines the diffraction spot for a systems 

which has a circular unobstructed pupil. However, for a system whose pupil can be 

considered as the incoherent sum of annular pupils, the Optical Transfer Function 

(OTF) will be given by the incoherent sum of the OTFs of each channel that conforms 

the whole system. 



Chapter 4 Novel ultra-compact imaging optical systems design 

 
108 

This is because, as the system is incoherent, the Point Spread Function (PSF) of 

the whole system is obtained as the incoherent sum (sum in intensities) of each channel 

PSF. And, considering that, the OTF is the one-dimensional Fourier Transform of the 

PSF, using the Fourier Transform properties, this is equivalent to obtain the global OTF 

as the sum of the individual OTFs.   

The aplanatic designs also work well for laser beam expander applications, first 

because the colour correction of the laser-based optical system is much easier due to the 

fact that the wavelength band of the laser is extremely narrow, and secondly because 

laser systems are often corrected for small fields of view and this is quite suitable for 

aplanatic design. These have been also shown in Ref. [7] 

In this case we are going to compare an academic example of a laser beam 

expander 4x given in Ref. [8] with the multichannel configuration of a beam expander 

of 4x. The academic design is shown in the following figure: 

 
Figure 4.11 Academic design of beam expander 4x  

 

In this design a wavelength of 600 nm and a refractive index of 1.52 were 

assumed. The multichannel configuration is completely suitable for this kind of 

configuration. For this design we decided to introduce some variations in relation to the 

previous designs. Instead of designing all the systems in a certain material, we decided 

to use a thin refractive element and two mirrors. 

As previously mentioned it is possible to create an aplanatic design using more 

than two surfaces. In this case we have designed the mirror and the second surface of 

the refractive element prescribing the first surface. The refractive element has the same 

refractive index as in example 1.52.  
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In the previous designs, we have presented configurations with obscurations. In 

order to avoid this we decided to design only half of the distributor. Note that the 

procedure is the same as with the previous afocal design. The only difference is that the 

entrance pupil is decentred, obtaining the following design: 

 

 

Figure 4.12. Multichannel design of beam expander 4x with 12.5 mm of length  

 

The results obtained for this design can be shown in Fig. [4.13], where we 

present ray trace curves. In these ray trace curves the abscissa is the normalized exit 

pupil radius in the y direction, and the ordinate is the error between the theoretical angle 

of incident for this ray in the exit pupil, and the real angle of incident in degrees.  

Note that this is an alternative way to study the behaviour of the rays for focal 

systems, similar to the ray trace curves for focal systems where the ordinate is the 

distance above or below the chief ray on the image that the rays intercept on the image 

plane.  
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(a) 

 

(b) 

Figure 4.13 Ray aberration curves for the multichannel beam expander 4x considering angular deviations 

from the chief ray. The units of the abscissa are degrees (a) on axis (b) 0.1 degree in the object space 

The results obtained for this example have been obtained without any 

optimization. Note that even if the real usable field of view of the beam expander is 

zero, the system must be designed over a small field of view in order to accommodate 

the assembly and the alignment tolerances 

4.4 Polychromatic design  

In the previous sections we have studied the design of MOIS for the 

monochromatic approximation. In this section we will deal with the design for 

polychromatic systems. As we have seen before the multichannel systems are composed 

for a set of optical systems which work in parallel. For the design of polychromatic 

optical systems the chromatic aberration must be considered. In the case of the MOIS 

each channel has a different contribution to the chromatic aberration, which means that 

this aberration must be corrected individually for each channel. In the next section we 

will study the conditions which are necessary for obtaining aplanatic achromatic 

doublets.  

 



José M Infante Herrero 

 
111 

4.4.1 Design of aplanatic achromat doublets 

To design an aplanatic optical system, only two conditions are necessary; 

however if we want to design achromatic systems one more condition needs to be 

added. This new condition lead us to design a new surface.   

The conservation of the étendue tells us that the volume of a bundle of rays 

represented in the phase space is an invariant when the bundle crosses the optical 

system. This invariant can be written as  

 

                        (4.6) 

 

where x1, x2, x3 are the generalized coordinates and p1, p2, p3 are their 

generalized momentum. Besides if the optical system has refractive surfaces, the optical 

system also has a dependence with the frequency w and with its conjugate variable t. So 

if we consider refractive surfaces, the conservation of the étendue must be expressed as: 

 

                             (4.7) 

 

The application of the étendue conservation in two dimensions to this set of 

variables allows us to obtain the condition which it is necessary to impose in order to 

obtain an achromatic design in the surroundings of the frequency considered in the 

design Ref. [9]. This condition is known as the condition of the dispersion optical path 

length, and it‟s the integral form of Conrady‟s formula Ref. [10]. This condition can be 

expressed as  

 

                  
  

 

 
1.26 

 

, we have expressed the dispersion optical path length as a function of the 

wavelength instead of the frequency. Note that the relation between the frequency and 

the wavelength written in Eq.(4.9)  
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 1.27 

 

where v is the propagation velocity of the electromagnetic wave in the material.  

 

With this new condition expressed in Eq. (4.8) it is possible to design achromats 

and aplanatic doublets (as the doublet shown in Fig. [4.14] ) in the surroundings of the 

wavelength considered through imposing the following three conditions: 

 

(1) Constant optical path length 

(2) The Abbe sine condition 

(3) Dispersion optical path length 

 

 
Figure 4.14 Design of achromat aplanatic doublet 

 

Condition (1) implies that the OPD (Optical path difference) between the red ray 

and the blue ray in the figure is zero. The rest of the conditions mean that 

 

       

    

  
 
    

                

  
 
    

                

  
 
    

                

  
 
    

                

 

4.4.2 Design procedure for polychromatic multichannel configurations. 

Using the same idea as in the previous section, we can use these three conditions 

to design achromatic aplanatic MOIS in the surroundings of the reference wavelength.  

If we set up the MOIS design using two materials then there are two possible 

configurations (Fig. [4.15]) 
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(a) 

 

(b) 

Figure 4.15 Two possible configurations of achromatic MOIS (a) MOIS composed for three surfaces (b) 

MOIS composed for four surfaces 

 

In the first option (Fig. [4.15 (a)]) each channel of the MOIS is composed by 

three surfaces, so we can set up the design of each cannel as the design of a system with 

three surfaces using three conditions. The red ray in the figure must verify that 

 

                                                                                  

    

  
 
    

                

  
 
    

                                          

      

 

For the second option, we left an air space between the doublets and the mirrors. 

In that case each channel is composed of four surfaces; since we only imposed three 

conditions one of the surfaces must be prescribed. Then the ray must verify that  
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In order to obtain the value of    

  
 
    

, there are two common equations that can be 

used:  

 

Ecuación de Sellmeier         
    

     
 

    

     
 

    

     
  

(4.10) 

Ecuación de Laurent 

            
  

  

   
  

   
  

   
  

   

(4.11) 

 

Since the design of the distributor is independent of the wavelength, the 

distributor is designed in the same way as before.  

 The main advantage of the first option is that all the surfaces are obtained from 

the conditions that we imposed. However, as there is a big difference in the optical path 

length on both materials, not all the combinations of materials are possible. The second 

option is more suitable for different materials, and besides the option b is lighter than 

option a.  

 For the design and the procedure that is going to be explained we have used 

option b. The procedure design of aplanatic achromat MOIS for afocal systems consist 

on the following steps: 

 

Step 1 The distributor is designed by following the procedure explained in the option 3 

of the section Distributor design procedure.  

Step 2 The aperture of each channel is defined.  

Step 3 We start defining the aperture of each channel and the materials that we are 

going to use (n1 and n2 index of refraction). Then we define four lines which are 

going to be part of the initial conditions. Since it is necessary to prescribe one of 

the surfaces in this procedure, we prescribe the first surface. This surface is a 

sphere of radius R with its vertex over the line A. We trace a ray r1 that is 

parallel to the optical axis at a height equal to xM where M is the magnification 

of the afocal system that we are designing, and x is the value of the x coordinate 

at the exit of the system. The ray r1hits the first surface in the point A1. As the 

normal in this point is well known, using the Snell‟s Law, we can obtain the 
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point B1 over the line B. As we can see from Fig. [4.16 (a)] the normal of the 

point B1 is not known, so it is necessary to choose a value for it. Then we can 

obtain the position of the point C1 over the line C by applying Snell‟s Law again 

with the ray r1 over the point B1 considering the index of refraction of both 

materials.  

Step 4 We trace the same ray r1 from the exit of the system, going in the opposite 

direction to the light (considering that following the agreement in optical design, 

the light goes from left to right or from up to down depending on the orientation 

of the system). After reflecting the ray in the distributor, the ray hits the line D 

in the point obtaining the point D1. As this ray must be the same as in step C, we 

can obtain the normals of points D1 and C1.  

 

(a) 

 

(b) 

Figure 4.16 (a) Definition of the initial conditions (b) Position of the point C1 and its normal NC1 

and the direction of the normal ND1 obtained after fixing the direction of the normal NB1  
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Step 5 From steps d and c we can obtain the value of the optical path length and the 

dispersion path length.  

Step 6 We trace another ray r2. The points B2, C2 and D2 and their normals can be 

calculated using the constant optical path condition, the condition over the 

optical dispersion path and the condition in the magnification. 

 
Figure 4.16 Repeat Step 5 and 6 until the stop condition define in Step 7 occurs. 

 

Step 7 This process is repeated until the coordinate x‟ of the ray it‟s equal to the 

aperture of the middle of the aperture of the channel. 

Step 8  Starting from right border of the channel, repeat steps 1 to 5. 

 

 
Figure 4.17 Repeat the process starting from the right border of the channel.  

 

In general there will be a gap between the construction from left to right and the 

construction from right to left. In order to fit both constructions, we developed an 



José M Infante Herrero 

 
117 

algorithm to change the initial conditions. As the optical path length and the optical 

dispersion path is fixed, the rest of the initial points and normals can be obtained.  

As an example we are going to design a telescope 6.5x for the same CCD 

camera as in section 4.3. However, in this case we are going to increase the spectral 

band. Instead of considering a monochromatic design we design between 500-600nm.  

 

(a) 

  

(b) 

Figure 4.18 (a) Polychromatic MOIS represented in CODEV® (b) Mechanical dimensions of the 6.5x 

telescope 

The image quality obtained for this MOIS configuration is presented in the 

following figure 

 
Figure 4.19 Polychromatic RMS3D spot size (mm) using a perfect lens at the exit pupil of the 

optical system 
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 From the results that we have obtained, we have demonstrated that it is possible 

to design multichannel optical systems well corrected on axis, free of spherical 

aberration, coma and chromatic aberration. However the aplanatic designs are not free 

of astigmatism and field curvature, which means that the image quality is decreasing 

with the field of view. In the monochromatic approximations we could correct the 

image quality off-axis by sacrificing the over corrected image quality on-axis. In this, 

case if we change the shape of the curves the chromatic correction that we have 

achieved would be useless.  

4.5 Multichannel design without a distributor 

In the previous section we have seen how the MOIS can be designed in order to 

have a good image quality on-axis and well colour corrected. However, for some 

designs (for example the Galilean telescope for the CCD camera) it is necessary to face 

the problem in a different way. In this section we are going to study further on the 

design of the 6.5x telescope for the CCD camera presented in the previous sections 

(122.4 mm of focal length and ±0.85º). 

We have seen that the multichannel configuration allows us to design compact 

systems. In this section we will study through an example the design of a multichannel 

configuration without a distributor.  

Let‟s set up the design of RXXR in SMS nomenclature. This configuration 

allows us to better control the position of the reflective surfaces, which is an important 

advantage from the manufacturing point of view. Furthermore, if the chosen material is 

a plastic, although the whole optical system is made of one piece, the system will be 

light  

It is possible to minimize the effect of the chromatic aberration if the refractive 

surfaces don‟t have power, which means that the refractive surfaces are going to be 

planes. Then there are only two surfaces for designing.  

As we set up the design as a multichannel configuration, both mirrors (XX 

surfaces) are designed in two steps (considering that the design only has two channels 

and in general these kinds of designs are set up as many following steps as the system 

has channels). 
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 Each channel is designed using the SMS2M method for the fields object angles 

±0.056º (±0.36º field image angles) .We design the optical system so that each channel 

has the same effective aperture.  

Furthermore, of the two field object angles (in the next chapter we will study the 

best way to choose the fields object angles), the initial conditions that we have imposed 

for each channel is the distance between the vertex, the position of the vertex is over the 

optical axis and its normals are contained in it.  

 

 

(a) 

 

(b) 

Figure 4.20 (a) Designing of the first channel using the SMS2M method  

(b) View of the first and second channel 

 

 For the design of the second channel, we proceed in the same way as for the 

design of the first channel. We start the SMS chain from two initial points and its 

normals located in the optical axis. The vertex of the secondary mirror of the second 

channel coincides with the vertex of the secondary mirror of the first channel. After 

designing the primary and the secondary mirror of the second channel we cut the part 

that is obstructed by the first channel. In Fig. [4.21] the part that of the mirror that is cut 

in the design is represented by a dash line.  
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Figure 4.21 Design of the second channel.  

The dash line represents the part obstructed by the first channel. 

 

In the next figure the ray tracing of the design represented in CODEV ®, the 

final dimensions of the whole optical system and the image quality represented as a 

RMS3D geometrical spot are shown.  

   

 

(a) 

 

(b) 
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(c) 

Figure 4.22 (a) Multichannel design represented in CODEV®  

(b) Mechanical dimensions of the 6.5x telescope 

(c) FOV vs RMS3D spot. 

 

This configuration allows us to extend the spectral band of work between 450-

700 nm, because this design is not sensitive to the chromatic aberration. This fact is 

show in the following aberrations diagram, where it can be seen that for the SMS field 

object design the image quality is perfect.  

 

 

(a) 

 

(b) 
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Figure 4.23 Ray aberration curves showing that the SMS field object have a perfect image (a) Ray 

aberration curves of channel 1 (b) Ray aberration curves of channel 2 

4.6 Conclusions and future works 

In this chapter we have introduced the MOIS systems. The design of these kinds 

of systems allows us to develop ultra-compact optical systems. We have seen that there 

are several possible applications where these kinds of systems are very suitable, for 

instance for afocal systems. We set up the problem designing aplanatic systems, 

however this design method can be a bit limited, as we have seen in the results obtained 

for polychromatic MOIS. In spite of that, we have seen how the aplantic design of MOIS 

is very suitable for laser applications, and we have seen through an academic example 

how the size of the system can be dramatically reduced through using MOIS 

configurations. 

When we use the SMS method as we have done in the design of the 

multichannel systems without a distributor we have seen that we have obtained better 

results. Nevertheless, we have to make the system a bit thicker than multichannel 

systems with a distributor. In spite of that, at first glance both systems can be seem 

equals, in terms of compacity, the MOIS in general are going to allow us to obtain more 

compacity than the systems without a distributor.  

The approximation with the SMS method gives us the opportunity to control the 

image quality for more than one point of the field. For this reason, the future lines of 

research must be oriented towards the design of the channels using more than one 

bundle of rays, which leads us to use the SMS method. As we are going to see in the 

next chapter, where we are going to present the applications of the generalized SMS 

method, it is possible to design for more than a wavelength and for more than one field 

object with enough number of surfaces.  

When a MOIS is going to be designed, the effects of diffraction must be 

considered, and the optical properties of the system such as the number of channels, the 

F-number and the reference wavelength, must be selected in order to minimize the 

effects of the diffraction.  
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“The process of scientific discovery is, in effect, a continual flight from wonder.” 

Albert Einstein 
  

5.1 Motivation 

As we saw in Chapter 2, the typical imaging design problem Ref. [11]-[13] 

consists of minimizing a certain function that we call merit function. The minimization 

is obtained by parametrically varying the variables of the optical systems.  

The optimization problem is greatly dependent on the starting point, as we have 

seen as using the SMS method in order to obtain an optical system which is close to the 

final solution to allow us to obtain fast and good results comparing with traditional 

methods. The SMS method sets up the problem in a different way. The SMS method 

involves the simultaneous calculation of N optical surfaces (refractive or reflective) 

using N-pairs of wavefronts. For each pair of wavefronts one condition is imposed. The 

condition that we imposed for each pair of wavefronts is that the input wavefront and 

the output wavefront are perfectly coupling. If we consider imaging optical systems, N-

bundles of rays coming from the object must focus perfectly at N-image points; 

Chapter 5  
Generalization of the SMS 

method for meridian rays and 
its applications in imaging 

optics 
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hereinafter we call these points SMS image points. In the SMS method we obtain as a 

result N sets of points and normals (many sets as bundles of rays) which are exact 

solutions. As we have seen in previous chapters we can find the best curve for each set 

of points and its normals, then the optical surfaces are obtained by rotation of these best 

curves.  

The simultaneous multiple surface method allows us to design any optical 

imaging system with fixed focal length or afocal. Furthermore, as we have seen in the 

previous chapters, depending on the application or the system, the design obtained after 

applying the method can be modified in order to fulfil the requirements that weren‟t 

covered in the design such as the spectral band, the values of the MTF for all the fields 

of view or the increase in the insensitivity to manufacturing tolerances.  

The goal of this chapter is to present the generalization of the simultaneous 

multiple surfaces method for meridian rays applied to different imaging optical systems. 

The first applications of this method applied for imaging optics were presented for two 

and three surfaces (F.Muñoz 2004). The concept of t the image Cartesian Oval was 

presented for the case of three surfaces. This concept has been used to design the 

panoramic objective presented in Chapter 3. However, for the design were only two 

surfaces were needed it wasn‟t necessary, and the standard procedure of the SMS chain 

could be used. However, as Wan demonstrated in his doctoral thesis Ref. [15], using the 

image Cartesian Oval can cause us problems of stability during the construction of the 

surfaces. He suggests to use conics for the central part of the surfaces in order to avoid 

these instabilities. Using this concept, he faced the design of four surfaces using the 

SMS method.  

In order to generalize the method, we have to be able to present a procedure that 

follows the same rules without considering the number of surfaces. For this purpose we 

present the generalized method which consists of the three main following steps:  

 

(1) Defining of the initial conditions 

(2) Obtaining the best conic surfaces 

(3) Carrying out the SMS chain 

 

As we will see in the next section, the initial conditions are composed of two 

types of conditions: the conditions which define the number of surfaces that we are 

going to need in our design depending on the number of wavefronts considered, and the 
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conditions that produce different behaviour of the final design. Obtaining the image 

Cartesian Oval is replaced for the obtaining of the best conic surfaces. Using these best 

conics we start to apply the SMS chain Ref. [16]-[21]. From a certain point of view we 

can say that, in the generalized SMS method for meridian rays we are replacing an exact 

solution given by the image Cartesian Oval calculation for an approximate solution 

which gives us more stability in the SMS construction.  

5.2 Definition of the algorithm 

As we have explained in the previous section, it seems logical that all the 

processes related to the design of SMS systems should be gathered in a unique 

algorithm. This algorithm must have the initial conditions of the design as inputs, and it 

gives us as output a set of aspherical surfaces which compose the SMS design. These 

aspherical surfaces must be described from a set of parameters that allow us to very 

easily export the solutions obtained to optical design softwares. In our case we use 

CODEV®, although the solutions obtained can be export to other software as ZEMAX, 

OSLO etc…  

In the definition of the initial conditions of the SMS problem, we distinguish two 

types of conditions. The first type that we call fixed conditions are the conditions that 

define the SMS problem, that is to say, the number of wavefronts, location of the SMS 

image points, the number of wavelengths and the kind of surfaces that we use. In SMS 

nomenclature we use: R for refractive surfaces, X for reflective surfaces and I for total 

internal reflection surfaces. The second types of conditions, that we call variable 

conditions, are the conditions that we are allowed to change during the design. 

Changing these parameters leads us to different solutions. Belonging to this type are the 

position of the vertex of the surfaces and the index of refraction of the materials. Note 

that the position of the vertex defines the material thickness, the air thickness between 

optical elements and the Back Focal Length (BFL). These important parameters mean 

that we are able to find SMS solutions, the behaviour of which would be very similar 

for meridian rays and for skew rays, as we will see in this chapter.   

Once that the initial conditions have been defined, the calculation of the surfaces 

can start. The first step is to obtain the best conics of the surfaces. The process to obtain 

the best conics of the surfaces consists in an iterative method where the radius and the 

conic constant of each surface are obtained. For this process we only consider a small 
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portion of the pupil centred with the optical axis. A set of rays is traced for each 

wavefront considered for the design. The radius and conic constant obtained for each 

surface are what minimize the RMS spot size in the SMS image points. When the best 

conics are known, then we can start the process of the SMS chain. It is important to 

point out that since the F-number is known since the beginning of the design, the SMS 

chain continues up to the value of the radius of the entrance pupil.  

The final step of the algorithm is the data-fitting of the set of points and normals 

of each surface. Since the value of the radius and the conic constant are well known, 

only the aspheric coefficients must be obtained. For the data-fitting we use Forbes 

polynomials Ref. [22]-[24], specially, Qcon polynomials. The reason for using this 

representation was discussed in Chapter 2.  

 

  The algorithm is summarized in the following figure:  

 

 
 

Figure 5.1 The generalized SMS method for meridional rays 
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5.3 The SMS-2M basic example 

 
Let‟s start with the simple case of two surfaces. For this example we designed a 

lens with 30mm of focal length and F/1.8. In this simple case the problem consists of 

finding two surfaces that couple two input wavefronts in two output wavefronts. If we 

consider the object at infinity, both input wavefronts are planes, and the angles with 

respect to the optical axis are ±1.9º; in other words, we use two field objects with 1.9º 

and -1.9º.  

The output wavefronts are spherical and centred on P1 and P2, which are the SMS 

image points. The problem that we have to resolve is to find two optical surfaces that 

transform the two plane input wavefronts in two spherical wavefronts centred on the 

SMS image points. 

The algorithm starts with the definition of the initial conditions. As we have said 

before, we have to define two kinds of initial conditions: the fixed conditions, which are 

the two field angle objects, and the two SMS image points obtained from Eq.(5.1).  

 

                    
          (5.1) 

 

where   is the field object angle, in that case is 1.9º, due to the symmetry of the 

problem that we have set up,        and then,  

 

  
                  

    
                  

 

 

The variable conditions are the position of the vertex, the index of refraction of 

the material used for the design. In that case we used NBK7 and the distance between 

the vertex of the second surface and the image plane, in other words, the back focal 

length of our design.  

In Fig. [5.2] the variable conditions define for the parameters d1, d2 and n1, and 

the fixed conditions given for the SMS image points P1 and P2 can be seen 
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Figure 5.2 Initials conditions for the design. In the figure the position of the vertex and its normal 

separated at certain distance d1 can be seen. The distance d2 is the BFL of the optical system. From Eq. 

(5.1) the fixed conditions are represented by the two SMS image points.  

 

Applying the algorithm defined in the previous section we reach the following 

solution: 

 

 

Figure 5.3 Result of the SMS generalized method 

 

The two aspherical surfaces are solutions of the SMS method, the algorithm 

expressed both surfaces given the parameters necessaries for their description (radius, 

conic constant and aspheric coefficients where we have used Qcon polynomials for 

representing the departure of the basis conic) 

In order to evaluate the image quality of the solution we use the RMS spot radius 

functions, RMS(θ)=RMS(P) and RMS2D(θ)=RMS2D(P) where P is the image point 

related with the field object θ. If the solution found applying the algorithm is an SMS 

solution, the RMS(θ) function must be 0 for the field object angles 1.9º and -1.9º,  
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If we represent the RMS2D (Fig. [5.4 (a)]), we can see that from the fields objects 

related to P1 and P2 (1.9º and -1.9º), we obtain a 0 value of RMS, which means that we 

have obtained a SMS solution.  

 

 

(a) 

 

(b) 

Figure 5.4 (a) RMS2D vs. field angle object  

(b) Comparison between curves obtained using the SMS-2M method and curves obtained from the 

generalize SMS method 

 

In Fig. [5.4 (b)] we can also see that the results obtained using the generalized 

method coincide with the results obtained using the SMS-2M method, which means that 

the approximation of the best conics have been really accurate for the central part of the 

surfaces. 

  

 In Ref. [25] we can see that the function of the RMS2D is given by  

 

                     

 

   

  
(5.2) 

  

 As it is explained in Ref. [14], it is an arbitrary analytic function of θ which, in a 

first approximation, can be considered a constant function of θ (while the value of this 

constant varies with different designs). For the sake of simplicity, let‟s consider 

that,        . Considering this approximation, the function RMS2D(θ) is given by 
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                        (5.3) 

 

In Fig. [5.5] we can see the error that we are making  

 

 

Figure 5.5 Comparison between the polynomial approximation and the ray tracing 

 

Considering that the polynomial approximation can (with a certain margin of 

error) describe the behaviour of the system, we can calculate the values of the field 

object that produce the same value of the RMS2D on the edge of the field object and in 

the centre. 

 

 Using Eq. (5.3), and considering that                     , we obtain: 

 

        

         

  

 If we use these new values for the field object, using Eq.(5.1) we can calculate 

the new SMS image points. Using these new values as fixed initial conditions and 

applying the algorithm again, we obtain the following RMS2D curve: 
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Figure 5.6 RMS2D obtained by ray tracing for the new SMS image points 

 

where we can see that we can control with the proper selection of the SMS image 

points, the maximum value of the RMS2D for all the fields of view considered. This is 

an important result because it means that it is possible to know the best initial conditions 

for the design. In the next section we are going to see how the best variable conditions 

can be chosen, in order to obtain a similar behaviour between the meridional rays and 

the skew rays. 

5.4 Optimization of the SMS solutions 

 
In this section we are going to study how, by changing the variable conditions using 

an iterative method it is possible to design well-corrected optical systems, which means 

that not only the meridional rays are well controlled but also the skew rays.  

This algorithm was presented in Ref. [26] and it was called Optimization phase I, in 

this section we have tailored this algorithm according to the algorithm presented before. 

In order to test our method we are going to replicate the design presented in Ref. [27]. 

For this design, the SMS image points are selected so that the maximum of the 

RMS2D (θ) are equal. We obtain θ1≈0.51º, θ2≈0º and θ3≈-0.51º. As in the previous 

section we obtain the y‟ coordinate for the SMS image points using these values in Eq. 

(5.1). In this design a telephoto is designed using four surfaces; for this design we are 

going to design only three of them leaving one of them prescribed. Note that the 

parameters of this prescribed surface are going to be part of the variable conditions.  

 The iterative algorithm consists in minimizing the largest RMS3D spot size within 

the field. Until now we have been talking about the RMS2D; the RMS3D is the RMS that 
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considered all the rays of the pupil. A block diagram of the whole algorithm is shown in 

Fig. [5.7]. 

 

 
Figure 5.7 The generalized SMS method with optimization phase I 

 

As in the previous section, we start the algorithm with certain initial conditions. 

The fixed conditions have been selected in order to control the maximum values of the 

RMS2D function.  
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 We start the process by defining certain values for the variable conditions. For 

this design the variable conditions are: the radius and the conic constant of the first 

surface, the distance between the vertex of the first refractive surface and the primary 

mirror (d1), the distance between the vertex of the primary mirror and the secondary 

mirror (d2), the distance between the vertex of the secondary mirror the last refractive 

surface (d3) and the back focal length (d4). 

Once that all the initial conditions have been defined we start with the SMS 

calculations, the first step is to obtain the best conic of the surfaces (Fig. [5.8]) 

 
Figure 5.8. Calculation of the best conics 

 

After obtaining the parameters which define the best conic of each surface, we 

can start with the rest of the process to obtain the design shown in Fig. [5.9]. The 

surfaces are described as Qcon aspheres so the result gives us the coefficients of each 

asphere.  

 
Figure 5.9. SMS surfaces solutions of the generalized SMS method 
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Once that we have obtained the first SMS design we can compare the RMS3D 

function with the RMS2D function plotted in Fig. [5.10] in red and green respectively.  

 

 

(a) 

 

(b) 

 

Figure 5.10 (a) SMS-3M CODEV® representation, (b) Comparison of the RMS3D before the iterative 

process for obtaining the best variable conditions 

 

In the Fig. [5.10] (b), we can see the difference between the two functions. It is 

important to highlight that whilst the design is very well corrected for the meridian rays, 
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the skew rays are not well controlled. This fact means that the image quality of the 

design is poor.  

If we perform the iterative process, it is possible to drastically improve the 

image quality of the design by changing the variable conditions, as can be seen in Fig. 

[5.11]. Of course, not all parameters have the same influence in the control of the skew 

rays. Using the basic concepts of the third order aberration theory can help to speed up 

the process.  

 

 
Figure 5.11 Comparison of the RMS functions after performing the iterative process  

 

5.5  Imaging applications of the generalized SMS method 

Once we have proved in the previous sections that the generalized SMS method 

allows us to obtain SMS solutions for two and three pairs of wavefronts, then we can 

extend the method for different cases. In this section we are going to present different 

examples in order to prove the power of the method. 

Let‟s design an optical system composed of two lenses of NBK7, with a focal 

length of 8.59 mm and F/2.5. As for the examples that we are going to present in this 

section, we are only interested in whether we are able to achieve SMS solutions using 

the generalize SMS method, we are only going to study the RMS2D, which means that 

we use arbitrary values for the variable conditions. 

Although throughout this chapter we have been talking about field object angles 

and SMS image points (which is not the typical vocabulary in SMS design where it is 

more common to talk in terms of wavefronts), it is important to point out that they have 
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the same meaning, where the field object angles are the input wavefronts and the SMS 

image points can be considered as spherical wavefront whose centre is located in the 

SMS image point.  

Using the same procedure as in the previous sections, we start defining the fixed 

conditions: the field object angles ±2º and ±6º, the SMS image points obtained by using 

Eq. (5.1), and the wavelength for the design, in this case 0.586 μm.  

The variable conditions in this design are the distances between the vertex of 

each surface, the index of refraction used for the lens and the back focal length.  

 With these initial conditions we apply the same algorithm as in section (5.2 

obtaining the design shown in Fig. [5.12].  

 

 

Figure 5.12 SMS-4M design using the generalized SMS method. The initial conditions for the design are 

shown. The SMS image points P1…P4 belong to the fixed conditions group, while d1…d4 are variable 

conditions. 

 

In Fig. [5.13], the SMS-4M represented in CODEV® and the RMS2D is shown. 

 

(a) (b) 
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Figure 5.13. (a) SMS-4M CODEV® representation (b) RMS2D obtained for FOV of 18º 

If we are able to design four surfaces for four pairs of wavefronts, then we can 

try to obtain a design for more than one wavelength. Let‟s design an optical system with 

the same focal length as in the previous example (8.59mm), using two image SMS 

points and two wavelengths. This particular example is especially interesting because, 

whilst we are only using two SMS image points, the problem is similar to the previous 

design because each wavelength is related to one wavefront (as we saw in Chapter 1). 

That means that we have four input wavefronts and four output wavefronts, and it 

basically means that we have the same number of initial conditions in terms of 

wavefronts.  

Applying the generalized SMS method we obtain the following results: 

 

(a) 

 

(b) Figure 5.14 (a) SMS-4M two wavelengths CODEV® representation 

(b) RMS2D graph for both wavelengths 
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 For this example two materials have been used, NBK7 and SF6. The selection of 

the glasses has also been arbitrary. It is interesting to see the shape of the RMS2D for 

each wavelength, because it is exactly the same. 

As the crowning point of the method that we have presented in this chapter we 

are going to present an optical system with 30 mm of focal length and F/2 designed with 

six pairs of wavefronts. In this example we are going to design three lenses of NBK7. 

We will use arbitrary values for the parameters d1,.., dn n=6. The SMS image points are 

related to the field objects ±2º, ±4º and ±10º. The procedure to design this system is the 

same as in the previous examples, obtaining the result shown in the following figure: 

 

(a) 

 

(b) 



Chapter 5 Generalization of the SMS method for meridian rays and its applications in imaging optics 

 
140 

Figure 5.15 (a) SMS-6M CODEV® representation 

(b) RMS2D graph with six ceros for the field object angles related with the SMS image points 

 

5.6 Conclusions and future works 

In this work we have presented the generalized SMS method for meridian rays. 

Until now the SMS procedure was tailored depending on the number of wavefronts 

considered for the design, or in other words the number of surfaces designed. The 

generalization of the SMS method is a big step in the SMS theory because it allows us 

to design, using only one algorithm, different kinds of SMS designs. 

Using the generalized SMS method, we have designed the first SMS design 

using six couples of wavefronts. This design and the rest of the examples presented 

along this chapter make us think that the generalized SMS method is powerful enough 

to be used for more than six couples of wavefronts. 

On the other hand we have seen how the SMS solutions depend on two types of 

initial conditions, the fixed conditions and the variable conditions. For the first type we 

have shown a method used in order to obtain the best values for the design. For the 

second type of conditions we have adapted an iterative process in order to obtain 

designs whose behaviour is almost the same as for meridian rays and for skew rays.  

This new strategy of obtaining the best initial conditions combined with the 

generalized SMS method open a new door for the design of optical systems with 

aspherical surfaces.  

Future lines of work should lead us to apply this method to the design of zoom 

optical systems and the design of aspheric surfaces which are less sensitive to the 

manufacturing tolerances.  
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1. Conclusions  

The objective of this doctoral thesis was to present the SMS method as a 

technique that can be used in general for the design of any optical system, both with a 

fixed focal or an afocal with a specific magnification, and as a tool capable of adapting 

to current optical design software. It enables the designer to easily undertake the design 

of complex optical systems, regardless of his/her experience. 

We reached many interesting conclusions along the way. 

In Chapter 2, we have studied the main concepts for optical systems 

optimization. Through an example we have seen how by using a proper starting point, 

the optimization process can be performed in a more efficient way. In order to verify 

this fact, we have undertaken the optical design of a compact telephoto for the SWIR 

band.  

The problem was set out using different methods for obtaining the starting point: 

the first suggested method was to use an existing design (note that this kind of strategy 

is widely used for optical engineers). As an alternative way to face the problem we 

suggested using the simultaneous multiple surface method and its approximations. For 

the sake of simplicity, we started using the aplanatic approximation which can be 

considered special case of the SMS method. The starting point that the aplanatic 

approximation provides is very well corrected on axis, and the constraints as the f-

number and the effective focal length have the desirable value. In the optimization 

process, we only have to correct the field aberrations and the distortion. Although this 

starting point gives us a final design similar to the first method in terms of telephoto 

ratio and image quality, the optimization process is faster and needs fewer trials than the 

first method. The SMS method provides us with a starting point which is well corrected 

on axis and for two points of axis. Through the proper selection of the off-axis points, 

the full field of view can be corrected. However the starting point was monochromatic, 

for this reasons it is necessary to use the optimization process to correct the chromatic 

aberration. Using the SMS approximation we have obtained a design with the same 

image quality with minimum volume and weight.  

In Chapter 2 we have also presented different techniques for the data-fitting of the 

points obtained through using the SMS and its approximations. We suggested to use 

Conclusions and future lines of investigations 
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orthogonal polynomials, the advantages of using these polynomials in the data-fitting 

problem have been demonstrated. Furthermore, the radial basis functions, the Gaussian 

functions, have been presented as a good method to interpolate a cloud of points in 3D 

to an optical surface. The radial basis function interpolation method has been improved, 

by using the local adjustment of the shape factor. This fact allows us to improve the 

results by using almost ten times less Gaussian functions. 

In Chapter 3, we have demonstrated the power of the method SMS method 

through designing a panoramic catadioptric objective 

The SMS method ensures that the input and output bundles become fully 

coupled by the optical system. This fact allows us not only to obtain a good starting 

point, but also the design can have the optimum number of optical elements. It is 

important to point out that we set out the SMS problems using four surfaces where one 

of them was prescribed, and the final design has four surfaces, which means, that our 

starting point had the necessary number of surfaces to obtain a good solution. It is very 

important from a certain point of view because we can reduce the cost of the optics as 

well. The later optimization process is also improved because it can be fulfilled faster 

and more efficiently due to the fact that the starting point is very close to the final 

solution. As a result a panoramic optical system have been designed using only three 

optical elements  

 The opto-mechanical design was performed in order to design mechanical pieces 

which were easily manufactured. For this reason the volume of the prototype is not the 

optimum. Measurements over the optical elements have been presented showing that 

have been manufactured properly. On the other hand the entire electro-optical systems 

have characterized by measuring the MRTD and the field of view. From the results 

obtained and also for the images obtained we can conclude that the prototype 

completely fulfil the goals of the design.   

 In Chapter 4, we have introduced the MOIS systems. The design of these kinds 

of systems allows us to develop ultra-compact optical systems. We have seen that there 

are several possible applications where these kinds of systems are very suitable, for 

instance for afocal systems. We set up the problem designing aplanatic systems, 

however this design method used can result a bit limited, as we have seen in the results 

obtained for polychromatic MOIS. In spite of we have seen how the aplantic design of 

MOIS is very suitable for laser applications, we have seen through an academic example 
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how the size of the system can be dramatically reduced through using MOIS 

configurations. 

When we use the SMS method as we have done in the design of the 

multichannel systems without distributor we have seen that we have obtained better 

results. Although we have to design the system a bit thicker that the multichannel 

systems with distributor. In spite of that at first glance both systems can be seem equals, 

in terms of compacity, the MOIS in general are going to allow us to obtain more 

compacity than the systems without distributor. That is because the mechanical 

assembly  

In Chapter 5, we have presented the generalized SMS method for meridian rays. 

Until now the SMS procedure was tailored depending on the number of wavefronts that 

we were going to consider for the design or in other words the number of surfaces that 

we were going to design. The generalization of the SMS method is a big step in the 

SMS theory because it allows us to design using one algorithm different kinds of SMS 

designs. 

Using the generalized SMS method we have designed the first SMS design using 

six couples of wavefronts. This design and the rest of the examples presented along this 

chapter make us think that the generalized SMS method is enough powerful for being 

used for more than six couples of wavefronts. 

On the other hand we have seen how the SMS solutions depend on two types of 

initial conditions, the fixed conditions and the variable conditions. For the first type we 

have shown a method in order to obtain the best values for the design. For the second 

type of conditions we have adapted an iterative process in order to obtain designs which 

their behaviour is almost the same for meridian rays and for skew rays.  

This new strategy of obtaining the best initial conditions combined with the 

generalized SMS method open us a new door for the design of optical systems with 

aspherical surfaces.  

As a result of this doctoral thesis, we have developed the necessary tools and a 

powerful algorithm for designing optical systems using aspherical surfaces. We have 

presented the SMS method as important tool to take into consideration when an optical 

design is going be faced. A prototype with a minimum number of optical elements has 

been developed and new way of designing ultra-compact optical systems has been 

shown.  
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2. Future lines of investigations 

 

Future lines of work should lead us to apply the generalized SMS method to 

designing zoom optical systems and to design aspheric surfaces that are less sensitive to 

the manufacturing tolerances. The development of these two lines would completement 

the work presented in this doctoral thesis. 

On the other hand, as we have seen in Chapter 4 the aplanatic approximation for 

designing MOIS is a bit limited. The next lines of investigation for the design of 

multichannel optical systems with a distributor must focus on using the SMS method for 

more than one field object and for more than one wavelength. Furthermore, the 

diffraction effects in the MOIS can be very noticeble as these kinds of optical system 

are very promising. New lines of investigation in this field should be oriented towards a 

detailed study of the values of the optical parameters of the system which minimize the 

diffraction effects produced by the channels. 
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This appendix shows the main characteristics of the microbolometer detector used with 

the panoramic objective presented in Chapter 3.  

General characteristics 

 

 
 

 

Appendix A CHARACTERISITICS OF THE LWIR 

DETECTOR 
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Mechanical ICD of the detector 

 
In the next drawing the mechanical ICD of the detector is presented. This mechanical 

ICD was used for the mechanical design of the panoramic camera.  

 

 
 

 
  



José M Infante Herrero 

 
149 

 
 
 



Appendix A Characteristics of the LWIR detector 

 
150 

 

Electrical ICD of the detector 

 
In the next figure is shown the electrical interface of the detector 
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Appendix B  Range performance of a thermal 

camera from the MRTD measurements 

 
The MRTD (Minimum Resolvable Temperature Difference) is the parameter 

used to evaluate the capability of a thermal imaging system to resolve spatial 

frequencies at low temperature contrasts. To obtain the MRTD curve, the minimum 

temperature difference (between the target and the background) needed to solve the 

target is determined, for each spatial frequency. The tests used in the MRTD 

measurement are composed of 4 vertical bars at a given spatial frequency 

 

The typical MRTD curve is presented in Fig. [ApB.1]. 

 
Figure ApB.1 The MRTD curve. Due to the aliasing effects the MRTD curve presents an 

asymptote at the Nyquist frequency. That means that this spatial frequency won‟t be resolvable 

by the system.  

 

From the MRTD curve, we can estimate how far our thermal camera will be able 

to see a target. Let‟s start by defining what we consider a target and background. As 

Holst states “A target is an object that is to be detected, recognized or identified. The 

background is any distribution of radiation that offsets the target”. To measure the 

capacity of an observer to detect, recognize or indentify a target, in terms of spatial 

frequency, the Johnson‟s criteria is used. 

Johnson states that, to detect a target, one cycle must lie across the target; to 

recognize it, three cycles are required; and to identify it, six cycles. The Johnson criteria 
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can be expressed in terms of the detector pixels, with 2 pixels for detection (or 1.75 

pixels for new detectors), 6 pixels for recognition and 12 pixels for identification.   

 If we have a target of dimension Ts at a certain distance R, then we can translate 

the capability of the system  to detect, recognize or indentify the target in terms of the 

spatial frequency, ξ, that has to be resolved, by using the following equation: 

 

   
  

       
  

(B.1) 

 

where ncycles stands for the cycles across the target and is equal to 1 cycle, 3 cycles or 6 

cycles for detection, recognition and identification respectively. 

 This equation can be obtained considering the following figure:  

 

 
 

Figure ApB.2 Geometrical representation of the range performance capability of an imaging system 

 
where  

 R is the distance between the electro-optical system and the target (in Km) 

 Ts is characteristic dimension of the target (in m) 

 f is the effective focal length of the optical system (in mm) 

 Ps is the pixel size of the detector of the electro-optical system (in µm) 

 θ is the instantaneous Field of View (IFOV) of the electro-optical system. When 

dimensions of the previous parameters are considered in the units of the Fig. 

[(ApB.2)] then θ is expressed in mile radians (mrad).  

 
As both triangles of the Fig. [ApB.2] are equivalent, we can see that there is a 

relation between the size of the target and the IFOV of the electro-optical system. 

Following the Johnson criteria about the number of cycles that must lie across the 

target, is easy to obtain Eq. (B.1). 
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It has to be noted that the temperature difference, ΔT0, between the target and 

the background is going to be affected by the atmospheric transmission. We can obtain 

the difference in temperature (ΔT) that reaches the electro-optical system using the 

following equation: 

             (B.2) 

 

where σ denotes the atmospheric absorption coefficient, which can be approximated to 

0.2km-1 in good visibility conditions. That is Equivalent to a visibility of 20 km. 

Considering Eq. (B.1) and Eq.(B.2) we can evaluate the capacity of an electro-

optical system to detect, recognize and indentify a given target from the MRTD values. 

Using these concepts and the MRTD values measured for the prototype in a previous 

chapter, we obtain, for that system, the following ranges of detection, recognition and 

identification of a person with an initial temperature difference of 2ºC with the 

background: 

 

Detection 100 m 

Recognition 30 m aprox 

Identification 20 m aprox 
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