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Abstract 

Nonimaging optics is a branch of optics whose development began in the mid-1960s. 

This rather new field of optics focuses on the efficient light transfer necessary in many 

applications, among which we highlight solar concentrators and illumination systems. The 

classical optics solutions to the problems of light energy transfer are only appropriate when the 

light rays are paraxial. The paraxial condition is not met in most applications for the 

concentration and illumination. This thesis explores several free-form designs (with neither 

rotational nor linear symmetry) whose applications are intended to cover the above mentioned 

areas and more. 

The term nonimaging comes from the fact that these optical systems do not need to 

form an image of the object, although it is not a necessary condition not to form an image. 

Another word sometimes used instead of nonimaging is anidolic, and it comes from the Greek 

“an+eidolon” and has the same meaning. Most of the optical systems designed for nonimaging 

applications are without any symmetry, i.e. free-form. Free-form optical systems become 

especially relevant lately with the evolution of free-form tooling (injection molding machines, 

multi-axis machining techniques, etc.). Nevertheless, only recently there are nonimaging design 

techniques that are able to meet these degrees of freedom. 

In illumination applications, the SMS3D method allows designing two free-form surfaces 

to control very well extended sources. In cases when source, target or volumetric constrains 

have very asymmetric requirements free-form surfaces are offering solutions with higher 

efficiency or with fewer elements in comparison with rotationally symmetric solutions, as free-

forms have more degrees of freedom and they can perform multiple functions due to their free-

form nature.  

Anidolic concentrators are well suited for the collection of solar energy, because the 

goal is not the reproduction of an exact image of the sun, but instead the collection of its energy. 

At this time, Concentration Photovoltaics (CPV) field is turning to high concentration systems in 

order to compensate the expense of multi-junction (MJ) solar cells used as receivers by 

reducing its area. Interest in the use of MJ cells lies in their very high conversion efficiency. High 

Concentration Photovoltaic systems (HCPV) with geometric concentration of more than 500x 



are required in order to have competitive systems in terrestrial applications. These systems 

comprise two (or more) optical elements, mirrors and/or lenses. Systems presented in this 

thesis encompass both main types of HCPV architectures: concentrators with primary reflective 

element and concentrators with primary refractive element (Fresnel lens).  

Demand for the efficiency increase of the actual HCPV systems as well as feasible 

more efficient partitioning of the solar spectrum, leads to exploration of four or more junction 

solar cells or submodules. They have a potential of reaching over 45% efficiency at 

concentration of hundreds of suns. One possible architectures of spectrum splitting module 

using commercial concentration cells is presented in this thesis.   

Another field of application of nonimaging optics is illumination, where a specific 

illuminance distribution pattern is required. The Solid State Lighting (SSL) based on 

semiconductor electroluminescence provides light sources for general illumination applications. 

In the last decade high-brightness Light Emitting Diodes (LEDs) started replacing conventional 

light sources due to their superior output light quality, unsurpassed lifetime, compactness and 

energy savings. Collimators used with LEDs have to meet requirements like high efficiency, high 

beam control, color and position mixing, as well as a high compactness. We present a free-form 

collimator with microstructures that performs good collimation and good color mixing with RGGB 

LED source. Good light mixing is important not only for simplifying luminaire optical design but 

also for avoiding die binning. Optical light mixing may reduce costs by avoiding pulse-width 

modulation and other patented electronic solutions for dimming and color tuning. 

This thesis comprises four chapters. Chapters containing the original work of this thesis 

are preceded by the introductory chapter that addresses basic concepts and definitions of 

geometrical optics on which nonimaging is developed. It contains fundamentals of nonimaging 

optics together with the description of its design problems, principles and methods, and with the 

Simultaneous Multiple Surface (SMS) method standing out for its versatility and ability to control 

several bundles of rays. Köhler integration and its applications in the field of photovoltaics are 

described as well. CPV and SSL fields are introduced together with the review on their 

background and their current status. 

Chapter 2 and Chapter 3 contain advanced optical designs with primarily application in 

solar concentration; meanwhile Chapter 4 portrays the free-form V-groove collimator with good 

color mixing property for illumination application. 

Chapter 2 describes two HCPV optical concentrators designed with the SMS method in 

three dimensions (SMS3D). Both concentrators represent Köhler integrator arrays that provide 

uniform irradiance distribution free from chromatic aberrations on the solar cell. One of the 

systems is the XXR free-form concentrator designed with the SMS3D method. The primary 

mirror (X) of this concentrator and secondary lens (R) are divided in four symmetric sectors 

(folds) that perform Köhler integration; meanwhile the intermediate mirror (X) is rotationally 

symmetric. Second HCPV concentrator is the Fresnel-RXI (FRXI) with flat Fresnel lens as the 

Primary Optical Element (POE) and an RXI lens as the Secondary Optical Element (SOE). This 



architecture manifests 4-fold configuration for performing Köhler integration (4 array units), as 

well. The RXI lenses are well-known nonimaging devices, but their application as SOE is novel. 

Both XXR and FRXI Köhler HCPV concentrators are academic examples of very high 

concentration (more than 2,000x meanwhile conventional systems nowadays have up to 

1,000x) prepared for the near future N-junction (N>3) solar cells. In order to have efficient and 

cost-effective terrestrial CPV systems, those cells will probably require higher concentrations 

and high spectral irradiance uniformity. Both concentrators are designed by maximizing merit 

functions: the optical efficiency, concentration-acceptance angle (CAP) and cell-irradiance 

uniformity free from chromatic aberrations (Köhler integration).  

Chapter 3 presents the spectrum splitting architecture based on a HCPV module with 

high concentration (500x) and high acceptance angle (>1º). This module aims to reduce both 

sources of losses of the actual commercial triple-junction (3J) solar cells with more efficient use 

of the solar spectrum and with recovering the light reflected from the 3J cells’ grid lines and 

semiconductor surface. The solar spectrum is used more efficiently due to the combination of a 

high efficiency 3J concentration cell (GaInP/GaInAs/Ge) and external Back-Point-Contact (BPC) 

concentration silicon (Si) cell. By employing external confinement techniques, the 3J cell’s 

reflections are recovered in order to be re-absorbed by the cell. In the proposed concentrator 

architecture, the 3J cell operates at its optimized current gain (at geometrical concentration of 

500x), while the Si cell works near its optimum, as well (135x). 

The spectrum splitting module consists of a flat Fresnel lens (as the POE), and a free-

form RXI-type concentrator with a band-pass filter embedded in it (as the SOE), both POE and 

SOE performing Köhler integration to produce light homogenization. The band-pass filter sends 

the IR photons in the 900-1,150nm band to the Si cell. There are several practical aspects of 

presented module architecture that help reducing the added complexity of the beam splitting 

systems: the filter and secondary are forming a single solid piece, both cells are coplanar so the 

heat management and wiring is simplified, etc. Two proof-of-concept prototypes are assembled 

and tested in order to prove filter manufacturability and performance, as well as the potential of 

external light recycling technique. Obtained measurement results agree quite well with models 

and simulations, and show an opened path to manufacturing of the Fresnel RXI-type secondary 

concentrator with spectrum splitting strategy.  

Two free-form solid V-groove collimators are presented in Chapter 4. Both free-form 

collimators are originally designed with the SMS3D method. The second mirrored optically 

active surface is converted in a grooved surface a posteriori. Initial two mirror (XX) design is 

presented as a proof-of-concept. Second, RXI free-form design is comparable with existing RXI 

collimators as it is a highly compact and a highly efficient design. It performs very good color 

mixing of the RGGB LED sources placed off-axis like in conventional RGB LEDs. Collimators 

described here improve color mixing property of the prior art rotationally symmetric no-aplanatic 

RXI devices, and the efficiency of the aplanatic ones, accomplishing both good collimation and 



good color mixing. Free-form V-groove collimators enhance the no-aplanatic device's blending 

capabilities by adding aplanatic features to its symmetric counterpart with no loss in efficiency. 

Big advantage of the RXI design is its potentially lower manufacturing cost, since the 

process of metallization may be avoided. Although some components are very complicated for 

shaping, the manufacturing costs are relatively insensitive to the complexity of the mold 

especially in the case of mass production (such as plastic injection), as the cost of the mold is 

spread in many parts. 

Finally, last two sections are conclusions and future lines of investigation. 

 

 
  



 

Resumen 

La óptica anidólica es una rama de la óptica cuyo desarrollo comenzó a mediados de la 

década de 1960. Este relativamente nuevo campo de la óptica se centra en la transferencia 

eficiente de la luz, algo necesario en muchas aplicaciones, entre las que destacamos los 

concentradores solares y los sistemas de iluminación. Las soluciones de la óptica clásica a los 

problemas de la transferencia de energía de la luz sólo son adecuadas cuando los rayos de luz 

son paraxiales. La condición paraxial no se cumple en la mayoría de las aplicaciones para 

concentración e iluminación. Esta tesis contiene varios diseños free-form (aquellos que no 

presentan ninguna simetría, ni de rotación ni lineal) cuyas aplicaciones van destinadas a estos 

dos campos. 

 El término nonimaging viene del hecho de que estos sistemas ópticos no necesitan 

formar una imagen del objeto, aunque no formar la imagen no es una condición necesaria. Otra 

palabra que se utiliza a veces en lugar de nonimaging es la palabra anidólico, viene del griego 

"an+eidolon" y tiene el mismo significado. La mayoría de los sistemas ópticos diseñados para 

aplicaciones anidólicas no presentan ninguna simetría, es decir, son free-form (anamórficos). 

Los sistemas ópticos free-form están siendo especialmente relevantes durante los últimos años 

gracias al desarrollo de las herramientas para su fabricación como máquinas de moldeo por 

inyección y el mecanizado multieje. Sin embargo, solo recientemente se han desarrollado 

técnicas de diseño anidólicas capaces de cumplir con estos grados de libertad.  

En aplicaciones de iluminación el método SMS3D permite diseñar dos superficies free-

form para controlar las fuentes de luz extensas. En los casos en que se requiere una elevada 

asimetría de la fuente, el objeto o las restricciones volumétricos, las superficies free-form 

permiten obtener soluciones de mayor eficiencia, o disponer de menos elementos en 

comparación con las soluciones de simetría de rotación, dado que las superficies free-form 

tienen más grados de libertad y pueden realizar múltiples funciones debido a su naturaleza 

anamórfica. 

Los concentradores anidólicos son muy adecuados para la captación de energía solar, 

ya que el objetivo no es la reproducción de una imagen exacta del sol, sino sencillamente la 

captura de su energía. En este momento, el campo de la concentración fotovoltaica (CPV) 

tiende hacia sistemas de alta concentración con el fin de compensar el gasto de las células 

solares multi-unión (MJ) utilizadas como receptores, reduciendo su área. El interés en el uso de 



células MJ radica en su alta eficiencia de conversión. Para obtener sistemas competitivos en 

aplicaciones terrestres se recurre a sistemas fotovoltaicos de alta concentración (HCPV), con 

factores de concentración geométrica por encima de 500x. Estos sistemas se componen de 

dos (o más) elementos ópticos (espejos y/o lentes). En los sistemas presentados a lo largo de 

este trabajo se presentan ejemplos de concentradores HCPV con elementos reflexivos como 

etapa primaria, así como concentradores con elementos refractivos (lente de Fresnel). 

Con la necesidad de aumentar la eficiencia de los sistemas HCPV reales y con el fin de 

proporcionar la división más eficiente del espectro solar, células conteniendo cuatro o más 

uniones (con un potencial de alcanzar eficiencias de más del 45% a una concentración de 

cientos de soles) se exploran hoy en día. En esta tesis se presenta una de las posibles 

arquitecturas de división del espectro (spectrum-splitting en la literatura anglosajona) que 

utilizan células de concentración comercial. 

Otro campo de aplicación de la óptica nonimaging es la iluminación, donde es 

necesario proporcionar un patrón de distribución de la iluminación específico. La iluminación de 

estado sólido (SSL), basada en la electroluminiscencia de materiales semiconductores, está 

proporcionando fuentes de luz para aplicaciones de iluminación general. En la última década, 

los diodos emisores de luz (LED) de alto brillo han comenzado a reemplazar a las fuentes de 

luz convencionales debido a la superioridad en la calidad de la luz emitida, elevado tiempo de 

vida, compacidad y ahorro de energía. Los colimadores utilizados con LEDs deben cumplir con 

requisitos tales como tener una alta eficiencia, un alto control del haz de luz, una mezcla de 

color espacial y una gran compacidad. Presentamos un colimador de luz free-form con 

microestructuras capaz de conseguir buena colimación y buena mezcla de colores con una 

fuente de LED RGGB. Una buena mezcla de luz es importante no sólo para simplificar el 

diseño óptico de la luminaria sino también para evitar hacer binning de los chips. La mezcla de 

luz óptica puede reducir los costes al evitar la modulación por ancho de pulso y otras 

soluciones electrónicas patentadas para regulación y ajuste de color. 

Esta tesis consta de cuatro capítulos. Los capítulos que contienen la obra original de 

esta tesis son precedidos por un capítulo introductorio donde se presentan los conceptos y 

definiciones básicas de la óptica geométrica y en el cual se engloba la óptica nonimaging. 

Contiene principios de la óptica no formadora de imagen junto con la descripción de sus 

problemas y métodos de diseño. Asimismo se describe el método de Superficies Múltiples 

Simultáneas (SMS), que destaca por su versatilidad y capacidad de controlar varios haces de 

rayos. Adicionalmente también se describe la integración Köhler y sus aplicaciones en el 

campo de la energía fotovoltaica. La concentración fotovoltaica y la iluminación de estado 

sólido son introducidas junto con la revisión de su estado actual. 

El Segundo y Tercer Capítulo contienen diseños ópticos avanzados con aplicación en 

la concentración solar principalmente, mientras que el Cuarto Capítulo describe el colimador 

free-form con surcos que presenta buena mezcla de colores para aplicaciones de iluminación. 



El Segundo Capítulo describe dos concentradores ópticos HCPV diseñados con el 

método SMS en tres dimensiones (SMS3D) que llevan a cabo integración Köhler en dos 

direcciones con el fin de proporcionar una distribución de irradiancia uniforme libre de 

aberraciones cromáticas sobre la célula solar. Uno de los diseños es el concentrador XXR free-

form diseñado con el método SMS3D, donde el espejo primario (X) y la lente secundaria (R) se 

dividen en cuatro sectores simétricos y llevan a cabo la integración Köhler (proporcionando 

cuatro unidades del array Köhler), mientras que el espejo intermedio (X) presenta simetría 

rotacional. Otro concentrador HCPV presentado es el Fresnel-RXI (FRXI) con una lente de 

Fresnel funcionando como elemento primario (POE) y una lente RXI como elemento óptico 

secundario (SOE), que presenta configuración 4-fold con el fin de realizar la integración Köhler. 

Las lentes RXI son dispositivos nonimaging conocidos, pero su aplicación como elemento 

secundario es novedosa. 

Los concentradores XXR y FRXI Köhler son ejemplos académicos de muy alta 

concentración (más de 2,000x, mientras que los sistemas convencionales hoy en día no suelen 

llegar a 1,000x) preparados para las células solares N-unión (con N>3), que probablemente 

requerirán una mayor concentración y alta uniformidad espectral de irradiancia con el fin de 

obtener sistemas CPV terrestres eficientes y rentables. Ambos concentradores están diseñados 

maximizando funciones de mérito como la eficiencia óptica, el producto concentración-

aceptancia (CAP) y la uniformidad de irradiancia sobre la célula libre de la aberración cromática 

(integración Köhler). 

El Tercer Capítulo presenta una arquitectura para la división del espectro solar basada 

en un módulo HCPV con alta concentración (500x) y ángulo de aceptancia alto (>1º) que 

tiene por objeto reducir ambas fuentes de pérdidas de las células triple unión (3J) comerciales: 

el uso eficiente del espectro solar y la luz reflejada de los contactos metálicos y de la superficie 

de semiconductor. El módulo para la división del espectro utiliza el espectro solar más eficiente 

debido a la combinación de una alta eficiencia de una célula de concentración 3J 

(GaInP/GaInAs/Ge) y una de contacto posterior (BPC) de concentración de  silicio (Si), así 

como la técnica de confinamiento externo para la recuperación de la luz reflejada por la célula 

3J con el fin de ser reabsorbida por la célula. En la arquitectura propuesta, la célula 3J opera 

con su ganancia de corriente optimizada (concentración geométrica de 500x), mientras que la 

célula de silicio trabaja cerca de su óptimo también (135x). 

El módulo de spectrum-splitting consta de una lente de Fresnel plana como POE y un 

concentrador RXI free-form como SOE con un filtro paso-banda integrado en él. Tanto POE 

como SOE realizan la integración Köhler para producir homogeneización de luz sobre la célula. 

El filtro paso banda envía los fotones IR en la banda 900-1,150nm a la célula de silicio. Hay 

varios aspectos prácticos de la arquitectura del módulo presentado que ayudan a reducir la 

complejidad de los sistemas spectrum-splitting (el filtro y el secundario forman una sola pieza 

sólida, ambas células son coplanarias simplificándose el cableado y la disipación de calor, etc.). 

Prototipos prueba-de-concepto han sido ensamblados y probados a fin de demostrar la 



fabricabilidad del filtro y su rendimiento cuando se combina con la técnica de reciclaje de luz 

externa. Los resultados obtenidos se ajustan bastante bien a los modelos y a las simulaciones 

e invitan al desarrollo de una versión más compleja de este prototipo en el futuro. 

Dos colimadores sólidos con surcos free-form se presentan en el Cuarto Capítulo. 

Ambos diseños ópticos están diseñados originalmente usando el método SMS3D. La segunda 

superficie ópticamente activa está diseñada a posteriori como una superficie con surcos. El 

diseño inicial de dos espejos (XX) está diseñado como prueba de concepto. En segundo lugar, 

el diseño RXI free-form es comparable con los colimadores RXI existentes. Se trata de un 

diseño muy compacto y eficiente que proporciona una muy buena mezcla de colores cuando 

funciona con LEDs RGB fuera del eje óptico como en los RGB LEDs convencionales. Estos dos 

diseños son dispositivos free-form diseñados con la intención de mejorar las propiedades de 

mezcla de colores de los dispositivos no aplanáticos RXI con simetría de revolución y la 

eficiencia de los aplanáticos, logrando una buena colimación y una buena mezcla de colores. 

La capacidad de mezcla de colores del dispositivo no-aplanático mejora añadiendo 

características de un aplanático a su homólogo simétrico sin pérdida de eficiencia. 

En el caso del diseño basado en RXI, su gran ventaja consiste en su menor coste de 

fabricación ya que el proceso de metalización puede evitarse. Aunque algunos de los 

componentes presentan formas muy complejas, los costes de fabricación son relativamente 

insensibles a la complejidad del molde, especialmente en el caso de la producción en masa 

(tales como inyección de plástico), ya que el coste del molde se reparte entre todas las piezas 

fabricadas. 

Por último, las últimas dos secciones son las conclusiones y futuras líneas de 

investigación. 
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List of main symbols 

A Surface area 
AE Concentrator’s entry aperture 
AR Receiver area 
i Angle formed between the incident ray and the normal vector 
r Angle formed between the reflected ray and the normal vector 
 Acceptance angle defined as the angular span within which the concentrator 

collects more than 90% of the on-axis power.  
 Effective acceptance angle - the maximum electric power generated by the 

cell (at the Maximum Power Point, MPP, of the I-V curve) is at 90% of the 
maximum electric power generated by the cell at the best incidence angle. 

B Radiance 
c Speed of light (c=299792458·109nm·s-1) 
C Optical concentration 
Cg Geometrical concentration (the ratio between the areas of the entry aperture 

surface and the surface of receiver). 
E Energy of the photon at a wavelength  (E=h=hc/) 
Eg Energy gap or bandgap 
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ID Irradiance density 
<IE> Mean irradiance values at the entrance aperture 
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MR Ray bundle that may impinge on the receiver 
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nP Number of incident photons per unit time in solar cell 
ni Refractive index of a medium surrounding concentrators entry aperture 
no Refractive index of material surrounding the receiver in concentrator 
opt Optical efficiency of the concentrator 
opt,2 Effective polychromatic optical efficiency, defined as the ratio of the 

concentrator photocurrent (generated when the cell is in the concentrator) to 
the product of the geometrical concentration and the cell photocurrent when 
illuminated at 1 sun with the solar spectrum AM1.5D. 

dΩ Solid angle 
P Light power 
P(Mc)  Collected ray bundle power 
P(Mi) Input ray bundle power 
p Direction cosine of the angle between the vector and X coordinate axis in a 

Cartesian reference system. 
q Direction cosine of the angle between the vector and Y coordinate axis in a 

Cartesian reference system. 
q Electron charge (q=1.602·10-19C) 
ΣR Reference surface 
ΣI Input plane reference surface 
ΣO Output plane reference surface 
T() Spectral transmission of the concentrator 
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V  Electrical voltage 
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Chapter 1  

Basic concepts and definitions 

1.1 Introduction to geometrical optics 

Geometrical optics is the branch of optics characterized by considering the wavelength 

infinitesimally small, when the spatial variations of the electromagnetic field are much bigger 

than the wavelength. In Maxwell’s equations (where the light is defined as an electromagnetic 

radiation) short-wavelength approaching zero condition is considered. 

Geometrical optics may be considered as a basic tool in the field of optical design 

(image forming or otherwise) when governing laws are formulated in the language of geometry 

(hence the name). It is very convenient because of its intuitiveness. Light ray is roughly defined 

as the line-like path along which light energy travels. 

Therefore, the concept of the ray is being created and defined as straight line normal to 

any surface of constant phase of light wave (in terms of the wave theory of light), which is called 

wavefront. Along the same lines, we can define the ray trajectory as the characteristic curve of 

this field of normal vectors, i.e. tangent to the field at all its points. 

In geometrical optics, rays obey laws of reflection and refraction. When light is reflected 

from a smooth surface, the reflected ray forms the same angle (r) with the normal as the 

incident ray (i), as in Eq. (1.1.1). Both, incident and reflected ray as well as the surface normal 

are coplanar.  

   ri  (1.1.1) 

When the light ray passes from one refractive medium (n1) to another (n2), its direction 

changes according to Snell’s law of refraction. This law states that the ratio of the sines of the 

angles of incidence and refraction is equivalent to the ratio of phase velocities in the two media, 

or equivalent to the opposite ratio of the indices of refraction (Eq.(1.1.2)).  

  1 2sin sin rin n  (1.1.2) 
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Snell's law is named after Dutch astronomer W. Snellius (1580-1626) who worked out 

the shapes of lenses that focus light with no geometric aberrations, even though in 984 I. Sahl 

at Baghdad court first discovered the law of refraction to describe lens shapes with no geometric 

aberrations. 

 

1.1.1 Fermat’s principle. Hamiltonian formulation. 

There are many equivalent formulations of the geometrical optics. One of them is the 

Fermat’s principle that states that a ray is an extremal curve of the following curvilinear integral 

[1]: 

   ( , , )
B

opl
A

L n x y z dl  (1.1.3) 

, where n(x,y,z) is the refractive index of the current medium at point (x,y,z) and dl is the 

differential length along the integration path between points A and B. Value Lopl  is calculated 

along the extremal curve (which is the trajectory of the ray) between points A and B and it is 

called the optical path length (OPL) between these points.  

If we consider an optical medium and ray path between two points in this medium, 

designated A and B, Fermat´s principle states that a physically possible ray path is the one for 

which the optical path length along it from A to B is an extremum as compared to all 

neighbouring paths. In other words, given a light ray between two points and its travel time 

between them, any adjacent path close to it should have the same travel time.  

The refraction and reflection laws can be deduced as a consequence of the above 

described Fermat’s principle. The reversibility of the trajectories of rays and the equality of 

optical path length for all rays belonging to a continuous bundle linking two wavefronts can be 

deduced as well.  

The other equivalent formulation of geometrical optics is Hamiltonian’s [2]. Suppose that 

we have a ray that is passing through a point (x,y,z) and has a direction v represented as the 

unitary 6-dimensional vector (x,y,z,p,q,r), where (p,q,r)=n(x,y,z)·v are the optical direction 

cosines of the ray with respect to the x-axis, y-axis and z-axis, respectively (these values are 

cosines of the angles between the ray direction and the x, y, z-axes multiplied by the refractive 

index n). From the previous definition, it is obvious that:    2 2 2 2 , ,p q r n x y z . The Hamiltonian 

formulation states that the trajectories of the rays are given as the solution of the following 

system of first-order ordinary differential equations [3]: 

http://en.wikipedia.org/wiki/Snell%27s_law
http://en.wikipedia.org/wiki/Ibn_Sahl
http://en.wikipedia.org/wiki/Refraction
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p x

q y

r z

dx dpH       H
dt dt

dy dqH       H
dt dt

dz drH       H
dt dt

 (1.1.4) 

 

, where the Hamiltonian function is    2 2 2 2( , , )H n x y z p q r  and t is the parameter without 

physical significance defined along the ray. Hk denotes derivative of function H respect to 

parameter k. The solution should be consistent with H=0, as it can be deduced from the 

definition of the (p,q,r). 

 

1.1.2 Phase space 

Hamiltonian formulation implies that the ray trajectories are handled in the 6-

dimensional space of coordinates (x,y,z,p,q,r). If n is known, and one of the direction cosines is 

always positive, a ray is a five-parameter entity defined by a point and two direction cosines. 

The five-dimension space defined by a point and two direction cosines is called Extended 

Phase Space [4][5].  

In phase space, each point contains the information of both the position of a light ray 

and its propagation direction at that point. So, ray-bundles are represented as a volume of 

positions. Ray trajectory in three dimensions (x,y,z) with a material index distribution n(x,y,z) is a 

curve in the phase space. Propagation of one initial ray bundle through a certain material is 

similarly defined as the transformation from one volume of initial positions into another volume 

of final positions as a function of time.  

A ray-bundle (or ray manifold)  4 , , ,DM x y p q  is a closed set of points in the extended 

phase space where each point represents a different ray (i.e. two different points cannot 

correspond to the same ray at two different instants). Often, a ray manifold  4 , , ,DM x y p q is 

defined at its intersection with a reference surface ΣR, which must satisfy the condition of 

intersecting only the trajectories of the rays belonging to 4DM . This reference surface defines a 

four-parameter manifold called Phase Space. For instance, if all rays intersect a given surface 

at  ( , )z f x y , they can be fully described as a 4-dimensional bundle  4 , , ,DM x y p q ith the 

condition of r n p q 2 2 2- - . 

All these concepts are defined similarly in two-dimensional (2D) geometry. The 

extended phase space in this case is the three-dimensional (3D) sub-manifold, defined as
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2 2 2p +q =n (x,y) in the four-dimensional space of coordinates (x,y,p,q). Reference surfaces 

become curves in the xy-plane and a ray-bundle m2 is a two-parameter entity. 

1.1.3 Poincaré invariants. Étendue. 

Étendue is the quantity that measures the volume in the phase space occupied by a ray 

bundle, i.e. the amount of rays included in a bundle. For one tetra-parametric ray bundle M4D 

crossing the reference surface ΣR, the étendue can be expressed as [6]: 

 


  
4

4

( )

( )

D R

D
M

E M dxdydpdq dxdzdpdr dydzdqdr  (1.1.5) 

In case of reference surface being a plane z=const., only the first addend of the integral 

in Eq.(1.1.5) is non-null, so the étendue coincides with the volume 4DM defined in the phase 

space x-y-p-q. If we have two plane reference surfaces z=const. (ΣI and ΣO) and the étendue is 

the same after the propagation then we can write: 

 
 

 
4 4( ) ( )

' ' ' '

D I D OM M

dxdydpdq dx dy dp dq  (1.1.6) 

, where x’, y’, p’ and q’ are used to identify the local variables at plane ΣO (obviously, in this case

 ' 0dz dz ). Variables p, q, p’ and q’ are direction cosines, and they are multiplied by the 

current refractive index n at surfaces ΣI and ΣO. 

 The theorem of the conservation of étendue says that its value is constant during the 

propagation of a ray bundle along the optical system, i.e. it is independent of the surface of 

reference where it is calculated, so it is considered as one of the Poincaré invariants. This 

theorem is equivalent to the Liouville theorem in three dimensions [6].  

There is another Poincaré invariant named étendue for the bi-parametric rays (not 

necessarily coplanar). If m2D is a bi-parametric ray bundle, the étendue for this bundle is [7]: 

 


  
2

2

( )

( )

D R

D
m

E m dxdp dzdr dydq  (1.1.7) 

This second invariant is equivalent to the Lagrange invariant [2]. As the étendue must 

be preserved for any ray bundle, the differential étendue (the integrand in Eq.(1.1.6) and 

Eq.(1.1.7)) is also conserved. 

When trajectories of the rays are in one plane (coplanar), the problem becomes 2D 

problem, and this second invariant is equivalent to the Liouville’s theorem in 2D. For instance, in 

this 2D case we may evaluate étendue for two surfaces with y=const., and as the z and z’ axes 

are orthogonal to the plane where the rays are included ( dz=dz'=0 ) the étendue conservation is 

expressed as: 
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  ' '

i o

dxdp dx dp  (1.1.8) 

Checking the equivalence of the étendues of the bundles involved in an optical design is 

appropriate way to perform the verification of whether the design was carried out properly. The 

Second Law of Thermodynamics, when applied to incoherent light sources, is equivalent to the 

Étendue Conservation Theorem, which states that the étendue of the source cannot increase 

during passage through an optical system. 

 

1.1.4 Symmetry in three-dimensional optical systems 

Three-dimensional (3D) optical systems with rotational or linear symmetry initially 

captured enormous interest because of their manufacturability. The imposition of symmetry in 

the Hamiltonian Equation (Eq.(1.1.4)) permits finding first integral of the system that is an 

invariant along any ray. These symmetries impose constraint on Hamiltonian equations and the 

number of unknowns in an optical system is reduced in that way. Hence, 3D optical system may 

be studied like a 2D system. 

 For instance, in rotationally symmetric systems, the most suitable coordinate system is 

cylindrical      z g h r , where the symmetry condition   0H  imposes h=const.. In this 

coordinate system, one of the Hamiltonian equations is 
  

dhH
dt

 and it is so called skew 

invariant. Rotational symmetry systems can be analyzed in 2D in a meridional plane  .const . 

Luneburg (1903-1949) showed that the reduction of the variables of the system of differential 

equations corresponds with a 2D optical system of the apparent refractive index [2]: 

  


 
 
 

 

2

* 2( , ) ( , )
hn z n z  (1.1.9) 

Rays with h=0 are meridional rays, and in this case: 
*

( , )n n z . In case of no meridional 

or skew rays (  0h ), n* depends on ρ. Hence, even when n(ρ,z)=const. the 2D trajectories will 

not be rectilinear. 

 

1.1.5 Concept of radiance. Sources and receivers. 

Physical significance of the étendue of a ray bundle is related to the luminous power it 

transports. The definition of luminous power in radiometry is based on the concept of radiance 

(luminance in photometry), as a property of light source, but it can also be defined as the 

infinitesimal power of a ray coming from that source. The concept of radiance has been well 

defined for incoherent light, very appropriate for a geometrical optics concept. 



Chapter 1 

6 
 

 As well-known, radiance B in 3D is the power transferred per unit area normal to the ray 

trajectory and per unit of solid angle. Thus, the differential of power transferred by a ray having 

solid angle dΩ through the differential of surface dS  will be: 

   ( )dP B d u dS  (1.1.10) 

, where  ( , , )
p q ru
n n n

 is the directing vector of the ray (n is the refractive index). In spherical 

coordinates: 

 

p q
dpdq d d n d d

p n
p r

q n dpdr d d n d d

r n
q r

dqdr d d n d d

     
 

 

       
 



     
 

 
 

 
  

    
    

  


2

2 2

2 2

( , )
sin cos

( , )
cos sin

( , )
sin sin sin sin

( , )
cos

( , )
cos sin

( , )

 (1.1.11) 

Combining two previous equations we obtain: 

 
 

 

  
  
  
  

    

  
2 2

( ) ( sin ) , , , ,

1

p q rd u dS d d dydz dxdz dxdy
n n n

dEdxdydpdq dxdzdpdr dydzdqdr
n n

 (1.1.12) 

 
We may see that the differential of power carried by a ray is proportional to the 

differential of étendue, with proportionality constant B/n2. It can be deduced that the differential 

power, i.e. B/n2, is conserved on any ray inside of the lossless medium due to the conservation 

of étendue. 

A surface emitting rays with any angular distribution of radiance into a hemisphere is 

called an extended source. When the radiance of all rays is the same, the source is said to be 

Lambertian. If the radiance is constant over only a part of a possible directions and null on the 

rest, the source is said to be homogeneous. A receiver, understood as a surface sensitive to 

radiation as it converts it into another form of energy, can be said to be Lambertian when its 

sensitivity is the same at all its points and for all directions of incidence. 

The power of a ray bundle M crossing a reference surface ΣR, with a known radiance 

distribution, is calculated by integrating in solid angle and area. From Eq. (1.1.12) it is deduced 

that if the bundle is homogeneous with radiance B, its power is proportional to its étendue: 

 
 

    2 2

( ) ( )

( )

R RM M

B BP Bd udS dE E
n n

 (1.1.13) 

The same definitions are valid in 2D, simply by changing the terms surface and solid 

angle for curve and angle. The proportionality constant between power and étendue in 2D case 

is B/n.  
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Intensity describes the distribution of luminous power as a function of angle or, more 

specifically, solid angle. Illuminance is the total luminous power over the target area, being 

equivalent to the concept of irradiance in CPV (photometric units are used for illuminance, while 

radiometric units are used for irradiance). 

1.2 Introduction to Nonimaging optics 

Nonimaging optics is a relatively recent branch of optics developed mostly within the 

framework of geometrical optics. Its development began in the mid-1960s in three different 

independent investigation groups by V. K. Baranov, M. Ploke and R. Winston and led to 

independent development of the first anidolic concentrators. It was observed that the Compound 

Parabolic Concentrator (CPC) in two dimensions reaches thermodynamic limit of concentration 

(the condition of image forming was not considered). 

An optical system that presents higher irradiance (light power density) in the receiver 

than at its entry aperture is called concentrator (Chapter 2 and Chapter 3). Since ray trajectories 

are reversible, concentrators can be used in the inverse direction as collimators (Chapter 4), 

and because of the conservation of étendue the spatial “deconcentration” brings with it a smaller 

angular dispersion of the emergent bundle [8]. 

In comparison with the imaging systems, nonimaging optical systems replace an object 

with a light source and the imaging plane with receiver. The optics efficiently transfers total 

luminous power from a source to a receiver without need of image information (Figure 1.2.1). 

Nonetheless, designing nonimaging optics does not necessarily imply that image formation 

never occurs [9]. 

 

 

Figure 1.2.1 The difference between imaging and nonimaging optical systems is that of specific point-to-point 
correspondence between the source and the receiver being required. 

 
Classical imaging systems are appropriate solutions for some paraxial nonimaging 

problems, i.e. those in which the transmitted rays at no time form large angles with the axis of 
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the optical system. When a design problem is non-paraxial, as often occurs in the design of 

collimators or concentrators, the restriction imposed by image formation should be avoided if not 

required. Imaging optics has the prime goal of preserving spatial contrasts, while illumination 

engineering, for instance, usually wants a contrast-free distribution of light upon a surface, in 

spite of source inhomogeneity.  

Nonimaging optic applications are based on geometrical optics. As mentioned 

previously, it can be applied in a diverse range of fields: photovoltaic concentration, illumination 

(for fluorescent tubes, LEDs etc.) and wireless optical communications, among others.  

 

1.2.1 Design problem in nonimaging optics 

Nonimaging optics system essentially transfers the light power between two ray 

bundles. We may define the input bundle (Mi) as a bundle of rays impinging on the surface of 

the entry aperture of the nonimaging device, and the output (Mo) bundle a bundle of rays that 

connects the surface of the device’s exit aperture with the receiver. Every optical design starts 

with a definition of input and output bundles. The set of rays common to Mi and Mo is called the 

collected bundle Mc. The input and output bundles are coupled by the action of the device. The 

output bundle Mo is a subset of the bundle formed by all the rays that can impinge on the 

receiver named MR (e.g. in concentrator photovoltaics MR is the ray bundle that isotropically 

illuminates the cell). 

 The design is loss-free when the bundle of collected rays Mc coincides with Mi. Ideal 

design is a design that perfectly couples the bundles Mi and Mo (i.e. Mi=Mo=Mc), and maximal 

one is a design that fulfills Mc=Mo=MR. Optimal design is both ideal and maximal. In practice, it 

is not necessary for nonimaging designs to be maximal or ideal.  

There are two main groups of design problems in nonimaging optics. The first group is 

called bundle-coupling and has the objective of maximizing the light power transferred from the 

source to the receiver. The design problem is to specify bundles Mi and Mo, and to design the 

nonimaging device to couple two bundles, i.e. Mi=Mo=Mc. This literally means that any ray 

entering the optical system as a ray of the input bundle Mi exits as a ray of the output bundle Mo, 

i.e. we have an ideal design. These types of problems are to be solved in collimators, 

condenser optics for a projector, light injection into an optical fiber, radiation sensors, 

photovoltaic concentrator, etc. 

The second group of design problems is focused on obtaining a desired pattern at a 

certain target surface and it is called prescribed irradiance problem. In this type of design 

problem, it is only specified that one bundle must be included in the other, for example, Mi in Mo 

(so that Mi and Mc coincide), with the additional constraint that the bundle Mc produces a 

prescribed irradiance distribution on the target surface at the output side. As Mc is not fully 

specified, this problem is less restrictive than the bundle-coupling one. These designs are useful 

in automotive lighting, the light source being a light bulb or a LED and the target surface being 
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the far field, where the intensity distribution is prescribed. Street lights, RGB color blending, 

backlights, etc. are examples of possible applications where prescribed irradiance problem is to 

be solved. 

Photovoltaic concentrator represents a good example of a design problem where both 

the bundle coupling problem (for obtaining maximum Concentration-Acceptance angle Product 

(CAP), see Subsection 1.4.3.4.) as well as the prescribed irradiance problem (uniform irradiance 

distribution on the solar cell active area) may be needed. This is a very difficult task and only 

partial solutions are available. RGB color blending collimator is another example of both bundle 

coupling and prescribed illuminance problem.  

 

1.2.2 Edge-ray principle 

The edge-ray principle is a fundamental tool in nonimaging optics design. This theorem 

states that for an optical system to couple two ray bundles Mi and Mo it suffices to couple 

bundles δMi and δMo, being the δMi and δMo the edge-ray subsets of bundles Mi and Mo (and 

as perimeters they have one dimension less). A perfect matching between bundles Mi and Mo 

implies the coupling of their edge-rays. This theorem was proven by Miñano [10] in the mid-

eighties, and Benítez [8] extended this demonstration in the late nineties. The edge-ray principle 

is the design key in most nonimaging devices, and shows the benefits that arise from the 

elimination of the imaging requirement. 

 

1.2.3 Short review of nonimaging optical design methods 

There are several nonimaging optical design methods. String method (1960’s), Flow-

line method (1970’s) and Tailored edge-ray method (1980’s) are some of 2D methods, i.e. the 

optics is designed in a plane and the real 3D objects are created by the rotational or linear 

symmetry. Both 2D and 3D methods are: Poisson bracket’s method (1980’s), Lorentz geometry 

method (1990’s), Point source differential equation methods (1960’s), Numerical optimization 

methods (1990’s), Simultaneous Surface Method (SMS) (in 2D:1990’s, in 3D: 2004).  

Among different nonimaging design methods, the SMS design method stands out due 

to its versatility and the ability to create free-form pairs of surfaces by a direct numerical 

calculation method. It was originally developed for 2D designs [11], and letter extended to 3D as 

SMS3D, so that the surfaces without symmetry (free-form surfaces) could be designed. In this 

thesis we present several SMS3D designs, where two free-form surfaces are constructed 

simultaneously. In general, the SMS method can be used for the calculation of nonimaging 

devices including more surfaces [12]-[16]. Recently, simultaneous creation of 4 surfaces by 

coupling 4 pairs of input and output meridian wave-fronts [17] was demonstrated and shortly 

thereafter the design of 6 surfaces with the SMS2D method [18]. 
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1.2.4 Free-form surfaces in nonimaging optics 

Free-form surfaces are surfaces without linear or rotational symmetry. Advances in free-

form surface tooling during last decade give new possibilities to optical designers. Field of 

nonimaging optics has been the first to benefit from the advances in free-form surface tooling, 

mainly because of its looser requirements on surface accuracy and finishing. At present, there 

are few theoretical design tools for this type of surfaces as we saw above.  

In cases when source, target or volumetric constrains have very asymmetric 

requirements symmetric optical devices can offer partial solution (e.g. if we relax conditions on 

the efficiency of light transfer or on the number of elements forming an optical system). Free-

forms have more degrees of freedom and that is why they can perform multiple functions due to 

their free-form nature. Consequently, in cases cited above free-form surfaces offer solutions 

with higher efficiency or with fewer elements in comparison with rotationally symmetric 

solutions. 

Essentially, there are two strategies for free-form design methods: numerical 

optimization and direct methods. In numerical optimization a merit function is defined with 

several variables chosen. If the status of the design is not far from a local solution or if the 

system has rotational symmetry, these methods work well. The direct methods start with a 

source and its representative emission profile and the target where the irradiance and/or 

intensity are prescribed. There are basically three direct design methods for free-form surfaces 

in nonimaging optics: (1) generalized Cartesian ovals, (2) SMS method, and (3) Monge-Ampere 

type equations. 

 

1.2.5 The generalized Cartesian oval 

A generalized Cartesian oval is the optical surface that makes the optical path length 

(OPL) between two prescribed wavefronts constant. In 1620s it was discovered by Descartes a 

Cartesian oval that transforms one spherical wavefront (also known as the normal ray 

congruence) into another. It was the result of early attempts of making aspheric lenses to 

correct spherical aberration. Generalized Cartesian ovals were found by Levi-Civitta in 1900 [19] 

and they are reflective or refractive surfaces that transform any input ray bundle (Mi) into 

another output ray bundle (Mo). In this case, resulting optical surfaces are usually free-form. For 

instance, generalized Cartesian oval is the basis of the nonimaging string method with which 

many high efficiency CPC concentrators have been designed [4][5].   
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Figure 1.2.2 Generalized Cartesian oval coupling one pair of wavefronts. 

 

1.2.6  Simultaneous Multiple Surface Method in three-dimensions 

Since late 1990s the SMS method is being developed [10]-[18]. The abbreviation SMS 

describes well the philosophy of this method: designing simultaneously multiple optical surfaces. 

The SMS method uses Levi-Civitta principle [19] to match multiple pairs of wavefronts knowing 

that for any given pair of wavefronts there is an optical free-form surface (generalized Cartesian 

oval) which matches them.  

In the SMS method, Fermat’s principle is used to derive sets of functional differential 

equations which make it possible to calculate, for instance, free-form lens surfaces normally 

described by polynomials with a large number of coefficients. In general, the optical surfaces 

have no analytical expression and must be calculated simultaneously and point by point. The 

SMS algorithm provides collection of points and derivatives on the surfaces, which are 

interpolated using Non-uniform Rational B-Spline (NURBS) instead of the usual polynomial-

based representation.  

Usual nomenclature of the SMS method is illustrated herein. Depending on the type of 

surface that deflects light rays while crossing the device we have: R=refraction, X=reflection, 

I=Total Internal Reflection. For instance, the XX device is a two mirror device. 

 

1.2.6.1 Problem statement 

All SMS design problems start with the definition of the input and output edge-ray 

bundles that should be coupled with each other. If we consider calculation of two free-form 

surfaces as examples shown in this thesis, we initiate our design by choosing two pairs of 

wavefronts.  

Mi 

M
o
 

Mirror 
 

P 
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Let’s name two pairs of input wavefronts WF1i and WF2i, and two pairs of output 

wavefronts WF1o and WF2o. So, the system we want to design will transform any ray coming 

from WF1i into a ray of WF1o, and the same will be accomplished with WF2i and WF2o.  

The SMS design procedures are developed for two free-form surfaces by performing 

three steps [16]: 

(1) The construction of the seed rib; 

(2) The construction of spine curves; 

(3) The skinning procedure through a spine curve. 

Results of the 3D design method are non-rotational, non-linear asymmetric surfaces, i.e. 

free-forms. SMS3D method generates at least two free-form surfaces at the same time 

(refractive or reflective). In the SMS3D method two optical surfaces are enough to couple 

perfectly two input and two output wavefronts and to couple partially another two. 

 

1.2.6.2 The SMS chain 

The basic construction of SMS optics is the SMS chain. 

We establish the initial conditions for its construction: 

(1) P0 is a predetermined point on one of the surfaces to design with its normal unit 

vector N0; 

(2) L1 is optical path length from the wavefront WF1i to WF1o; 

(3) L2 is optical path length from the wavefront WF2i to WF2o. 

Figure 1.2.3 illustrates how an SMS chain is obtained in order to couple two pairs of 

wavefronts and conditions numbered above.  
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Figure 1.2.3 The SMS chain calculation for the RR (two lenses) example. 

 
The algorithm applied in order to calculate positions and normal unit vectors of two sets 

of points that correspond to both surfaces is shown: 

(1) Trace a Ray 1 that comes from wavefront WF1i, deflected it at P0 (normal vector N0 

is known) and calculate the point P1 and its normal vector N1 along the deflected ray 

trajectory by means of the constant optical path length L1 between WF1i and WF1o; 

(For a refractive surface, N1 is calculated from the Snell’s law.) 

(2) The procedure is reversed and it continues at calculated point P1 and its normal 

vector N1. So, a Ray 2 is traced from the WF2o, deflected at P1 and with constant 

optical path length condition L2 between wavefronts WF2i and WF2o is calculated 

point P2 and its normal vector N2; (For a refractive surface, N2 is calculated from the 

Snell’s law.) 

(3) The above process is repeated to obtain the SMS chain. 

Calculation may start at the point P0 with the Ray 3 of WF2i passing through P0. We 

would obtain a sequence of points and normal vectors (P-1, N-1), (P-2, N-2), (P-3, N-3), (P-4, N-4), 

etc. 

By this procedure we create a sequence of two sets of points (and normal vectors). 

Then we interpolate the obtained sets of points to get curves such that tangent vectors are 

perpendicular to normal vectors through which surfaces are computed. The optical path lengths 

between two pairs of wavefronts should be carefully selected to make the chain integrable. 

Otherwise, curves interpolated through a calculated chain will not possess the normal vectors 

required. We are choosing one of them to become the input data for the next stage of the 

SMS3D design procedure. This chosen curve is called the seed rib.  

Ray 2 

Ray 1 
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In next stage, the SMS surfaces are constructed through series of SMS chains. The 

stability of the method is improved in L. Wang’s Doctoral Thesis [17]. 

 

1.2.6.3 The SMS surfaces 

Next stage of the SMS3D design procedure is calculating two free-form SMS surfaces. 

Resulting optical system should perfectly transform WF1i into WF1o and WF2i to WF2o, and it 

will be comprised of two surfaces where one of them should contain an arbitrary curve with its 

normal vectors (seed rib).  

We can illustrate one scenario of two surfaces with the SMS3D calculation. We assume 

that a SMS chain may be generated from any point P of the seed rib using the previously 

described procedure for a chain construction. The set of points generated from all the points of 

the seed rib will form another curve on the second optical surface. This curve is contained in a 

generalized Cartesian oval surface when a one-parameter set of rays of one of the wavefronts 

is known (formed by the rays deflected on the seed rib). Repeating the process of propagation 

and coupling of rays belonging to two pairs of bundles described in Subsection 1.2.6.2, two 3D 

sets of points together with its normal vectors (point clouds) are calculated. These points may 

belong to interpolated curves, and these curves are called SMS ribs (or SMS chains). 

Proper selection of the seed rib is of great importance as it gives an important degree of 

freedom to the design. Seed rib may be constructed to couple another two pairs of wavefronts, 

(WF3i, WF3o) and (WF1i, WF1o), like in the case of RXI designs described in Chapter 2 and 

Chapter 4. In case of the seed rib calculation with additional third pair of wavefronts (WF3i, 

WF3o), the normal vectors obtained with (WF1i, WF1o) and (WF2i, WF2o) closely approximate to 

the previously calculated seed rib normal vectors, so that the optical system will couple perfectly 

(WF1i, WF1o) and (WF2i, WF2o), and approximately the third pair of wavefronts (WF3i, WF3o) 

enabling the fulfillment of complex illumination prescriptions.  

The SMS3D method is considered at present the most powerful direct design method 

for illumination devices using extended sources. 

 

1.2.7 Monge-Ampere type equations 

In Monge-Ampere equation problems an input and output intensity patterns are 

prescribed. This method provides a surface that accomplishes that transformation but it can be 

only applied to point sources [20][21]. Real (extended) sources must be placed far from the 

optical surfaces in order to look like point sources. A Monge-Ampere equation may be used to 

calculate two optical surfaces if apart from the prescribed intensity patterns there are input and 

output wavefronts to be coupled. This solution is also only valid for point sources. 
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1.3 Köhler integration  

The Köhler illumination is the microscopy technique developed in 1893 by August 

Köhler for optimizing microscopic resolution power by evenly illuminated field of view and 

reducing optical glare from the light source [1]. Another standard method used to provide 

uniform illumination on a target is the Abbe illumination, which is sometimes called critical 

illumination. It images the source directly onto the object to be illuminated, so it is used in the 

cases when the source is sufficiently uniform for the system requirements. Abbe illumination 

works well with frosted bulbs or large sources, but it does not work with high brightness sources 

where high throughput is required and in case of significant structure in the source as with 

filament lamps and arc lamps.  

In case of a small bright, highly non-uniform source, such as an arc or a filament lamp, 

uniform brightness at the image is achieved with Köhler illumination. Köhler illumination is the 

predominant technique for sample illumination in modern scientific light microscopy and it 

requires additional optics (which less-expensive and simpler light microscopes may not have). 

Nowadays it is used for homogenization usually after parabolic systems with the form of lenslet 

arrays (also called fly-eye lenses) in projection displays [22]. Flat lenslet arrays are widely used 

as homogenizing optics for lithography, projection and machine vision illumination. Arrays of 

Köhler integrating facets can be used not only on flat surfaces but on rotationally symmetric and 

free-form surfaces as well. 

In CPV applications, good irradiance uniformity on the solar cell can be potentially 

obtained using two well-known methods of the classical optics. These two methods are firstly 

light pipe homogenizer and secondly the Köhler illuminator or integrator.  

When a light pipe homogenizer is used, the solar cell is glued to the end of it and the 

light reaches the cell after bouncing on the light pipe walls. The light distribution on the cell can 

be uniform depending on the light pipe length and shape. The use of light pipe in CPV has some 

drawbacks: (1) in case of high illumination angles there is a need for metallization, that reduces 

the optical efficiency, (2) for better irradiance uniformity longer light pipe is necessary, what 

increases the light absorption and decreases the mechanical stability, (3) it is not suitable when 

small cells are used because the silicon rubber spillage can cause huge losses. Light pipes 

have been proposed several times in CPV systems [23]-[25] using a light pipe length usually 

much longer than the cell size, typically 4-5 times. 

We will talk about Köhler integrators with more detail as we have used this concept in 

CPV concentrators described in this thesis. 

 

1.3.1 Köhler integration concept 

An integrator is formed by two sets of microlenses placed in such a way that the 

distance between them is equal to their focal length. Integration can be applied for light 
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homogenization but also to create special features such as sharp cutoffs or gradients in the 

output pattern (without the need of masks) and also for color mixing. In this thesis we will 

concentrate on lenticular integrators consisting of two arrays of refractive or reflective facets 

(Figure 1.3.1).  

 

 

Figure 1.3.1 Ray distribution in the design of a two refractive off-axis lenticulations whose distance is equal to the focal 
length of each lenticulation. The final 2D concentrator illustrated here will be the combination of several lenticulation 
pairs.  

 

A single lens produces at its focal plane a strongly dependent irradiance and an almost 

constant intensity when it is illuminated by a light source which has a strongly dependent 

intensity and a constant irradiance at the lens entry aperture. If the source is far away from the 

lens integrator (many times the lens diameter) then the irradiance at the points of a lens of the 

entry aperture is almost constant and independent of the position errors of the source. As 

illustrated in Figure 1.3.1 each point of the source illuminates the entire surface of the object, so 

in that case the object is by definition uniformly illuminated.   

The same strategy is used to get uniform illumination on the cell of photovoltaic 

concentrators for a range of incidence angles. In illumination applications (e.g. automotive 

headlamps) Köhler integration allows obtaining of intensity patterns quite insensitive to the 

source (LED) positioning errors.  

 

1.3.2 Applications of Köhler integration in photovoltaics 

The classical Köhler integrator consists of two imaging optical elements (primary optical 

element: POE, and secondary optical element: SOE) with positive focal length (i.e. producing a 

real image of an object at infinity). This idea was explored at the end of 1980’s [26] in the CPV 

sector. The SOE was placed at the focal plane of the POE, and the secondary was imaging the 

primary on the target (the solar cell in our case). It was shown that high uniformities of 
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irradiance on the cell are possible but at the expenses of diminishing the concentrator’s 

acceptance angle (not desirable).  

As illustrated in Figure 1.3.1, in Köhler illumination each point at the target area is 

illuminated by the entire source so that irradiance variations across the source do not affect the 

target illumination. However, if a single element (mirror, lens) is used to collect the flux of the 

source, intensity variations of the source limit the achievable uniformity. If small refractive or 

reflective facets are used instead, each facet receives almost constant irradiance so that arrays 

of such facets can provide high uniformity and efficiency at the same time. These lenticular 

(faceted) Köhler integrators can be applied for light homogenization but also to create special 

features such as sharp cut-offs or gradients in the output pattern [27]-[29]. With Köhler 

integration we may solve, or at least soften, uniformity issues on the photovoltaic receiver 

without compromising the acceptance angle and without increasing the difficulty of assembly. 

For instance, we explore in this thesis (Chapter 2) optical concentrators that perform 

Köhler integration with the POE that contains a plurality of segments, and the SOE that contains 

the same number of segments as the POE. Each segment of the POE together with a 

corresponding segment of the SOE forms one of many Köhler integrators. Köhler integrators are 

arranged in position and orientation to direct light from a common source (sun in CPV) onto a 

common target (solar cell).   

 

1.3.3 Problem statement 

An elemental Köhler integrator is shown in Figure 1.3.2. It is made as a solid piece of 

refractive index n>1 bounded by two symmetrical lenslet arrays on both sides, thickness t equal 

to the focal length f of each lenslet. If no aberrations are present or they are low, all incoming 

light hitting one lenslet array with constant irradiance and an arbitrary intensity distribution within 

off-axis angles limited by ±α/2 would be transformed into uniform intensity between ±α/2 after 

the second lenslet, where   
  

 

/ 2
arctan

p/2
t

 (Figure 1.3.2). This condition can be met by 

choosing the lenslets sufficiently small. Saying it in other words, the integrator is interchanging 

angular and spatial features by producing an angularly uniform output radiation from an 

angularly non-uniform but spatially uniform input illumination. 

 

http://www.laserfocusworld.com/articles/349360
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Figure 1.3.2 Kohler integrator. 

 

Figure 1.3.2 (Left) illustrates the situation when the upper lenslet array is uniformly 

illuminated with vertical incident rays (=0º) that are focused onto the center of each lenslet of 

the output array, and intensity at the exit is being uniform within ±/2. In Figure 1.3.2 (Right) the 

upper lenslet is illuminated with parallel ray fan tilted by acceptance half-angle +/2 focusing 

input light on the borders of the corresponding lenslet pairs at the bottom array. Far field of the 

exit rays is not being affected, but just the emission points at the bottom lenslet array are 

shifted. Therefore, the optical integrator can produce an intensity pattern that can be quite 

insensitive to lateral source-position errors of a point source or more generally to extended 

sources placed inside the integration zone (in Figure 1.3.2 any ray bundle with non-zero angular 

extend inside the maximum acceptance angle ). 

Köhler integrator shown in Figure 1.3.2 is neither collimating nor concentrating the input 

light, but just performing the integration. All the microlenses are identical. In general such an 

integrator is used together with a condenser optics that performs collimating. Our interest is to 

have the optical elements that besides being integrators are either collimators or concentrators 

or they produce a prescribed output pattern. In general, integrators are not used to get a sharp 

cut-off but as homogenizers in condenser systems. 

 

1.3.4 Köhler integration in two dimensions 

As mentioned, Köhler integration is not limited to flat lenslet arrays. Nowadays, in many 

CPV concentrators Köhler integration is being embedded onto curved surfaces designed with 

p 

t 
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the Simultaneous Multiple Surfaces (SMS) method [4]. An example is a lens that has integrating 

features superimposed onto two aspheric profiles of the original design (Figure 1.3.3).  

 

Figure 1.3.3 An aspheric lens designed with SMS2D (light blue) can perfectly image two points S and T onto S’ and T’, 
respectively. Tessellations on the up surface are Cartesian Ovals introduced to focus points S or T onto the second lens 
surface. Profiles of the second surface are calculated to focus the light from S’ or T’ onto the up lens array edges. 

 

General problem in 2D is to find the optical system that couples the rays of a given 

source illuminating each input array segment with the rays exiting the corresponding output 

array segment towards the target with the following two conditions [30]:  

(1) the rays emitted by one point of the source must illuminate the whole target, and  

(2) the rays arriving at one point of the target must have been emitted by all points of 

the source. 

 

 

Figure 1.3.4 Curved lens integrator design method. 
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Assume that the blue filled region in Figure 1.3.4 has already been calculated, i.e. the 

optical lengths ae
’, bi, as, be and bs are known. Our problem is to calculate the position of L’ and 

M’ limiting the next region. In order to calculate it we impose next equations. 

Étendue conservation: 

            ' ' ' ' ' '
e e e e i i i i s s s sb b a a a a b b b b a a            (1.3.1) 

L’ belongs to the Cartesian oval passing through L and focusing Pe
’ in M: 

   e i e ib b a a  (1.3.2) 

M’ belongs to the Cartesian oval passing through M and focusing Ps
’ in L: 

   ' '

s i s ib b a a  (1.3.3) 

L’ belongs to the Cartesian oval passing through L and focusing Pe in M’: 

   ' ' ' '

e i e ib b a a  (1.3.4) 

M’ belongs to the Cartesian oval passing through M and focusing Ps in L’: 

   ' '

s i s ib b a a  (1.3.5) 

We have four independent equations (two equations contained in Eq.(1.3.1) can be 

derived from Eq.(1.3.2)-(1.3.5)). The four unknowns (coordinates of points L’ and M’) can be 

calculated by solving these four equations, because the unknown optical lengths ae, be
’, ai, ai

’, 

bi
’, as

’ and bs
’ can be written as functions of the four unknown coordinate positions of L’ and M’ 

and known coordinate positions of L, M, Pe, Pe
’, Ps and Ps

’. 

Conditions described with previous equations are necessary but not enough in order to 

guarantee focusing of Pe’ in M, Pe in M’, Ps’ in L and Ps in L’. 

We can see in Figure 1.3.5 two Cartesian ovals focusing Ps
’ in L and Ps in L’. Both ovals 

are crossing points M and M’ but the slope at these points is different for different ovals, i.e. 

there is no one slope at M such that the ray from Ps goes to L’ and from Ps
’ to L. If a sharp cut-off 

is desired at Ps then we are choosing the Cartesian oval focusing Ps in L’ for the exit aperture 

and the oval focusing Pe
’ in M for the entry aperture. 
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Figure 1.3.5 Cartesian ovals focusing Ps
’ in L and Ps in L’. 

 

Figure 1.3.6 illustrates what we have described previously. We have on the left side a 

source with a smooth irradiance transition around the point G and on the right side a target with 

a point G’ where we want to obtain a sharp cut-off.  

 

 

Figure 1.3.6 Scheme of the microlens pairs having at the entry aperture a source with smooth irradiance transition and 
providing at the target point G’ a sharp cut-off. 

 

The microlens labeled as mAG’ is a Cartesian oval that images points A and G’ (the 

same notation is used for microlenses mGC and mGB). It approximately images the neighboring 

points of A into the neighbor points of G’. Similarly, the microlenses mGC and mGB image the 

source into the points of the mAG’ and adjacent microlenses at the exit aperture. An observer at a 

point P of the exit microlens mAG’ sees a sharp transition of illuminance at the point A because of 

the slope discontinuity of the entrance lens profile at this point: the ray coming from a point 

above A is illuminated by a point of the source far above G, while the ray coming from a point 

slightly below the point A is illuminated by a point of the source far below G. This sharp 
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illuminance discontinuity observed at point A from the point P is imaged at G’, where sharp cut-

off is achieved. The same scheme is repeated in all the microlenses. 

Smooth irradiance transition around point G can be the representation of the upper 

edge of virtually enlarged source or the upper limit of the integration zone inside which the 

source can move without producing illuminance changes at the target and in this way help relax 

the placing tolerances of the optical components. 

The statement of the integrator problem was initially set as symmetric problem with 

respect to the input and output. Aforementioned condition (2) is not a necessary condition for 

achieving sharp gradient at point G’ (in the example cited above, it is not necessary that the set 

of input microlenses (mGC, mGB, etc.) image the source on the corresponding set of the output 

microlenses), but it is necessary condition for maximizing the illuminance on the target for a 

prefixed exit aperture size (what is desired in most applications).  

 

1.3.5 Köhler integration in three dimensions 

When we switch to 3D geometry, points A, B, C, G and G’ from the Figure 1.3.6 become 

curves and microlens profile curves become microlens surfaces. In three dimensions there are 

two possible Köhler integration concepts: the one-directional (1d) integration where the 

integration is provided in just one direction (e.g. up-down), or two-directional (2d) integration 

provided in two directions at the same time (e.g. up-down and right-left).  

The integrator design method in 3D consists of three steps. In the first step, two free-

form surfaces are calculated by the SMS3D design method [12]-[15] (see Section 1.2.6 for more 

detail). These surfaces are the basis of the integrator design because edge curves of the 

microlenses surfaces will belong to these original SMS free-form surfaces. The second step is 

the selection of edge curves of the microlenses. Finally, in the third step the type of integration 

is selected and free-form microlens surfaces are calculated.  

The original SMS3D method for two lens (RR) design is shown in Figure 1.3.7. We can 

distinguish three input ray bundles as rays emitted by three corners A, B, C of the rectangular 

source and the output ray bundles defined by three target corners A’, B’, C’. The trajectory of the 

rays emitted by any other point of the chip (e.g. point D) can be successfully approximated by 

knowing the ray trajectories from the points A, B, C. 
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Figure 1.3.7 Initial SMS3D design of two refractive surfaces as a first step of integrator design procedure, its SMS ribs 
and chains are used as edge curves of microlenses. 

 
In 1d (one-directional) integration, edge curves of the microlenses are made of one 

family of spaced curves that do not cross one to another. In Figure 1.3.8 it is shown the 1d 

integrator consisting of two surfaces that are formed by pairs of free-form lenticular elements (as 

Ro and Ri), whose edge curves are SMS spines of the initial SMS3D device. This integrator is to 

be designed to integrate the source in the direction perpendicular to sides AB and CD and that 

the sharp cut-off line H is set. This line is analogue to the point G’ (Figure 1.3.6).  

In one-dimensional integrator case, a good approximation of the input lens to illuminate 

Q (Figure 1.3.7) have as contours the top and bottom spines on which the quadrangle corners 

lay. Adjacent lenticular elements show slope discontinuities at their edge curves, which means 

that the vectors normal to adjacent lenticular elements at their intersection curve will have 

angular difference. Beside the angular difference there may be occasionally a small step 

between the surfaces, which defines an inactive face as occurs in a Fresnel lens.  
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Figure 1.3.8 One-directional free-form integrator lens. 

 

In a two-directional case, edge curves of microlenses are constituted of two families of 

spaced curves crossing, in general not mutually orthogonal. Two directional case’s mesh is 

analogous to a rectangular mesh formed by the edges of a classical integrator lens array. 

Two-directional integrator is composed by two surfaces which are formed by pairs of 

free-form lenticular elements as So and Si, whose edge curves are the curve segments of the 

mesh of SMS spines and ribs of the initial 3D SMS design. Such initial SMS3D device would be 

similar to that of Figure 1.3.7, but with a different choice of the output ray bundles (A’, B’ and C’ 

shown in Figure 1.3.9 from those shown in Figure 1.3.7 and Figure 1.3.8). 

 

 

Figure 1.3.9 Two-directional free-form integrator lens. 
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Like in the 1d integrator case, in 2d case the adjacent lenticular elements show slope 

discontinuities at their edge curves (angular difference between the vectors normal to adjacent 

microlenses at the intersection curve) and occasionally a small step between the surfaces (an 

inactive face). Pairs of lenticular elements approximately image one to another, as it is also 

done in conventional Köhler integrators. 

 

1.4 Introduction to Concentration Photovoltaics 

Photovoltaic (PV) solar power is produced by converting the sunlight into electrical 

energy. Solar cells are electronic devices that achieve PV conversion at different levels of 

efficiency. Concentrating photovoltaic (CPV) systems enable a cost-effective use of high-

efficiency solar cells in terrestrial applications by concentrating the sunlight onto reduced cell 

area by employing optics. Components like secondary optics, supporting structures (housing), 

heat dissipation and tracking systems add complexity to CPV systems.  

The design of PV concentrators is a very specific optical design problem. This optical 

system should be efficient, suitable for mass production, capable of high concentration, 

insensitive to manufacturing and mounting inaccuracies, and capable of providing uniform 

illumination of the cell. Hence, nonimaging optics is the most suitable for this type of design as 

for a given concentration it combines the widest possible acceptance angles with high 

efficiency. It is vital to start with a wide acceptance angle since it must be able to accommodate 

tracking errors, movements of the system due to wind, imperfectly manufactured optics, 

imperfectly assembled components, finite stiffness of the supporting structure or its deformation 

due to aging, among other factors.  

 

1.4.1 Sun as the light source  

Sunlight is a portion of electromagnetic radiation given off by the Sun, in particular 

infrared, visible and ultraviolet light. We may experience direct solar radiation (a combination of 

bright light and radiant heat) when sunlight is not blocked by the clouds, and a diffuse radiation 

when it is blocked by the clouds and reflected off other objects. The solar spectrum changes 

with location and time.  

There are two standards defined for terrestrial use to allow the performance comparison 

of photovoltaic devices from different manufacturers and research laboratories. The AM1.5 

Global spectrum is designed for flat plate modules and it has an integrated power of 

1,000W/m2 (100mW/cm2). The Direct plus circumsolar spectrum ASTM G173 AM1.5D [31] is 

defined for solar concentrator work. It includes the direct beam from the sun plus the 

circumsolar component in a disk s=±0.265° around the sun. The direct plus circumsolar 

spectrum has an integrated power density of 900W/m2.  

http://en.wikipedia.org/wiki/Acceptance_angle_(solar_concentrator)
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The standard spectrum for space applications is referred to as AM0. It has an integrated 

power of 1,366.1W/m2. 

 

1.4.2 Solar cells as receivers 

Solar cells are electronic devices made of different types of semiconductor materials 

that achieve PV conversion at different levels of efficiency. In semiconductors the electrons are 

able to move from a low-energy state to a high-energy state when absorbing photons, thus 

creating a photocurrent that can be extracted through metallic contacts. Energy gap or bandgap 

(Eg) is the difference in energy between these two states and it is determined by the particular 

semiconductor material. A particular solar cell can only absorb photons with the energy equal or 

superior to the Eg. 

Till date, most successful way of reaching high photovoltaic efficiency is with multi-

junction cells under concentrated sunlight. These cells convert the solar spectrum more 

efficiently than a single-junction solar cell by using different semiconductor materials with 

properly selected bangaps (Eg) for different parts of solar spectrum. Due to reduced 

thermalization and transmission losses, multi-junction cells lead to higher efficiencies than 

single-junction solar cells.   

First silicon solar cell of about 6% efficiency was developed in 1954 by Chapin [32]. 

Multi-junction (MJ) solar cells research and development occurs during last two decades. Its 

development started with a mechanically stacked dual-junction cells [33]-[35]. These cells have 

several benefits: freedom in semiconductor material selection, possibilities to reach theoretical 

efficiency limits, industrialization process doesn’t have to be complex, but an important 

drawback is the cost as various substrates have to be used. Improvements in epitaxial growth 

led to monolithically grown dual-junction (2J) and triple-junction (3J) solar cells [36]-[39]. There 

are two important constraints for the monolithic MJ solar cell: (1) the current-matching constraint 

due to the series connection of the subcells, and (2) material (i.e. bandgap) selection is limited 

because of the matching of the lattice constants constraint in the epitaxial growth. Nowadays, 

only monolithically grown cells are commercially available. 

In order to be cost effective, high-efficient MJ solar cells must work as receivers inside 

the optical system called concentrator (i.e. under concentrated sunlight) and in this way 

maintain high level of irradiance with reduced area of solar cell. Hence, high concentration 

photovoltaics (HCPV) systems became attractive due to high efficiency these solar cells provide 

(>40%).  

 

1.4.2.1. High-concentration solar cells 

At present, the highest solar energy conversion efficiencies are obtained with triple-

junction (3J) solar cells and four-junction (4J) solar cells. Triple-junction solar cells are devices 
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composed of three p-n junctions of different bandgaps that are stacked in tandem in a 

monolithic configuration and electrically connected in series (via tunnel junctions). The stack is 

grown by Metal-Organic Chemical Vapor Deposition (MOCVD) on a semiconductor substrate. 

Today’s standard commercial process uses a Germanium (Ge) substrate on which are grown a 

stack of lattice-matched semiconductor layers. Hence, we have: a Ge bottom junction, a 

Ga(In)As middle junction, and a GaInP top junction (Figure 1.4.1 (Right)).  

The GaInP top junction has high bandgap energy (around 1.8eV) and it absorbs light of 

short wavelengths (below approximately 700nm) while being essentially transparent to the lower 

energy (longer wavelength) light. Longer wavelengths are absorbed by the Ga(In)As middle 

junction, as long as their energy surpasses the intermediate-layer’s bandgap (around 1.4eV, for 

a cut-off wavelength of 900nm). The Ge bottom junction has a bandgap of 0.67eV and thus 

absorbs wavelengths less than 1,800nm.  

 

 

Figure 1.4.1 (Left) Back-Point-Contact Silicon (BPC Si) cell; 
(Right) Triple junction (3J) solar cell [40]. 

 

In order to use even more efficiently solar spectrum the silicon band-gap of 1.12eV is 

nearly ideal for combining with the other lattice-matched 3J cell (with an ideal efficiency limit of 

57% for two terminal devices [40]), which makes this combination very attractive. The monolithic 

manufacturing of the 3J and Si cell (Back Point Contact silicon cell shown Figure 1.4.1 (Left)) is 

not possible to date due to the lattice constant mismatch.  

 

Photocurrent and voltage pertinence 

The generated concentration short-circuit photocurrent (Isc) is proportional to the 

luminous flux, meanwhile the open circuit voltage (Voc) increases logarithmically with 

nn++  bbuussbbaarr  pp++  bbuussbbaarr  

ssuunnlliigghhtt  
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photogenerated current. Hence, concentrated sunlight increases solar cell voltages, which 

implies higher efficiencies as long as the increased series resistance (Rs) does not 

overcompensate them by inducing reduced fill factors (FF). Fill factor is a parameter which, in 

conjunction with Voc and Isc, indicates the maximum power obtained from the solar cell.  

Beyond certain levels of the concentration, the series resistance effects introduce the 

power loss by RsI2 and it becomes a dominant factor as the current increases (it is proportional 

to geometrical concentration) [41]. There is a decrease in voltage due to the temperature 

increase in concentration but, in comparison with the Rs influence, it is less significant [42]. 

However, in CPV it is important to provide cooling of the solar cells (by radiation and/or 

convection). Additionally, the set of standard test conditions for CPV systems includes a cell 

temperature of 25°, apart from the standard ASTM G-173 AM1.5D solar spectrum and incident 

optical power of 900 W/m2 at the entry aperture of the concentrator. 

Gridlines are conductive, usually metallic, strips that provide an electrical contact on the 

front face of the 3J cell. Solar cell grid is designed for uniform irradiance conditions. This is not 

because uniform is the optimum irradiance distribution in terms of efficiency, but because this 

design is simple and it seems to adapt better to arbitrary irradiance distributions.  

A narrow base width of metallic gridlines leads to increased series resistance (Rs) due to 

the low metal cross-section meanwhile higher base widths increase obscuration. It is important 

to find optimum gridlines parameters combination for particular cell size and level of incident 

light in order to maintain high electrical conductance and minimize the metal obscuration at the 

same time. 

High local differences in flux over the solar cell surface can cause efficiency losses due 

to increased series resistance (Rs), although this has less impact in MJ cells than in silicon cells. 

In case of MJ cells, we have to assure that their tunnel diodes are operating in the tunneling 

region [43]-[45]. It is recommendable that irradiance non-uniformities are kept low due to cell 

efficiency losses due to the higher Joule losses that we have already mentioned, as well as 

because the reliability of the cell or that the encapsulant may be compromised [46][47]. 

If the irradiance distributions corresponding to the spectral bands of different junctions 

are matched, even though these distributions are not uniform, the efficiency drop may not be 

severe [45][48]. Multi-junction cell efficiency is affected by the chromatic differences in the 

irradiance distribution (which has been referred to as chromatic aberration [49]-[52]) due to local 

current mismatch between top and middle cells. The sensitivity of modern III-V cells to the 

spectral dependence of the irradiance distribution is expected to increase in the future, when 

four or even more junctions are used.  

In order to describe spectral behavior of solar cells, the External Quantum Efficiency 

(EQE) is defined as the number of electrons generated and collected for each photon incident 

on the cell, i.e.: EQE=nE/nP where nE is the number of electrons generated and collected and nP 

the number of incident photons, both per unit time (Figure 1.4.2). The electrons generated but 
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then recombined do not count. This would be the Internal Quantum Efficiency (IQE), which is 

higher. 

The Irradiance density defined as:  / ( )DI dP A d , where dP is the light power (energy 

per unit time), A is surface area and dλ unit wavelength is shown in Figure 1.4.2.  

 

 

Figure 1.4.2 External Quantum Efficiencies (EQEs) of 3J cell subcells (blue-top, green-middle, red-bottom) and 
Irradiance density of the ASTM G173 AM1.5D standard terrestrial solar spectrum. 

 

Electrical current is defined as the number of electrons per second (generated and 

collected as current):  EI n q , where nE is number of electrons and q the charge of the electron 

(q=1.602·10-19C). According to the definition of EQE, the number of electrons produced by 

incident light in the range λ to λ+Δλ is given by  ( )E Pn EQE n , obtained by the EQE multiplied 

by the number of incident photons for that wavelength . The energy of each photon at a 

wavelength  is given by: E=h=hc/, where h is Planck’s constant (h=6.626·10-34J·s), c is the 

speed of light (c=299792458·109nm·s-1). The power associated with these photons is  PP n E

where nP is the number of photons per unit time. Introducing this into the expression for ID we 

get: 
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The number of photons per unit time in the range  to +Δ can then be obtained by: 
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And therefrom the corresponding photocurrent is given by: 
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qI n q EQE n q A I EQE d
h c

 (1.4.3) 

 The short-circuit currents at 1 sun concentration for a single solar cell ( 1sun
scI ) is 

calculated by integrating the previous Eq.(1.4.3) in the wavelength range corresponding to the 

spectral response of the cell. For each subcell of the 3J cell, under the ASTM G173 AM1.5D 

spectrum [31] corresponding photocurrents will be calculated as: 
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 (1.4.4) 

As these junctions are series connected, the smallest photocurrent of the three 

junctions will limit the photocurrent of the solar cell. In today’s high-efficiency commercial cells 

photocurrents of the top and middle junctions are designed to be fairly well balanced (within 

about ±5% at the usual solar spectra, such as the standard ASTM G173 AM1.5D [31]). This is 

accomplished by the selection of the bandgaps of the semiconductor materials, by the metal 

gridlines design and fabrication and design of the antireflection (AR) coating on the top of the 

solar cell. In case of the bottom Ge junction the bandgap energy is much smaller than required, 

which leads to an excessive photocurrent (by 40% to 50%) over those of the top and middle 

junctions. Hence, we may say that in present commercial 3J high-efficiency cells it is 

approximately true that:  

   ,3 , , ,

2

3
sc J sc TOP sc MIDDLE sc BOTTOMI I I I  (1.4.5) 

The short-circuit currents at geometrical concentration Cg are calculated as: 
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 (1.4.6) 

 
where Acell is the solar cell area, h is the Planck’s constant, c is the speed of light, Cg is 

geometrical concentration,  
1.5 173

DAM d ASTM G
I is the solar irradiance density as a function of 

wavelength (containing an integrated power density of 900W/m2 over the interval 350-1800nm), 



Basic concepts and definitions 

31 
 

       , ,TOP MIDDLE BOTTOMEQE EQE EQE are the external quantum efficiency of top, middle, 

bottom subcell, respectivelly (Figure 1.4.2)  and  T is the spectral transmission of the 

concentrator (Subsection 1.4.3.3, case for θ=0). 

In the work related to CPV concentrators in this thesis we assume to have good quality 

solar cells adapted for working in concentration (without significant non-radiative recombination 

that will affect Voc, and with properly designed metal grid that will not affect Rs, etc.). Due to the 

improvements in the cell design and quality of epitaxial layers, as well as by improvements in 

wafer fabrication process, the continuous increase in conversion efficiency of the III-V solar cells 

has been noted. Wafer processing in the cell fabrication, as well as design and fabrication of the 

gridlines used for photocurrent extracting have significant impact on its performance.  

In HCPV systems (e.g. light concentration level of 50W/cm2) where considerable portion 

of light falls oblique on the solar cell surface, reflection from the sidewalls of the gridlines has to 

be considered while optimizing grid lines geometry [53]. This reflected light may boost cell’s 

efficiency because more light can be directed to the cell surface. 

One of the paths of further PV efficiency increase is development of materials with 

Eg=1.0eV which may adapt their crystalline lattice with most common substrate used in triple-

junction (3J) solar cells (Ge). The most likely scenario for future terrestrial cells is having four or 

more junctions with a potential of reaching over 45% efficiency at concentration of hundreds of 

suns. The advantage of 4-, 5-, or 6-junction solar cells are lower current densities for higher 

voltage (reduce the resistive power loss (I2R) at high concentrations) and division of the solar 

spectrum more efficiently.   

Another way to improve the efficacy of solar spectrum utilization is a geometrical 

spectrum-splitting architecture that may involve several external cells with different bangap 

energy optimized for different parts of the solar spectrum and the use of the spectrally selective 

filters (beam-splitters) which redirect incident solar light towards the different solar cells. One of 

the possible high concentration (>500x) spectrum splitting architecture is presented in Chapter 3 

of this thesis. 

 

1.4.3 Concentrating optical system 

Concentrating optical systems have traditionally been categorized according to the 

concentration level they provide. There are three categories of PV systems: 

 Low concentration systems (LCPV) have geometrical concentration in range of 2-100x 

and wide acceptance angle, so active solar tracking is not a must. They use low 

concentration silicon cells as receivers without the need for active cooling. 
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 Medium concentration PV (MCPV) systems have concentration levels of 100-300x, they 

use medium concentration silicon cells and they require cooling (whether passive or 

active) and two-axis solar tracking systems. 

 High concentration PV (HCPV) systems provide concentration levels higher than 500x 

with previously described high efficiency MJ cells requiring passive cooling by high-

capacity heat sinks. These concentrators have more limited acceptance angles, so the 

use of a tracking system becomes compulsory in order to permanently aim the sun and 

remain inside the acceptance angle (avoiding light losses). 

LCPV and MCPV are usually two dimensional optical concentrators (usually presenting 

linear symmetry) meanwhile three dimensional or point focus concentrators (presenting 

rotational symmetry or free-form surfaces) are commonly used for HCPV.  

 

1.4.3.1.  High concentration photovoltaic systems 

The continuous increase in MJ solar cell efficiency in the last decade has been 

paralleled by advances in optical designs and technologies. These advances have focused on 

improving the system efficiency, its reliability and cost. HCPV concentrators usually consist in a 

primary optical element (POE) which collects the light rays from the sun and a secondary optical 

element (SOE) which receives the light concentrated from the POE and sends it to a solar cell.  

The POE may be either refractive (e.g. a Fresnel lens) or reflective (e.g. a parabolic 

mirror) (Figure 1.4.3). In both cases the addition of nonimaging SOE homogenizers helps 

obtaining better performance HCPV system, especially when the more advanced Köhler 

architectures are used.  

 

 

Figure 1.4.3 Fresnel lenses and parabolic reflectors are the classical concentrators in CPV. 

The most common primary optical element in HCPV systems is the flat Fresnel lens, in 

which the facets face to the cell side (Figure 1.4.3 (Left)). At present, two materials are usually 
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deployed for Fresnel lenses: polymethylmethacrylate (PMMA) and “silicone-on-glass” (SOG). 

Both materials were developed in 1970s but until 2005 Fresnel lens was most likely made out of 

PMMA. Advantages of the SOG lens are that it is much more scratch resistant, and glass and 

silicone are believed to be less prone to degradation from ultraviolet light than PMMA. One of 

the disadvantages is its weight, as SOG lens is roughly twice as heavy as PMMA Fresnel 

lenses due to the high density of glass. 

The material combination SOG possesses a high optical transmission that expands far 

into the infrared region where substantial absorption occurs in PMMA Fresnel lenses. At the 

moment, this is not an important issue in CPV systems because there is a high excess current 

in the bottom subcell of currently available MJ solar cells (Subsection 1.4.2.). In near future this 

fact will have importance in new cell concepts with only little excess current in the bottom 

subcell or when systems with more than 3 junctions become commercially available. We 

present a high concentration spectrum-splitting system in Chapter 3 with flat Fresnel lens as the 

POE where this fact has importance as the number of junctions is increased to 4 and partition of 

solar spectrum is redefined. 

We may say that there are three generations of CPV optical systems that can be 

identified chronologically. First generation of concentrators is essentially based on imaging 

optics POE designs without using an SOE. The second one appeared when nonimaging 

secondary optics were added to the imaging POEs to further concentrate or homogenize the 

cell illumination. And finally, the most recent generation, advanced concentrators in which POE 

and SOE are jointly designed with the latest nonimaging tools making use of the latest optics 

shapes available at present: the free-form surfaces (i.e. surfaces without rotational or linear 

symmetry, Subsection 1.2.4.). This thesis is largely exploring advanced HCPV free-form 

systems. 

In order to perform the analysis of the optical behavior of designed device by using the 

3D rays that are not under designer’s control, optical designs are usually analyzed by means of 

ray trace. Ray trace techniques follow the ray trajectory through the optical system from the 

entry aperture to either the target or its loss. In ray trace software it can be performed either 

simple statistical calculation analysis of the amount or rays reaching the target with respect to 

the total amount of traced rays (geometrical analysis), or more accurate optical analysis 

including power losses due to absorption, dispersion, inefficient reflections, Fresnel losses, etc. 

 

1.4.3.2. Geometrical concentration 

Geometrical concentration (Cg) is the ratio between the areas of the entry aperture 

surface and the surface of a receiver. In 2D it is the length of the entry aperture over the 

receiver’s length. A times symbol × follows the value of the current geometrical concentration of 

a device: hence, a concentration whose entry aperture area is 1,000 times the area of the target 

will be referred as a 1000× design. 
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Let Mi be a ray bundle of an infinite source defined by the acceptance angleand by 

the concentrator’s entry aperture whose area is AE surrounded by a medium of refractive index 

ni. Let Mo be the bundle at the target, defined by its angular spread , the receiver area AR and 

the refractive index of its surroundings no. If the concentrator perfectly couples two bundles, the 

conservation of étendues is also observed thus: 

      2 2 2 2sin sin
i oM E i R o ME A n A n E  (1.4.7) 

The maximum concentration is achieved when the receiver is illuminated isotropically, 

i.e. β=±π/2. In general, the cell is illuminated with angles lower then ±π/2, so we can write: 

   2 2 2sinE i R oA n A n  (1.4.8) 

Using definition of Cg, we may rewrite the previous equation and notice that there is a 

limit of the maximum geometrical concentration if the entire input bundle is pretended to be 

collected: 
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For the case  1,i on n n  it becomes: 

  2 2singC n  (1.4.10) 

, where Cg is the geometrical concentration,  is the acceptance angle and n is the refractive 

index of the material surrounding solar cell.  

In 2D geometry, Eq.(1.4.9) becomes: 
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where LE and LR are lengths of the entrance aperture of the concentrator and of the receiver, 

respectively.  

 

1.4.3.3. Acceptance angle 

Acceptance angle  is defined as the angular span within which the concentrator 

collects more than 90% of the on-axis power. 

For the acceptance angle definition it is assumed that the concentrator is illuminated by 

a plane wavefront, i.e. a set of parallel rays which form a given angle  with some preferential 

concentrator axis that is commonly normal to the entry aperture. Typically, the concentrator 
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collects only a fraction of these incoming rays. This fraction of the power transported by the 

same rays and evaluated on the receiver is called transmission T. 

The transmission function is in general a function of two variables (those needed to 

characterize the direction of the incoming rays). In rotational symmetric systems T can be 

written as a function of a single angular variable  which is the angle formed by the incoming 

parallel rays with the axis of rotational symmetry T). In most cases, =0 is also the direction of 

maximum transmission. In this case α is the angle fulfilling T()/T()=0.9. Hence, α is the 

minimum tilting angle from the on-axis position such that the transmission does not fall below 

90% (Figure 1.4.4). 

 

 

Figure 1.4.4 Definition of the acceptance angle from the angular transmission curve. 

 
A more practical definition of the acceptance angle says that it is the sun’s tilting angle 

at which the limiting subcell generated photocurrent (Eq.(1.4.6)) is at 90% of the maximum 

(typically achieved at normal incidence) [54].  

In terms of generated electric power, more useful definition would be that the 

acceptance angle is the angle at which the maximum electric power generated by the cell (at 

the Maximum Power Point, MPP, of the I-V curve) is at 90% of the maximum electric power 

generated by the cell at the best incidence angle. This is usually referred to as the effective 

acceptance angle (). These last two definitions gather optical and electrical effects, i.e. they 

take into account the solar cell behaviour, the optical concentrator spectral behaviour and sun’s 

angular extension.  

In this thesis we will use the first definition of . 

The greatest interest of the acceptance angle concept (either effective acceptance 

angle or just the acceptance angle defined above) is its role of representing the tracking 

tolerances, manufacturing tolerances of the system, assembly and alignment tolerance 

requirements as well as other effects affecting the optical concentrator performance that can be 

TTrraannssmmiissssiioonn  

  ((ddeeggrreeeess))  
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expressed in terms of angular acceptance (such as the sun’s angular size, soiling, etc.). Its 

impact can be decisive in the annual energy generation figure. The acceptance angle 

measures the total tolerance available in the system. This tolerance budget is distributed 

among: (1) shape errors and roughness of the optical surfaces, (2) concentrator module 

assembly, (3) array installation, (4) tracking system structure finite stiffness, (5) sun-tracking 

accuracy, (6) solar angular diameter, (7) lens warp, and (8) soiling.  

 

1.4.3.4. Concentration-acceptance angle product (CAP) 

One of the merit functions in CPV is shown in left side of the Eq.(1.4.10). It is commonly 

interpreted as the acceptance-concentration product (CAP). Assuming that n is the refractive 

index of the material surrounding solar cell, it is valid that: CAP n . It provides the theoretical 

limit on the capabilities of a system to transfer the flux from a source to the target derived from 

the conservation of étendue theorem [4]. This medium is sometimes air (n ≈1), and sometimes a 

clear silicone (n≈1.4 to 1.5).  

The CAP is useful because for a given concentrator architecture, the CAP value is 

practically constant. We consider the same number and type of optical elements as a given 

concentrator architecture.  

There is another CAP, the effective CAP (CAP*), that stands out because it can be 

experimentally measured. It is the corresponding merit function obtained from the Eq.(1.4.10) by 

substituting with the effective acceptance angle  

We may conclude that there is a fundamental limit that links concentration and 

acceptance angle (i.e. tolerance) so there has to be a trade-off between achievable 

concentration and angular spread of the input source. It is not an easy task for a low-cost 

concentrator to be close to this limit and in practice most of the concentrators are far from it. 

The case of the maximum bound (i.e. cell illuminated isotropically) is usually referred to 

as the thermodynamic limit of concentration limit because surpassing the maximum bound 

would imply the possibility of heating a black receiver with the concentrator to a temperature 

higher than that of the sun, which contradicts the second principle of thermodynamic.   

 

1.4.3.5. Optical efficiency 

 The acceptance angle  (first definition that we use in this thesis) depends on the 

relative angular transmission of the concentrator and Cg is a purely geometric definition, so 

these two parameters do not give information about the amount of power that is transmitted by 

the concentrator. This is the role of the optical efficiency. The optical efficiency of the 

concentrator opt, is the maximum absolute T(θ) achieved. It is the light power transmission 

efficiency through the concentrator when its entry aperture is illuminated by a parallel beam of 

rays of constant radiance [54]. The most common instance of the direction of the incoming 
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parallel rays providing maximum transmission is usually referred to as normal incidence, i.e. 

θ=0. This optical efficiency definition is wavelength dependent. For CPV applications it is 

averaged with the ASTM G173 AM1.5D spectral distribution as weighting function. This 

definition is typically used by optics manufacturers because it is cell independent. In this thesis 

this definition of the optical efficiency is used in Chapter 2 and Chapter 3. 

The optical concentration (C) is defined as the product of the geometrical concentration 

and optical efficiency and it indicates the true irradiance gain achieved by a concentrator: 

  g optC C  (1.4.12) 

It can be written as the ratio of the mean irradiance values at the receiver <IR> and the 

entrance aperture <IE>, respectively: 
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where P(Mc) is the collected ray bundle power, P(Mi) is the input ray bundle power, AE is the 

entrance aperture area and AR is the receiver area. In general, it may be expressed in suns: 1 

sun is equivalent to the irradiance value of 90mW/cm2. A concentration of 1,000 suns means 

that if we have the irradiance of 90mW/cm2 at the entrance aperture of the concentrator, on the 

receiver surface we will have irradiance of 90W/cm2. 

There is another definition of the optical efficiency we refer to as the effective 

polychromatic optical efficiency. For this second definitionopt,2 the nominal parallel incident 

rays produce 1 sun irradiance at the entry aperture. Optical efficiency opt,2 is given by the ratio 

of the concentrator photocurrent (generated when the cell is in the concentrator) to the product 

of the geometrical concentration and the cell photocurrent when illuminated at 1 sun with the 

solar spectrum ASTM G173 AM1.5D (Eq. (1.4.14)) [54].  

The effective polychromatic optical efficiency is defined as:  
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 (1.4.14) 

, where the short-circuit currents at one sun ( 1sun
scI ) are calculated in Eq.(1.4.4) and short-circuit 

currents under geometrical concentration Cg ( conc
scI ) in Eq.(1.4.6). For the 1 sun photocurrent, 

solar cell is assumed to receive the light at normal incidence inside the medium of the same 

refractive index as the one that surrounds the cell inside the concentrator. When compared to 

opt, this second definition considers the spectral response of both the concentrator and the cell, 

and includes possible angular dependences of the EQE of the cell. 
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1.4.3.6. Merit functions in CPV 

In order to determine how well different concentrators perform and establish 

comparisons between them, several key figures of merit are present. The definite merit function 

that should count is the final cost of the produced electricity. As CPV industry is rather young, 

there are still a lack of reliable data on manufacturing costs and tolerances, as well as the 

annual electricity production of complete power plants, making that definite merit function not 

available. Despite this fact, the field of concentrator optics for CPV is still emerging and it is only 

recent that very important feedback from the operation of CPV modules in high volumes can be 

gained. Hence, for now the comparison between different concentrators’ architectures is lead to 

partial aspects, as the CAP or the expected module solar-to-electrical efficiencies.  

We can compare two concentrators with different CAP values either assuming that they 

have the same  (and consequently different Cg) or assuming that they have the same Cg (and 

consequently different ). In both cases the concentrator with higher CAP has potentially lower 

cost. This cost comparison is easier if the acceptance angle and entry aperture area of the 

concentrators under comparison is the same because in this situation the only sources of costs 

differences are the cell size and the optical components cost.  

 

1.4.4 Review of the current status of photovoltaic concentration 

At present, photovoltaics (PV) is the third most important renewable energy source in 

terms of globally installed capacity (after hydro and wind power). The cumulative PV 

installations in 2013 reached more than 120GWp.  

CPV technology has started its commercial deployment in 2007. Since then big efforts 

have been made, mainly focused in reducing the cost of the systems, gaining field experience 

and improving their reliability. In 2011 the annual installed capacity of CPV technology was 

0.26% of the overall installed capacity of PV [55]. This low number can be understood if 

analyzing strong competition of PV due to lower prices, as well as difficulty in obtaining 

financing for the execution of power plants. A customer has to accept higher risk when 

purchasing novel technology as compared to the established one like PV, assuming that both 

technologies have similar price. 

Increased concentration and efficiency of CPV modules (improving its design), together 

with decrease in price of its products and installations, would propel CPV as a valid alternative 

for reducing costs of the solar energy. In that way the competitiveness of CPV could increase 

and provide cost-effective, large-scale, solar electricity generation, especially in locations with 

high direct normal irradiation (DNI) [56]. 

In order to compare the competitiveness of PV and CPV with that of conventional power 

generation, the levelized cost of energy (LCOE) is defined. It was adopted several years ago by 

NREL and the United States Department of Energy (DOE). LCOE estimates the cost of 

generating electricity at the point of connection, dividing the total lifetime system costs by the 
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total energy produced over the system’s lifetime. In terms of LCOE PV is rapidly becoming 

competitive with other power sources (in some countries it already is).  

CPV has the potential to lower LCOE along with some other advantages like lower land 

requirement, but so far cost for it has been prohibitively high to make it competitive with 

standard PV. As already mentioned, apart from the ambient conditions (solar radiation) 

financing costs and the risk premium for new power plants have a substantial influence. 

Figure 1.4.5 shows a HCPV forecast to 2016 that takes into account current industry 

realities including investor confidence as well as competing technologies such as inexpensive 

PV. The highest probability has the conservative forecast (red line, Figure 1.4.5). 

 

 

Figure 1.4.5 HCPV revised forecast, to 2016. (Image source: PV Insider, The current status of CPV 2013, SPV market 
research by P. Mints.) 

 
Increasing solar cell efficiency (Figure 1.4.6) is a clear path for reducing energy cost 

(Eq.(1.4.15)) of concentrated photovoltaic energy (CPV). The energy costs (€/kWh) can be 

modeled with a simple formula: 

 





Costs Cell Cost Other Costs
Energy Captured solar radiation Efficiency

 (1.4.15) 

where other costs include optics, housing, module assembly, inverters, installation costs, tracker 

costs, etc. 

MMWW  

0.7 9.5 2.8 5.0 11.2 62.0 68.8 60.2 118.0 132.0 122.9 
       110.3 177.0 247.5 315.9 
       150.5 295.0 396.0 544.1 
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Highest efficiencies up to date have been obtained under concentrated light with MJ 

solar cells based on III-V semiconductor materials, with commercial cells in 38-42% range. 

In September 2013 Fraunhofer ISE announced a new world record efficiency of 44.7% 

with 4-junction solar cell measured at concentration of 29.7W/cm2 (Isc=192.1mA, Voc=4.165V, 

FF=86.5%) [57]. Triple-junction cell record efficiency of 44.4% (at 302 suns) for a 0.165-cm2 

InGaP/GaAs/InGaAs cell fabricated by Sharp [58][59] was reported the same year. In Figure 

1.4.6 we may see the evolution of the III-V multi-junction solar cells efficiency in laboratory 

conditions for both terrestrial and space applications, as well as efficiencies of the commercial 

cells.    

 

 

Figure 1.4.6 Efficiency records of laboratory III-V MJ solar cells under AM 1.5D with different concentration ratios and 
under AM0 spectrum. Average efficiencies of commercial concentrator solar cells under AM 1.5D are indicated as well. 
Figure adopted from [57]. 

 

In case of the concentration silicon (Si) solar cells, Back-Point-Contact (BPC) cells are 

the most efficient. They have gone above 27% cell efficiency, under irradiance levels around 

10W/cm2 [57][60].  

A record for energy conversion efficiency for any photovoltaic converter that does not 

use concentration is a 1cm2 InGaP/GaAs/InGaAs monolithic MJ cell fabricated by Sharp with an 

efficiency of 37.9% [61]. In case of the single-junction solar cell, measured efficiency of 28.8% 

for a GaAs solar cell is the leading one [58].  

Commercial crystalline flat-panel silicon solar cells can attain 15% to 20% efficiency 

without concentration. Record efficiency of 22.4% for a large area silicon module is reported for 

a 1.6-m2 silicon module fabricated by SunPower [62].  

Regarding highest submodule efficiency, the one containing 4-junction system 

concentrator unit module composed by a single-sided convex lens working at 20x concentration 
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and a dichroic filter to split the concentrated light between a 2-junction/3-terminal (GaInP/GaAs) 

cell and another 2-junction/3-terminal (GaInAsP/GaInAs) cell has efficiency of 38.5% ±1.9% 

under the AM1.5 direct terrestrial spectrum [57][63] (described in Chapter 3, Section 3.2.). 

Up to date, highest concentrator module efficiency is claimed by Amonix, the Californian 

concentrated photovoltaics (CPV) specialist, after the NREL measured its 35.9% module 

efficiency [64]. A single-cell FK module, a Kohler-type concentrator, demonstrated recently 

measured efficiency values in the same range of 35.3-35.9% (36.00% maximum peak 

efficiency) [65]. 

 

1.5 Introduction to Solid State Lighting 

The purpose of the illumination is that the artificial lighting technologies substitute 

sunlight in the 425-675nm spectral region (where sunlight is most concentrated) and to which 

the human eye has evolved to be most sensitive. Three well-known traditional illumination 

technologies are Fire, Incandescence, Fluorescence, meanwhile Solid State Lighting (SSL) 

constitutes a new, fourth technology. Differences between these four technologies are the type 

of material (gas or solid) that emits the light, the spectral bandwidth (broadband blackbody or 

narrowband) of the light emission, and the fuel (chemical or electrical) used to create the 

light. These differences, in turn, have consequences on the fundamental efficiencies of the 

technologies. 

Semiconductor electroluminescence was first reported by in 1907, and the first light-

emitting diode (LED) was developed in 1927. Scientific development of technologies for light 

emission became possible with the birth of semiconductor physics in the 1940s and 1950s. For 

SSL, the use of semiconductor electroluminescence to produce visible light for illumination was 

preceded by the demonstration of red light emission in 1962 and with the demonstration of a 

bright blue LED in 1993. 

During last few decades technical progress in the field of LEDs has been majestic, 

leading to the development of the compact, rugged, reliable, bright, efficient and cheap light 

sources (lower maintenance cost due to a longer product life). It is expected that LEDs become 

leading light sources in the future. Light-emitting diodes have the potential of converting 

electricity to light with the efficiency near unity [66].   

In most applications LED light is collimated [67]. Low aspect ratio collimators are of 

special interest as they lead to free space for driver and cooling, volume and weight reduction, 

material and cost reduction, etc. For collimator design it is important a well-defined narrow 

beam, as with additional faceting or diffusion any desired beam can be created from such a 

narrow beam.  
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1.5.1 Optical requirements for an illumination system 

In illumination systems, like in CPV, the accent is placed on the efficient transfer of light 

from a source (e.g. LED) to a receiver (target) as well as on the distribution of the light at the 

target [68]. Due to increasing needs of energy efficiency, mainly linked to electricity costs and 

concerns over environmental effects, efficient light transfer is of great importance. Depending on 

the specific applications, other common criteria for the design include illumination color 

properties, volume requirements or production cost. 

Like in CPV systems, the efficiency of an optical system for illumination is defined as the 

ratio of the flux (i.e. luminous power) at the target to that emitted by the source. On the other 

hand, the illumination distribution (i.e. illumination pattern) is most commonly measured in terms 

of intensity or illuminance. Notice that, when the target is placed at the infinity, intensity and 

illuminance distributions are identical. The illumination uniformity achieved on the target is 

determined by comparing the obtained distribution with the goal distribution. The RMS variation 

is the standard method of calculating the uniformity of a distribution [68]. The choice of the 

uniformity metric depends on the application, accuracy of modeling and ease of calculation. 

As well as in the CPV, the law of conservation of the étendue has great importance in 

the optical design of illumination systems. For the satisfactory collimator design, several aspects 

should to be taken into account: aspect ratio (height to diameter ratio), efficiency (collimated flux 

to source flux ratio), beam width (i.e. Full Width at Half Maximum intensity (FWHM)), intensity 

and color mixing property.  

Up to now, most common way of obtaining uniform illuminance/irradiance pattern on the 

target was with the use of diffusers and kaleidoscopic light pipes. Prior art for color mixing 

includes Köhler integration concept that is highly advantageous for illumination applications 

since it does not need a uniform source to provide uniform distribution on the target [69][70]. 

Hence, advanced Köhler concentrators we have presented in Chapter 2 and Chapter 3 of this 

thesis can be also used for illumination purposes when we replace solar cell with a LED. One 

more concept known as anomalous deflection is explored for color mixing SSL applications [70]-

[73]. 

      

1.5.2 Proposed metrics for solid-state white light  

Humans perceive the light as white light if the three types of cones located on the retina 

of human eye are excited in a certain ratio. There are a few different ways in SSL technology to 

generate white light, e.g. the use of two monochromatic complementary colors at a certain 

power ratio, the use of three monochromatic colors, the use of a broad-band emitter that can 

approximate the sun’s spectrum, mixture of broad-band and discrete-line emitters. Color 

appearance is notified by using correlated color temperature (CCT) on the Kelvin (K) scale. The 

CCT of a light source is the temperature at which the heated black body most closely matches 
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the color of the light source in question. Two light sources with identical CCTs can render object 

colors very differently due to the differences in spectra.  

Initially, in order to find the optimum way to generate white light, two parameters were 

proposed to be evaluated: the luminous efficacy and color rendering index (CRI, or Ra). The 

luminous efficacy (lm/W) of the light source is the conversion efficiency from optical power to 

luminous flux of the light source. The Color Rendering Index (CRI) is a measure of how similar 

object colors appear under illumination by a test light source in comparison with the object 

colors under the reference illuminant of the same CCT. For CCTs below 5,000K the reference 

illuminant is the blackbody radiation, and for higher CCTs it is a mathematical model of daylight. 

Value of CRI is not always correlating well with subjective color rendering quality in practice, 

particularly for light sources with spiky emission spectra such as fluorescent lamps or white 

LEDs. Furthermore, two light sources with the same CCT and CRI may not render colors the 

same way (i.e. colors may still look different). 

Dozens of metrics have been proposed [74], but only the International Commission on 

Illumination (Commission Internationale de l’Eclairage, CIE) Test-Color Method (most notably 

the CRI) has been officially adopted by a standards organization [75]. As CRI is a reference 

based metric, it is not appropriate to compare the CRI values for sources of very different CCTs. 

Despite the limitations of CRI and CCT, these metrics generally serve as a good starting point 

for evaluating the color performance of a LED source. 

White light generated by mixing two monochromatic colors has highest possible 

luminous efficacy, but poor CRI that makes them suitable for display applications but not for 

daylight illumination applications. MacAdam [76] calculated maximum luminous efficacy 

achieved by these sources, and showed luminous efficacies of 400lm/W. Additionally, Thornton 

[77] showed that sources creating white light by additive mixing of three discrete colors have 

CRI suitable for most applications. Finally, broad-band emitters simulating Sun’s spectrum have 

excellent CRI but their efficacy is lower than in previously mentioned two types of white light 

sources.  

The need to establish an independent standard for white light led to the black-body 

radiation spectrum [78] characterized by only one parameter, the temperature of the body. 

Increase of the black-body temperature leads the chromaticity coordinates from red wavelength 

range towards center of the diagram and later on towards the blue wavelength range. In Figure 

1.5.1 (Left) is shown the location of the black-body radiation together with the locations of 

several illuminants standardized by CIE (A, B, C and D65) and their color temperatures. 

 

http://en.wikipedia.org/wiki/Light-emitting_diode
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Figure 1.5.1 (Left) CIE 1931 chromaticity diagram with planckian locus and the standardized CIE white illuminants A, B, 
C, D65 and E (CIE, 1978), and their color temperatures. (Right) CIE 1976 uniform chromaticity diagram calculated from 
the CIE 1931 2nd standard observer. Both chromaticity diagrams should not be interpreted as two-dimensional maps of 
color, since the bright-dim dimension (lightness) is not represented. Colored backgrounds, as are shown here, are for 
orientation only. Adopted from [66]. 

 
When evaluating the color difference the (x, y) chromaticity diagram turned out spatially 

very non-uniform, so in 1960 the CIE introduced the (u,v) and in 1976 (u’,v’) uniform 

chromaticity diagrams (Figure 1.5.1 (Right)). As a result, the color difference between two points 

in the chromaticity diagram is directly proportional to the geometrical distance between these 

points.  

 

1.5.3 Principle of additive color mixing  

The principle of additive color mixing is shown in Figure 1.5.2. When mixing two colors 

with chromaticity coordinates (x1, y1) and (x2, y2), the mixed color (x, y) is located on the straight 

line connecting the chromaticity coordinates of the sources. The color gamut shown in Figure 

1.5.2 shows the entire range of colors (any color) possible to create from a set of primary colors 

(red, green and blue). It is a triangle for primary colors, but in general color gamuts are polygons 

in chromaticity diagram. 
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Figure 1.5.2 Principle of color mixing (two light sources have chromaticity coordinates (x1,y1) and (x2,y2), the resulting 
color has the coordinates (x,y)). Color gamut (triangular area of the chromaticity diagram bounded by dashed line) 
accessible by additive mixing of a red, green and blue LED. Adopted from [66]. 

 

1.5.4 Bases for the color consistency analysis 

In order to evaluate properly the sensation of color and luminous flux, CIE established 

two desired standards for color measurements: (1) color matching functions ( ( )x , ( )y  and 

( )z ) that approximately correspond to the eye sensitivity curves of red, green and blue cones, 

respectively, and (2) the chromaticity diagram whose coordinates (x, y, z) are calculated from 

the tristimulus values (X, Y, Z - the relative stimulation of each of the three cones) (Figure 1.5.1 

and Figure 1.5.2). The z chromaticity value can be calculated from x and y so this information is 

redundant and it doesn’t need to be used.  

The American National Standards Institute (ANSI) proposed specifications for the 

chromaticity of SSL products consistent with the existing fluorescent lamp standards as major 

applications of the SSL lighting products (at least, in the early stage of commercialization) is 

intended to be used for replacement of existing fluorescent lamps, luminaires and incandescent 

lamps. As SSL is still at early stages, control and stability of chromaticity of light are not yet well 

established like in case of fluorescent lamps.  

In 1942 MacAdam performed the first systematic experiment investigating color 

matching precision [79] by using a monocular setup with a 2° test field that was split in half, with 

one side having the constant reference stimulus and the other side was the test stimulus. The 

observer made repeated color matches, and the standard deviation of the distance between two 

stimuli in CIE chromaticity space was determined and produced the 1942 MacAdam ellipse 

(Figure 1.5.3). A single step MacAdam ellipse represents a region plotted on a color space 

diagram where colors are perceived to be the same by the average viewer. It defines the 
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magnitude of Just Noticeable color Difference (JND). Another term often used is Standard 

Deviation Color Match (SDCM). The American National Standards Institute (ANSI) specified a 

4-step MacAdam ellipse as the tolerance criterion for certain types of fluorescent lamps [80].  

 

 

Figure 1.5.3 MacAdam ellipses plotted in the CIE 1931 chromaticity diagram. The axes of the plotted ellipses 
are ten times their actual lengths (after MacAdam, 1943; Wright, 1943; Wyszecki and Stiles, 1982; MacAdam, 
1993). Notice that the size of the MacAdam ellipses is different at different locations of the CIE 1931 
chromatic diagram. Adopted from [66]. 

 

The study described in ref. [81] was done with the objective to develop color tolerance 

criteria for white LEDs. It is investigated the impact of light level, visual complexity of the scene, 

light source spectrum and CCT on color tolerance range. This study showed that the color 

tolerance range is affected very much by the background, minimally by the spectrum of the light 

source, minimally by the CCT of the light source, minimally by the light level under photopic 

conditions [82][83]. 

According to performed experiments [84] and using the assumption that color 

differences noticed by more than 10% of people are unacceptable, proposed binning criteria for 

white LEDs (assuming equal light output) are: 

 2-step MacAdam ellipse – For applications where the white LEDs (or white LED 

fixtures) are placed side-by-side and are directly visible, or when these fixtures are used 

to illuminate an achromatic (white) scene (e.g. accent lighting a white wall). 

 4-step MacAdam ellipse – For applications where the white LEDs (or white LED 

fixtures) are not directly visible, or when these fixtures are used to illuminate a visually 

complex, multicolored scene (e.g. accent lighting multicolored objects or paintings).  

For linear fluorescent lamp it is allowed criterion of 4-step ellipse meanwhile for the 

compact fluorescent 7-step ellipse (more variation) is allowed [85]. The way finding, pathway 
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and street lighting are some applications where a 7 MacAdam ellipse tolerance could be 

accepted [86]. 

Color temperature is an important aspect of color appearance that characterizes how 

“cool” (bluish) or how “warm” (yellowish) nominally white light appears. Like many color 

appearance metrics, CCT summarizes a complex spectral power distribution to a single 

number. This can create discord between numerical measurements and human perception. As 

mentioned previously, even though two light sources have exactly the same CCT they can have 

very different chromaticities so they can look different, one appearing greenish and the other 

appearing pinkish. To address this issue, the American National Standards Institute (ANSI) 

references Duv, a metric that quantifies the distance between the chromaticity of a given light 

source producing white light and a blackbody radiator of equal CCT [87][88]. ANSI has 

established Duv tolerances for LED lighting products producing white light. So, meanwhile CCT 

provides an indication of whether a light source may appear yellowish or bluish in color, Duv is 

an additional metric that can help identify sources with excessively greenish or pinkish hues 

(Figure 1.5.4). 

 

 

Figure 1.5.4 CIE 1976 u’v’ diagram with highlighted lines of equal CCT and lines of equidistance to the black 
body locus, Duv, as a signed value to indicate whether the chromaticity is above or below the planckian locus 
(+above, -below). The lines in this chart represent a Duv range of ± 0.02, which is much greater than ANSI 
tolerances for white light. Adapted from NIST data [87]. 

 

Consequently, as the chromaticity of light in general is expressed by chromaticity 

coordinates such (x,y) and (u’,v’), the white light can be represented by CCT [89] and the 

distance from the Planckian locus (Duv) providing the color information intuitively. 

Hence, for illustrating color variation between similar white LEDs, the contours of 

MacAdam ellipses are been substituted by the tolerance quadrangles on the chromaticity 

diagram CIE 1931 (shown in Figure 1.5.5). Quadrangles are rather used than ellipses because 
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of the chromaticity binning of the LED products. Product quality is evaluated by its belonging (or 

not) to a certain CCT and Duv range. Color binning is one option for creating LED arrays with 

unnoticeable color variation, provided that the color does not shift during the operational life of 

the product (it was found that the color shift over time is very small [90]).  

 

 
Figure 1.5.5 Graphical representation of the chromaticity specification of the SSL products on the CIE (x,y) 
chromaticity diagram. Quadrangles overlapping with the 7-step MacAdam ellipses for 6 nominal CCTs. 
Colored backgrounds, as are shown here, are for orientation only. 

 
The chromaticity tolerance ranges are given by quadrangles that are mostly overlapping 

with the 7-step MacAdam ellipses defined in the [85] for the 6 nominal CCTs. As shown in 

Figure 1.5.5 eight nominal CCTs are specified and the size and position of the shown 

quadrangles are adjusted in order to cover continuously the entire CCT range from 2,700K to 

6,500K while maintaining reasonable consistency with the fluorescent lamps chromaticities. In 

Figure 1.5.5 we may notice that the center Duv coordinate gradually shifts from 0.000 for low 

CCTs to 0.003 at 6,500K based on the fact that the reference daylight CIE standard illuminant 

D65 has a Duv of 0.003. 
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Chapter 2  

Köhler integrators in 

concentrating photovoltaics 

2.1 Introduction 

Present circumstances demand that the photovoltaic (PV) concentrators must achieve 

various goals (lowering costs at all levels and/or increasing the energy yield) in order to reduce 

the levelized energy cost (€/kWh) [1]. From optical designers’ point of view, this implies an 

efficient and low cost optical design with maximum tolerances and high concentration that 

compensates for the expense of triple-junction (3J) sαolar cells used in these systems [2]-[5]. 

The high concentration PV industry (HCPV) is focused on commercializing products based on 

3J (GaInP/GaInAs/Ge) solar cells to take advantage of the high efficiency these cells provide by 

efficient partitioning of the solar spectrum [6][7]. Even though competition between 

manufacturers has resulted in a lowered 3J cell and assembly cost, these costs are still high 

enough to require high concentration (geometric concentration of more than 500x) for the 

systems to be competitive in terrestrial applications.  

The continuous increase in conversion efficiency of solar cells can be noticed. It has 

been achieved by improvements in the cell design and quality of epitaxial layers, as well as by 

improvements in wafer fabrication processes [8][9]. Multi-junction solar cells based on III-V 

materials have achieved the highest efficiencies of any present photovoltaic devices [10]. 

Nowadays, 3J cells have reached conversion efficiencies up to 44.5% at concentrations of 

hundreds of suns under the AM1.5D low aerosol optical depth (AOD) spectrum [11]. Figure 

2.1.1 shows the recent trend in the conversion efficiencies for different solar cell technologies, 

regularly updated by National Renewable Energy Laboratory (NREL), USA. Last record 

efficiency for 3J solar cell of 44.4% at 302suns is reported by the company Sharp [12]. Actual 

record value for multi-junction cell efficiency is 44.7%, demonstrated with 4-junction solar cell at 

concentration of 297suns (September 2013, Fraunhofer ISE, [13]). 
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Figure 2.1.1 Research Cell Efficiency Plot for Various Photovoltaic Technologies 1976-2013, NREL. Four-junction cell 
efficiency of 44.7% is not included in this overview still.  

 
The need for competitive HCPV systems requires maximum tolerance angle 

(acceptance angle) in order to keep the manufacturing costs low. In optical concentrators one of 

the most important merit functions is the optical efficiency of the system. If we manage to 

integrate various functions in fewer optical surfaces of the system, the optical efficiency of the 

system will increase. Consequently, there is a trade-off between the selected geometry and the 

homogenization method, in seeking favorable values of all three: optical efficiency, acceptance 

angle and irradiance uniformity together with the chromatic balance on the MJ solar cell.  

Some of the integrating optics consists of hollow or dielectric light guides and mixing 

chambers where high irradiance uniformity may be often provided at the expense of 

compactness and efficiency. Good irradiance uniformity on the solar cell can potentially be 

obtained using two well-known methods in classical optics: kaleidoscope homogenization and 

Köhler integration (Chapter 1, page 14). Kaleidoscopic integrators are more difficult to assemble 

and they are not suitable for small cells. In CPV systems there have been numerous proposals 

and implementations of light-pipes much longer than the cell size (4-5 times cell size) [14]-[16]. 

As described in Chapter 1, there are two types of Köhler integration performed in CPV 

concentrators in order to accomplish irradiance homogenization and chromatic balance on solar 

cell [17]. The first is a two-directional (2d) Köhler integrator where the integration process is 

performed along both dimensions of the ray bundle, meridional and sagittal. The second one is 

a one-directional (1d) Köhler integrator where integration is implemented in only one of the ray 

bundle’s dimensions, so homogeneity provided is not so good as in case of 2d integration. The 

1d integration systems are easier to design and manufacture, which makes them suitable for 

applications where uniformity is not too critical. 

43.6% 

44.4% 
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In a fully free-form 1d and 2d Köhler integrators [17][18] optical surfaces maintain their 

original function while the system performance is improved. For instance, these surfaces may 

have the dual function of homogenizing the light and coupling the design’s edge rays bundles.  

Two HCPV optical concentrators designed with the SMS3D method [19]-[21] that 

perform 2d Köhler integration [22] are explored in this chapter. First of these two HCPV free-

form concentrator designs is a fine example of concentrator with a reflective primary optical 

element (POE), meanwhile the other one is an example of a concentrator with a refractive POE. 

In order to have high concentration as well as perform Köhler integration, secondary optical 

elements (SOEs) are necessary. Both of the concentrators are designed while maximizing merit 

functions like optical efficiency, acceptance angle (CAP) and cell-irradiance uniformity free from 

chromatic aberrations (Köhler integration).  

 

2.2 State-of-the-art 
 

2.2.1 Integrators in CPV 

Very first photovoltaic Köhler integrating concentrator was proposed in the late 80’s by 

Sandia Labs, and it was commercialized later by Alpha Solarco [23]. This photovoltaic 

concentrator has one Köhler integrating pair composed of a Fresnel lens as the POE and a 

single-surface imaging lens as the SOE, which encapsulates the cell. In this concentrator two 

imaging optical lenses are used. The secondary lens (SIngLe Optical surface - SILO) is placed 

in the focal plane of the primary lens (Fresnel lens) and it images the Fresnel lens aperture onto 

the solar cell thus providing uniform irradiance distribution on the solar cell because the Fresnel 

lens aperture is uniformly illuminated by the sun. If the cell is square the primary can be square 

trimmed without losing optical efficiency. This is highly attractive for doing a lossless tessellation 

of multiple primaries in a module. 

 

 

Figure 2.2.1 The first photovoltaic Köhler integrating concentrator (Fresnel lens as POE and SILO as SOE) developed 
by Sandia labs. (Left) Normal incidence rays, on-axis performance; (Right) Incident rays at acceptance angle, off-axis. 
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Figure 2.1.1 shows the primary lens that images the sun onto the secondary aperture 

and while the sun image moves within the secondary aperture (equivalent with the sun moving 

at the concentrator entrance within the acceptance angle) the uniform irradiance distribution on 

the solar cell will remain uniform. Thus the concentrator’s acceptance is determined by the size 

and shape of the SOE. The sun’s image will be formed at the center of the SILO for normal 

incidence rays, and it will move towards the border of the secondary surface as the sun rays 

move within the acceptance angle of the concentrator due to tracking perturbations and errors.  

The spatial and spectral uniformity of the SILO is only acceptable for perfect tracking 

conditions, and degrades rapidly when moving off-axis. These limitations are caused by the 

incapability of the SILO SOE to image properly the whole POE, whose angular size as seen 

from the SOE (the SOE “field of view” in imaging terminology) and the required magnification 

(POE to cell ratio) are too large for a single refractive surface to manage, especially for the wide 

spectrum required. 

Main advantages of this concentrator are the simplicity and high uniformity of 

illumination on the cell. In practice this system is limited to low concentrations. So, as the 

system uses the single Köhler integration element and the optics is refractive, the whole system 

cannot be compact and the imaging secondary cannot achieve high illumination angles on the 

cell, and hence the concentration-acceptance product of this concentrator is limited to 

approximately 0.43 (α=±1.1° at Cg=500x).  

In some architectures, the optical surfaces are modified, typically by lenticulations (i.e. 

the formations on a single surface of multiple independent lenslets that correspond to the 

segments, Chapter 1, page 15) to produce Köhler integration. Although the modified optical 

surfaces behave optically quite differently from the originals, they are macroscopically very 

similar to the unmodified surface. They can be manufactured with the same techniques as 

original surfaces (typically plastic injection molding or glass molding) and their production cost is 

the same. Furthermore, in case of 1d Köhler integration, the rotational symmetry makes the 

manufacturing process as simple for a lenticular form as for any other aspheric rotational 

symmetry.  

First 1d Köhler integrator was TIR-R concentrator [24] (Figure 2.2.2 (Left)) developed by 

the company LPI, LLC. Optical characteristics of this design are: Cg=1,250x, α=±1º, optical 

efficiency beyond 80% with a maximum irradiance peak of 1,850 suns.  
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Figure 2.2.2 (Left) 3D view of a TIR-R radial Köhler (the facet of TIR of the POE focuses the light onto a toroidal 
refractive facet on the SOE). (Right) Two mirror Cassegrain XX Köhler concentrator with a section cut out. Grey lines on 
a POE mirror are the edges of the facets and grey lines on the SOE mirror are the corresponding focal lines of each 
POE facet. 

 
Another example of the radial Köhler concept performing integration in one direction is a 

prior art two-mirror Cassegrain-type reflective concentrator (Figure 2.2.2 (Right)). This 

concentrator called XX radial Köhler integrator comprises a lenticulated primary and secondary 

mirror, and encapsulated solar cell mounted on heat sink (Figure 2.2.3) [25]. A primary mirror 

lenticulation segment reflects incoming rays as converging rays being focused onto secondary 

mirror, which in turn spreads them over triple junction solar cell. This concentrator was originally 

designed to work at Cg= 650x with α=±0.9° and a maximum irradiance peak on the cell of 1,200 

suns. It has optical efficiency of 78%. 

 

 

Figure 2.2.3 Schematic view of XX radial Köhler integrator for on-axis incidence. 
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The irradiance distribution produced by a radial Köhler concentrator creates a hotspot, 

but it is much milder than that produced by an imaging system. We can make a simple 

comparison between the aplanatic two-mirror design and radial Köhler concentrator. If  is the 

system acceptance angle, s is the sun’s angular radius, and k is a constant that depends on 

the shape of the cell’s active area (where k=1 for a round cell and k=4/for a square cell), 

Caverage is the average optical concentration, the hotspot generated by a radial Köhler approach 

is proportional to k(s)Caverage, while the hotspot generated by an aplanatic device is 

proportional to k(s)2
Caverage. For instance, if =±1º, S=±1/4º (the angular radius of the sun) 

as seen from Earth in case of a round cell (k=1) the hotspot created by a radial Köhler is around 

4Caverage, while the aplanatic design produces a hotspot 16Caverage.  For a square cell (k=4/) , 

the corresponding hotspots are 5Caverage and 20Caverage.  

We want to comment here that the concept of a multi-fold Köhler integrator in CPV 

design we will implement in our work, is not exploited there for the first time. In several 

instances in the past this kind of design has been implemented. In Figure 2.2.4 an example of a 

concentrator composed of a mirror as a POE and a lens as a SOE, both split into 4 sectors: 

each mirror lenticulation (i.e. sector, fold) focuses incoming rays from the sun on the 

corresponding sector of the secondary lens [26][27]. 

 

 

Figure 2.2.4 (Left) Side view of ray trace model and (Right) 3D ray trace model of the on-axis XR 2d Köhler integrator 
for on-axis incidence. 

 
A flat wavefront emulating the sun has been traced in order to show how this beam is 

split and focused on the four sectors of the lens, being spread afterwards to produce uniform 

irradiance on the solar cell. The irradiance on the cell is the sum of four images produced by 

four Köhler array pairs, i.e. four doublets. This concentrator has Cg=804x and acceptance angle 

of α=±1.41° that was improved to α=±1.80º as well as highly uniform irradiance distribution on 

Cg = 804x 
 =±1.41° 
Irrmax=650 suns 
(DNI=850W/m2) 
 

 
 

 SOE lens 

 

POE mirror 

Focal points 
on SOE 
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the solar cell. This XR concentrator is an on-axis concentrator, so SOE lens, heat sink and 

wiring are going to cause some shading on the POE mirror.  

Recent developments include a novel Fresnel-R Köhler system (FK) [28][29] comprising 

a flat Fresnel lens as a POE, and a single refractive surface as a SOE where Köhler integration 

process was performed between the lower surface of the Fresnel lens and upper surface of the 

secondary lens. Optical surfaces are designed as the free-form Köhler integrating arrays (Figure 

2.2.5). Geometrical concentration is 770x, acceptance angle α=±1.20º, so CAP=0.58 is obtained 

together with the optical efficiency of 85% and electrical efficiency 32.4% (PMMA Fresnel POE, 

without any antireflective coating on neither POE nor SOE). 

 

 

Figure 2.2.5 Rendering image of FK concentrator with well-marked one integrator unit working principle for the normal 
incident rays. 

 
Table 2.2.1 shows the summary of the CAP values of the prior art Köhler concentrators 

regarding optical designs presented thoroughly in this chapter. 
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Köhler concentrators 
prior art  

CAP Comments 

SILO 0.43 One Köhler array unit, simple design, not compact 

TIR-R (1d Köhler) 0.62 Radial integration (lenticulations), no metallization, compact 
(aspect ratio 0.3-0.4), no shadowing, TIR not protected 

XX (1d Köhler) 0.40 Radial integration (lenticulations), shadowing 

XR (2d Köhler) 0.70 4 Köhler array units, on-axis, shadowing 

FK (2d Köhler) 0.58 4 Köhler array units, no metallization, no shadowing 

Table 2.2.1 Summary of CAP values and some features of the prior art Köhler concentrator designs presented in this 
chapter. 

 
Köhler array concentrators may be used in reverse operation for the illumination 

applications where they present numerous advantages [27]. If Light Emitting Diodes (LEDs) are 

placed inside the integration region, the light pattern is independent on the LED position. 

Additionally, these concentrators perform good color mixing and good intensity mixing of 

different LEDs. 

The SMS2D RX is an extraordinary example of concentrator that is simply, compact and 

it works near thermodynamic limit of concentration (=±1°, Cg=7,387x) [30][31]. In the integrator 

configuration (RX used as a SOE), the primary should be an element that images the sun on 

the aperture of the RX secondary imaging element. In Fresnel-RX configuration that has four 

optical surfaces (including plane Fresnel lens surface in Figure 2.2.6) the receiver is facing 

down (it is illuminated from below). Hence, this concentrator is an outstanding theoretical 

example, but it is not a practical device.  

 

 

Figure 2.2.6 The RX concentrator (Left) forms image with surprisingly high concentration (98% of the theoretical 
maximum). (Right) RX element used as secondary in the integrator with an imaging primary lens (e.g. we consider 
Fresnel lens here) shows CPV performance near the optimum one. 
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The RX uses much more dielectric material than an equivalent XR concentrator, but it 

can be made in a single piece, while the XR needs at least two pieces that must be assembled. 

In both concentrators (RX and XR), the receiver back side faces the sun, i.e. the concentrator’s 

entry aperture. This is not convenient for CPV applications, as the heat sink and electrical 

connections of the solar cell are in the back side of the cell and may introduce additional losses 

because of the income light blocking. In case of the XR configuration, shown solutions are off-

axis XR concentrators [32] with added Köhler integration recently [33] (Section 2.3.4, page 76). 

 

2.2.2 RXI optical element  

The RXI dielectric solid concentrator configuration was proposed in order to solve 

named problem in case of the RX type optics (Figure 2.2.7). In RXI optical element rays 

undergo refraction (R) on the front surface, reflection (X) on the bottom surface and total 

internal reflection (I) on the front surface, so the front surface is used twice. This was not 

common for prior art two surface devices (e.g. XR, RR, RX). SMS nomenclature [1] for the 

device is RXI assigning letters to each surface that deflects rays. A small central part of the front 

surface may be either metalized as not all rays fulfill the condition for total internal reflection or it 

may be redesigned with other ray assignation. This optional front mirror introduces some losses 

which, with a proper design, can be kept below 1%. The RXI was first designed with rotational 

symmetry [34] and later with free-form surfaces [22][35]. 

 

 

Figure 2.2.7 RXI concentrator geometry. 

 

In the RXI configuration the active side of the receiver is facing the concentrator’s 

aperture allowing the use of heat sinks, electrical connections, etc. without reducing the total 

transmission. Apart from this advantage, the RXI element has high total transmission and small 

aspect ratio (thickness-to-aperture diameter ratio below 1/3). The receiver contour is completely 
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immersed in the dielectric material and this may have advantages for plastic injection, casting, 

or gluing. 

As mentioned, RXI has two optical surfaces, but unlike other two surface configurations, 

the rays impinge on its entry aperture twice (refraction and TIR), so the RXI performance must 

be sensitive to manufacturing errors and cleaning of this surface. If RXI is used alone, this 

surface is not protected so there is no guarantee for TIR. Other disadvantage is that its entrance 

is not flat. 

Initially, SMS2D RXI was designed for solar applications and first prototypes were 

manufactured (Figure 2.2.8). Geometrical concentration of Cg=1,256x and acceptance angle of 

α=±1.75º were expected, while measured values show the acceptance angle of α=±1.36º [36]. 

The principal cause of optical losses in RXI was the reflectivity on the mirrored surfaces. In 

order to have the RXI efficiency superior to 80%, a mirror reflectivity of ~95% is required.  

 

 

Figure 2.2.8 Manufactured RXI concentrator. (HERCULES project prototype,  
EU contract JOR3-CT97-0123) 

 

High efficiency and compactness of the RXI optical element make it an interesting 

device for head lamp applications. The RXI that contains both types of Köhler integration (one-

directional and two-directional) was designed with the SMS3D method, and it was manufactured 

for automotive illumination application (Figure 2.2.9). It is an outstanding example of the palette 

of possibilities that combination of these techniques provide [17][34][35].  

 

Cg =1,256x 
 (designed) =±1.75°  
 (measured) =±1.36°  
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Figure 2.2.9 Manufactured injection molded free-form RXI for the automotive head-lamp application. 

 

The destination of this RXI free-form integrator was the improvement of the cut-off 

gradient definition in low beam performance of the automotive headlamp (usually, there is a 

problem in the mass-production precision, so LED placing and chip tolerances are affecting the 

gradient cutoff). By adding integrating functions to previous design of the free-form RXI, the 

tolerance constraints can be considerably relaxed. As the rotationally symmetric RXI was not 

suitable for the producing more complex beam pattern, the free-form devices have been used. 

Initially, a free-form RXI that produces the specified intensity distribution is designed 

(Figure 2.2.10 (Left)). Then the front (RI) surface is kept unchanged, while the cavity, that 

contains the LED, and the back mirror are split in equal numbers of facets that perform the 

Köhler integration (Figure 2.2.10 (Right)).  

 

 

Figure 2.2.10 (Left) Starting free-form RXI element. LED is placed inside the cavity within the RXI. Back and front mirror 
sections are metalized. (Right) Same device with the cavity and back mirror split into Köhler lenticulations. (One 
directional integration facets are shown in blue and two directional in yellow). 
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The facets are designed in such a way that the optics images the sharp edges of LED 

cavity micro lenses (instead of the fuzzy chip edge) onto the far field cut off line. The design 

contains 6 (2x3) Köhler facets that integrate only in one direction (blue facets in Figure 2.2.10 

(Right)) and a total of 12 (2x6) facets integrating in two directions (gray facets in Figure 2.2.10 

(Right)). The beam pattern created by such an RXI can be understood as a superposition of 

pinhole images from the exit surface (Figure 2.2.11). The 1d Köhler pairs of microlenses provide 

the sharp vertical cut off gradient independent of the chip edge while the 2d Köhler integrator 

elements help defining (vertically and horizontally) the sharp corner of the hot spot step and fix 

its location in the far field (that does not depend on chip position anymore) (Figure 2.2.11).  

 

 

Figure 2.2.11 (Left) Schematic view of the far field pattern creation with a free-form RXI, (Right) Schematic view of the 
integrator RXI (all rays emitted horizontally originate from a sharp edge in the RXI cavity). 

 

2.3 XXR Köhler integrator in three dimensions 

As brought up previously, one of the strategies for achieving good uniformity on the 

solar cell is using Köhler integration. In concentrators with one-directional (1d) Köhler 

integration array (two-mirror example in Subsection 2.1, page 57) the average concentration 

and the peak concentration can be high. In order to keep the irradiance peak below certain limit, 

the idea is to perform integration in one more direction (2d).  

A Köhler XXR concentrator presented in this section performs two-directional (2d) 

Köhler integration and as a result we have uniform irradiance distribution on the solar cell and 

significantly reduced irradiance peak in comparison with 1d integration. In XXR Köhler 

concentrator an intermediate optical element, not necessarily segmented, is used in between 

the primary and the secondary. Accordingly, this concentrator comprises a primary reflector (X), 

an intermediate reflector (X) and a secondary refractor (R) and it is performing the Köhler 

integration between the primary and secondary elements in two directions. The XXR Köhler 

concentrator comprises four Köhler integrator pairs (having quad-symmetry), hereinafter 
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referred to as segments, units or folds. Thus, a segment of the primary optical element and a 

segment of the secondary optical element combine to form a Köhler integrator. The multiple 

segments result in a plurality of Köhler integrators that collectively focus the incident sunlight 

onto a common target, such as a photovoltaic cell. Any hotspots are typically in different places 

for different individual Köhler integrators, with the plurality further averaging out the multiple 

hotspots over the target cell.   

The photovoltaic receiver has preferably a square flat active area, and without loss of 

generality it can be considered located in a coordinate system in which the receiver plane is 

z=0, the sides of the active area are parallel to the x and y axes, and the origin is in the center 

of the active area. 

The primary optical element is composed by four segments where each one is covering 

one quadrant of the x-y Cartesian coordinates. Preferably, the four units are symmetrical mirror 

images with respect to the x=0 and y=0 planes, and thus defining the unit in the region x>0, y>0 

fully defines the primary optical element. The intermediate optical element will have rotational 

symmetry around the z axis. The secondary optical element will have the same symmetry as the 

primary, and there is a one-to-one correspondence between the primary and secondary optical 

units as they are Köhler integration pairs (Chapter 1, page 14). Each secondary lens unit 

images its corresponding primary pair, which is uniformly illuminated by the sun, on the receiver 

(Figure 2.3.1). 

 

 
Figure 2.3.1 (Left) XXR Köhler general scheme: POE mirror (purple), Intermediate mirror (dark blue) and SOE lens 
(translucent blue). (Right) Detail of 4-fold SOE together with the solar cell. 

 

The size of the primary optics units is given by the image of the photovoltaic receiver, 

while the size of the secondary optical element is defined by the image of the acceptance area 

i.e. the solid angle of the sky occupied by the sun angle plus the tolerance added to it by the 

designer.  
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Although the system described herein has quadrant symmetry, other configurations are 

possible (N-fold symmetry, where N can be any number equal or greater than two). For 

instance, if the intermediary optics is chosen to be larger, the number of units on the secondary 

element may be increased to nine [36]. Accordingly, the number of units in the primary element 

will increase to nine. On the other hand, the cell can be rectangular, and thus the four units of 

the primary element will be preferably rectangular and reduced to two, etc. 

When the photovoltaic cell is replaced by an LED (or LED arrays), the present device 

provides an optical device that collimates the light with a quite uniform intensity for the 

directions of emission. This can be used to mix the colors of the different LEDs of the array or to 

uniform the intensity emission without the need of binning the chips (Chapter4). 

 

2.3.1 Optical design 

The optical design shown here has Köhler integrator pairs defined as units of the 

primary and secondary optical elements in regions (x>0, y>0), but other correlations are 

possible. The intermediate optical element will have rotational symmetry around the z-axis in 

this design.  

The design process has three stages. In the first stage, we calculate the diagonal cross 

section profiles of the primary and intermediate mirrors in two dimensions using the SMS2D 

method with the conditions that the edge rays impinging on the entry aperture tilted  2

(being the design acceptance angle) are focused in two dimensions (i.e. all the rays are 

contained in a plane) on the boundary points A and B of its corresponding lenticulation of the 

secondary lens, Figure 2.3.2. Second and third stages correspond to the design in three 

dimensions of the free-form surface of the primary and secondary, respectively.  
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Figure 2.3.2 Initial step in first stage design (design in 2D of intermediate mirror diagonal profile). 

 

Thereupon, the first stage of the design is a 2D design of a cross-section through all 

three optical surfaces in the xz-plane. Description of the procedure applied in order to choose 

properly initial points and design the intermediate mirror by SMS2D is presented herein: 

(1) Choose β, which is the direction of the normal to the optical surface at B. 

(2) Choose the x coordinates of R (and R’), which are the corner points of the active area of 

the solar cell, the x and z coordinates of point E and of point B, which are the outer 

corner points of the selected segment of the primary and secondary, respectively, and 

the z coordinate of point D, which is on the rim of the intermediate optical element.  

(3) Calculate the x coordinate of D by tracing the reversed ray R’-B-D-E (Figure 2.3.2).  

(4) Calculate the optical path length R’-B-D-E.  

(5) Choose the acceptance angle ± 2 . 

(6) Calculate the normal vector at E so as to reflect the known reversed ray D-E into the 

direction – 2 . 

(7) Choose the z coordinate (zA) of point A and calculate the x-coordinate of point A 

(deduced from the Hottel formula [38] 2[R’,R]=[R’,B]+[R,A]-[R’,A]-[R,B]): 






2 1

2 1
A Bx x . 



R R’ 

A 

C 

D 
E 

B 

x=y 

z 



Chapter 2 

68 
 

(8) Calculate the line of the intermediate mirror from D to C as a ”distortion-free imaging 

oval” so that there is a linear mapping between tilt (sin) angles of rays at E in the range 

± 2  and points along the straight segment A to B (Figure 2.3.2). 

(9) Calculate the points of the secondary lens, starting from B, so that the rays from E 

reflected off the intermediate mirror are focused by refraction to R’ (using the optical 

path length condition, if desired). This is most conveniently done at the same time each 

point of the intermediate mirror is calculated. 

(10) The secondary lens calculated in step (9) will usually not pass through the previously 

chosen point A. The intersection of the secondary lens with the line x=xA gives better 

estimation of zA. So we go back to step (6), substitute the new value of zA, and do an 

“iteration loop of zA” repeating steps (8) and (9), and optionally repeat this step. 

(11) Calculate the primary and intermediate mirrors with SMS2D to form an image of the 

incident light from angle –α/2 in B and of the incident light from angle +α/2 in A (Figure 

2.3.3 and Figure 2.3.4). 

 

Figure 2.3.3 Illustration of ray tracing –/2 edge rays (acceptance angle), being reflected on the primary and 
intermediate mirror and afterwards focused on one of the border point of the secondary lens. 
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Figure 2.3.4 Illustration of ray tracing +/2 edge rays (acceptance angle), being reflected on the primary and 
intermediate mirror and afterwards focused on one of the border point of the secondary lens. 

 
(12) When the primary arrives at the z-axis (intersection of the primary curve and z-axis 

labeled as point G), if the ray +/2 reflected at point G after one more reflection and one 

refraction at A does not reach R but a different point R” on the receiver surface, we go 

back to step 5 and choose a better  with value [R',R]/[R',R'']. Then we repeat the 

subsequent steps.   

(13) If the x-coordinate of the last calculated point of the intermediate mirror (i.e., the closest 

to the z-axis) is not properly allocated (for instance, it is negative), we go back to step 2 

and choose a different value for the coordinate xB of the point B. Then subsequent 

steps are repeated.   

(14) Finally, we generate the 3D intermediate mirror by revolution of the profile with respect 

to the z-axis. 

After having the intermediate mirror calculated, we proceed to the second stage of 

design illustrated in Figure 2.3.5. The section (x>0, y>0) of the POE is designed in 3D as the 

free-form mirror that forms an approximate image of the sun on the corresponding paired 

section of the SOE through the rotationally symmetric intermediate mirror. Such a free-form 

primary mirror can be designed, for instance, as a generalized reflective Cartesian oval that 

focuses all the –/2 rays (in 3D parallel to direction     ( sin( /2), sin( /2), cos( /2)) ), after 

reflection on the intermediate mirror onto the point A.  
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Figure 2.3.5 Three dimensional view of one unit of the primary mirror together with the intermediate mirror at second 

design stage. 

 

At this step, the primary free-form mirror and intermediate mirror are already calculated 

(Figure 2.3.5). Next, the secondary free-form lens integrator unit is to be designed to form an 

image of its paired section of the POE (x>0, y>0), reflected in the intermediate optical element, 

on the solar cell.  

 

 

Figure 2.3.6 Three dimensional view of one unit of the primary mirror together with the intermediate mirror and SOE lens 
at final, third design stage. 
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Such a free-form lens we design as a generalized refractive Cartesian oval that receives 

rays passing through the corner point E of the primary and after being reflected on the rotational 

intermediate mirror focuses them in 3D on the corner point R’ of the cell (Figure 2.3.6).  

The calculation in three dimensions of the primary and secondary is consistent with the 

two dimensional design. This means that the curves contained in the free-form POE mirror and 

SOE lens at the intersection with the diagonal plane (x=y plane in Figure 2.3.5 coincide with the 

profiles calculated in the two-dimensional plane of Figure 2.3.2-Figure 2.3.4). 

The contour of the primary mirror in 3D is given by the image of the photovoltaic cell 

projected by the secondary lens. In order to take into account cell placement tolerances, a 

notional cell larger than the real one can be considered. The minimum contour size of the 

secondary lens unit is defined by the image of the 3D acceptance area (i.e. the cone of radius 

α/2). 

Initially, we have explored the solution based on the aplanatic two-mirror design that 

produces sharp imaging of normal incidence rays on a solar cell center and satisfies the Abbe 

sine condition for the intermediate mirror [39]-[42]. The intermediate mirror, designed as 

described herein with detail, differs very significantly from the aplanatic two mirror imaging 

design. Meanwhile the aplanatic design is focusing the on-axis input rays onto an on-axis point, 

in the intermediate mirror designed with shown procedure the focal region of the on-axis input 

rays is approximately centered in the off-axis segment AB (Figure 2.3.2). The difference is 

especially clear if the 3D design is done using the aplanatic intermediate mirror [39]-[42] and 

both +/2 and –/2 meridional rays are traced as in Figure 2.3.3 and Figure 2.3.4, respectively. 

Even though the primary mirror was redesigned in 3D to perfectly focus the +/2 rays (incident 

rays parallel to the direction     ( sin( /2), sin( /2), cos( /2)) ) into point A, the use of the 

aplanatic intermediate mirror causes that the focal region of the –/2 rays (in 3D parallel to the 

direction     ( sin( /2), sin( /2), cos( /2)) ) focus very far from the rim B of the secondary, 

primarily at a much higher z-position.  

 

2.3.2 XXR design with V-grooves 

In order to reduce reflection losses caused by the metallic reflection, as well as to save 

the mirror coating cost and avoid the risk of the metal coating corrosion, the use of Total Internal 

Reflection (TIR) can be of interest in this XXR device. As described in [43], the arbitrary 

rotational aspheric and free-form mirrors can be substituted by dielectric free-form structured 

equivalents that work by TIR. These structures will substitute one metallic reflection with two 

TIR reflections and exactly couple the rays of two given wavefronts (Chapter 4, Subsection 

4.4.1.2, page 205). So, there is a possibility to substitute two mirror reflections in the XXR on 

both primary and intermediate mirrors by 4 TIR reflections by introducing a solid dielectric block 

with mirrors on opposite faces, i.e. to fulfill the space between two grooved surfaces with the 
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dielectric, leaving an air gap between the dielectric piece and SOE lens. This solution would be 

more convenient for solid lighting applications (Chapter 4).  

Schematic representation is shown in Figure 2.3.7 where dielectric material is not 

displayed for clarity. A detail of the intermediate mirror is shown in Figure 2.3.7 (Right) together 

with the ray coming from the POE that is twice totally internal reflected on free-form facets of the 

intermediate mirror and redirected towards the SOE.  

 

 

Figure 2.3.7 3D view of the XXR device with grooves introduced on both primary and intermediate optical element 
instead of having these elements metalized (detail description in [43]). 

 

The architecture with four Köhler array units has been chosen but the number of 

lenslets on each of the primary and secondary optical elements can be increased or decreased 

as mentioned previously in this chapter. Also the cell can be rectangular and not square, so the 

four units of the primary mirror could be rectangular, and each unit would still image easily onto 

the photovoltaic cell.  

 

2.3.3 Results of ray trace analysis 

Results of ray trace simulations of the XXR Köhler design are shown in this section. 

Figure 2.3.8 shows the image of the 2D ray tracing (diagonal section) of the XXR system using 

meridional rays from the first stage of the design calculation (details shown in Figure 2.3.3 and 

Figure 2.3.4).   
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Figure 2.3.8 Ray trace of the meridional input beam half-acceptance angle edge rays. 

 

Geometrical parameters of the optical design are: 

 Geometric concentration: Cg = 2,070x, 

 Entry aperture: square 456x456mm2, 

 Secondary shading 4.5%, 

 Depth to entry aperture diameter ratio: 0.25,  

 Active area of the solar cell: 10x10mm2. 

 

The design has the following features related to used elements and materials:  

 Cover: PMMA transmission of 0.91, 

 POE and Intermediate mirrors (XX): Protected silver, reflectivity 97%, 

 SOE (R): made of B270 glass (n1.52521) coupled to the cell with a transparent 

silicone of n1.41 (e.g., Sylgard 182 of Dow Corning), 

 High efficiency (38%) commercial triple-junction cell, with the values of the external 

quantum efficiency (EQE) provided by the manufacturer and considered to be 

independent of the incidence angle on the cell, 

 Fresnel reflections and absorption in dielectric materials are considered, but 

roughness and dispersion are neglected, 

 Surfaces without AR coating. 

 

Results obtained in the simulations: 

 Simulated half-acceptance angle: α=±0.85°, 

 CAP=0.67, 

 Simulated optical efficiency C=0.78, 

 Average optical concentration 1,450suns (1sun=0.09W/cm2), 

 Peak irradiance on the solar cell 2,095suns (1sun=0.09W/cm2). 

Figure 2.3.9 (Left) shows a close-up view of normal incidence rays corresponding to a 

plane wavefront emulating the sun center point (traced through the whole aperture, cover not 
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shown for clarity) that has been traced in order to show how the rays are split and focused on 

the four SOE facets to be spread afterwards on the solar cell and produce uniform irradiance. 

Almost perfect uniform distribution over the cell is valid for all rays of the input bundle inside the 

acceptance angle. Figure 2.3.9 (Right) shows a close-up view of converging rays of one 

integrator unit (shown one for clarity reasons) being focused on the secondary lens surface 

(accent placed on the sun image on the secondary), and then spread out to uniformly cover the 

cell. The irradiance thereupon is the sum of the four images of the primary mirror segments. 

 

 
Figure 2.3.9 (Left) XXR Köhler integrator, 3D view of normal incidence rays emulating sun. For clarity reasons PMMA 
cover is not shown. (Right) Bottom view of one Köhler integrator pair working. Accentuated the detail of the sun image 
on one SOE unit and illuminated solar cell (dark blue) by just one Köhler integrator unit (one quarter of all three 
elements: POE, intermediate mirror and SOE of the XXR Köhler concentrator). 

 
Final XXR concentrator (shown in Figure 2.3.1, page 65) has a very high concentration 

factor of Cg=2,070x (ratio of primary projected aperture area to cell area) and the resulting 

acceptance angle α=±0.85º, which is a very good result for this concentration level as compared 

to prior art. This high concentration level allows reduced cell area (therefrom cost). The 

acceptance angle is still high enough to provide necessary manufacturing tolerances. 

Shadowing of primary mirror by the intermediate mirror is less than 5%.  

This design is highly compact; the primary and secondary rims are coplanar [44]. 

However, the cell is to be located well inside the primary mirror in this compact case as the 

desired CAP by étendue conservation requires an illumination angle of the cell about ±30º. 

Analyzing the transmission of this system, we may notice that it is a function of direction 

cosines p and q, T(p,q). In this example T(p,0) in xz-plane is equivalent to T(0,q) in the yz-

plane, so we do the analysis in one of these parallel sections (Figure 2.3.10 (Left)) together with 

the diagonal plane (x=y, z)-plane represented in Figure 2.3.10 (Right).  
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Figure 2.3.10 Illustration of two rotational axes for relative angular transmission curve analysis. 

 

Figure 2.3.11 shows the relative transmission graph with abscissa representing off-axis 

angle and ordinate representing relative transmission (normalized angular transmission to its 

maximum value) of the XXR Köhler. Vertical dashed line corresponds to +0.85º and horizontal 

dashed line corresponds to the 90% relative transmission threshold at which the acceptance 

angle is defined.  

 

 

Figure 2.3.11 Relative angular transmission curve of the 2,070x XXR Köhler design filled with air (black continuous line) 
parallel section, (blue continuous line) diagonal section, (black dashed line) defined acceptance angle ±0.85º with 

relative angular transmission at 0.9. 
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Instead of representing T(p,0) (or T(0,q)), we represent T(θ) where θ is either arcos(p) 

(or arcos(q)), depending on the section. We may see in Figure 2.3.11 that acceptance angle is 

well-balanced in previously mentioned parallel and diagonal sections.  

The irradiance profile on the solar cell is quite uniform as it can be seen in Figure 

2.3.12. Analyzing all three subcells irradiance distribution, we could notice that there are no 

effects of chromatic aberration. In Figure 2.3.12 it is shown the local optical concentration of the 

top subcell calculated as the ratio of the irradiance on the solar cell and irradiance at the 

concentrator entry aperture. With DNI=0.09W/cm2 at the entrance of the concentrator, we will 

have the peak irradiance of ~230W/cm2, meanwhile the average irradiance will be ~160W/cm2. 

 

 
Figure 2.3.12 Local optical concentration on the solar cell of the XXR-Köhler indicates the irradiance distribution profile 
on the cell, Cg=2,070x. Simulation parameters: Finite sun size; sun placed on axis with its spectrum restricted to top 
subcell range (350-680nm); mirror reflectivity~97%, cover transmission 91%, Fresnel losses at SOE, without AR 
coating, absorption in the SOE considered (Schott B270). Not considered surface roughness and dispersion.  

 

The spectral dependence of the optical performance (optical efficiency, acceptance 

angle and irradiance distribution) is very small (this is an advantage of using mirrors as the 

reflection at the mirror is achromatic). Presence of noise in the irradiance distribution can be 

noticed, but it is clear that huge peaks compared to the average irradiance distribution are not 

existent. In the real world performance, these peaks would lessen as a consequence of 

scattering due to surface roughness, surface imperfections, dust, etc. 

 

2.3.4 Performance comparison with other concentrators with mirror as POE 

The use of two-mirror Cassegrian type concentrators, common in antenna and 

telescope design, has been extended to solar concentrators with the addition of a kaleidoscope 

homogenizer [41], and with radial Köhler integration [25] described briefly in Section 2.2. The 
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aplanatic design [42] (each optical surface is tailored to eliminate one order of aberration) is an 

imaging concentrator where the reflector shapes are monotonic functions that can be expressed 

analytically. It was designed with the aim to obtain ultra-compact concentrator and illuminator 

that approaches the thermodynamic limit to optical performance. 

 

 

Figure 2.3.13 (Left) Aplanatic design with homogenizing prism and (Right) XXR free-form Köhler concentrator. 

 

We have considered the aplanatic design with the homogenizing prism together with the 

XXR free-form Köhler concentrator in this initial comparison. Both concentrators have square 

POE apertures and solar cells. If we fix the acceptance angle in both designs to be α=±0.85º, 

then aplanatic design will have Cg=850x meanwhile Köhler design will have Cg=2,090x showing 

significantly superior CAP value (CAPAplanatic=0.43 vs. CAPKöhler=0.68) [45]. 

Below we describe the comparison between different commercial optical concentrating 

systems with mirror as the POE. We have included two-mirror design we have just used  

[41][42] (SolFocus concentrator, Figure 2.3.14 (Left), 650x), parabolic mirror (Solar Systems, 

Figure 2.3.14 (Right)), XX 1d Köhler [25] (Figure 2.2.2 (Right) and Figure 2.2.3), on-axis Köhler 

XR free-form concentrator [26] (Figure 2.2.4 (Left)), off-axis XR free-form concentrator  (Figure 

2.3.15 (Left)), off-axis XR Köhler free-form concentrator (Figure 2.3.15 (Right)), XXR Köhler 

described herein and X-RXI Köhler (a concentrator we describe in Subsection 2.4 ). Values of 

geometrical concentration together with the acceptance angle of commercially available 

concentrators are shown in corresponding figures below, together with the rendering image of 

each concentrator (Figure 2.3.14 and Figure 2.3.15). 

 

POE  POE  Homogenizing prism SOE 

Intermediate  
mirror 

Intermediate  
mirror 

Aplanatic design XXR free-form Köhler 
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Figure 2.3.14(Left) Rendering image of two-mirror Cassegrian type with the mixing rod (SolFocus, 
source:http://solarsmartliving.com/wp-content/uploads/2012/03/SSL-SolFocus-Intorduction-to-CPV1.pdf) and (Right) 
schematic view of parabolic dish (Solar Systems, source: www.freewebs.com). 

 

 

Figure 2.3.15(left) Free-form off-axis XR concentrator [32], (right) Free-form off-axis XR Köhler concentrator [33]. 

 

The comparison of the CAP values of all aforementioned concentrators is made. At the 

moment the XXR Köhler was designed, it had prevalent CAP value among Köhler-type 

concentrators with POE mirror. Nowadays, on-axis XR Köhler design has improved from initial 

CAP=0.7 to CAP=0.89 [27]. Meanwhile, off-axis XR Köhler concentrator has been designed 

with CAP=0.73. The X-RXI concentrator has CAP=1.02.  

 Glass cover 

Free-form mirror 

Free-form lens 

Cg = 1,000x 
 =±1.80° 
Irrmax=907 suns (DNI at 
850W/m2) 
 

Cg = 1,000x 
 =±1.33° 
 

SOE  
Free-form lens 

POE  
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http://solarsmartliving.com/wp-content/uploads/2012/03/SSL-SolFocus-Intorduction-to-CPV1.pdf
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In comparison with XXR Köhler concentrator, off-axis XR concentrator has various 

advantages: one active optical surface less (i.e. no intermediate optical element used in this 

case), and the SOE being placed outside the beam of light incident on the POE and in this way 

there are no shading losses produced by the SOE and by the heat sink like in conventional 

centered systems. 

 

 

Figure 2.3.16 Comparison of CAP values between different mirror-based solar concentrators.  
(*) prior art of XR Köhler (on-axis) to XXR design showed CAP=0.70, but after several readjustments it significantly 

improved to 0.89. 

 
As seen in Figure 2.3.16, the off-axis XR concentrator (not Köhler array) has the highest 

CAP value, together with the X-RXI concentrator that we describe in Section 2.4 . In case of 

both on-axis and off-axis XR 2d Köhler concentrators, slight decrease of the CAP value 

(CAP=0.86 and CAP=0.73, respectively) is noticed in comparison with XR without Köhler 

integration (CAP=1.05). In this case, the acceptance angle loss was permitted (and even though 

high concentrator tolerance is maintained) in exchange for uniform irradiance distribution over 

the solar cell. 

 

2.4 Fresnel-RXI Köhler integrator in three dimensions 

The idea of Fresnel-RXI Köhler (FRXI) design was to increment the CAP value obtained 

by previous Köhler designs. We have chosen an RXI optical element as the SOE making this 

topology new in CPV. Our final designs are three different systems based on the Köhler 

integration principle, all three with RXI as the SOE. The initial design has one-unit Köhler array 

configuration of primary-secondary optical elements, afterwards we designed a two-unit array, 

and at the end we designed the four-unit array. There is a liberty in choosing number of Köhler 

array pairs (e.g. nine in ref. [36]). Particular HCPV design we have developed consists of the 
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Fresnel lens (F) as a POE, and a dielectric solid RXI as a SOE (two variants: with and without 

front metallization). An academic example with a mirrored POE and an RXI as a SOE was 

developed as well. Secondary RXIs are calculated with the SMS design method in three 

dimensions (SMS3D) [18]-[21][34][35]. As already described, the RXI is a dielectric solid with a 

small metalized surface on the front (optional) and larger metalized surfaces on the back side 

that act as mirrors. For secondary RXI lens designs presented herein, the front mirror of the RXI 

SOE does not introduce shadowing losses (light blocking) as it is not illuminated by the primary 

Fresnel lens. 

In our final design concentration and Köhler integration are accomplished with a four-

unit array, and we refer to these designs as 4-fold designs: POE and SOE are divided in four 

symmetric Köhler pair units, with each quarter of the POE corresponding to a quarter of the 

SOE [46] (Figure 2.4.1). 

 

 
Figure 2.4.1(Left) Schematic representation of normal incidence ray fan of one array unit of 4-fold FRXI where rays 
coming from one unit of POE are focused on corresponding SOE unit and afterwards on the solar cell. (Right) Normal 
incidence ray tracing of a free-form Fresnel RXI Köhler design (Cg=2,300x, square solar cell). A plane wavefront 
emulating the sun center point has been traced in order to show how this beam is split and focused on the four SOE 
facets to be spread afterwards to produce uniform irradiance on the solar cell. Nevertheless, this will be valid for every 
ray within a design acceptance angle α. 

 

2.4.1 Optical design 

The RXI optical design procedure considers the conservation of étendue theorem. Initial 

idea is to obtain the optimum system from the energy-transfer point of view. In practice, due to 

Fresnel 
lens (POE) 

RXI (SOE) 
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Fresnel reflections, scattering and absorption, there are losses that are not taken into account in 

the initial étendue calculations. At design stage we assume there are no optical losses.  

As described in Chapter 1, all SMS design problems start with the definition of the input 

and output edge-ray bundles that should be coupled with each other: the selection of the 

wavefronts has to be carried out carefully.  

Two RXI optical surfaces to be calculated by the SMS3D method are the front surface 

(RI) that has two roles: refraction (R) and total internal reflection (I), and back mirror coated 

reflective surface (X). As we design two surfaces, we use two pairs of normal congruences for 

the SMS3D calculation. The RXI design has one important difference in comparison with other 

two surface devices – its front surface is deflecting rays twice on their way. This fact has 

significant influence on a design strategy. In our 3D design one of designed surfaces will 

contain one prescribed curve and it may contain its normal vectors as well. This prescribed 

curve may be calculated by the SMS2D and another two pairs of input and output wavefronts, 

different from the ones used for surface calculation.  

First, the initial conditions are set: the size of the receiver, the entry aperture of the 

concentrator and its acceptance angle (α), as well as the dielectric material of which the RXI is 

made (polycarbonate in this case). The right choice of these parameters will provide the 

étendue conservation at both the RXI entry aperture and the receiver position. The RXI width 

may be expressed as 


RXI
n[ R,R']w

sin
, where n is refractive index of the material surrounding 

solar cell, α is the acceptance angle, R and R’ are extreme points on the receiver. 

During the RXI design procedure, the RXI is considered as a three surface optical 

device (two reflective and one refractive surface). Input ray bundles are first refracted on the 

front surface R (first deflection), than reflected on the back surface X (second deflection) and 

reflected once more on the front surface I (third deflection), without considering the actual 

surface position (i.e. if rays intercept previously other surface they are not deflected by it). This 

process repeats until two surfaces supposed as the front surface (R and I) don’t converge to the 

same surface. 

We assume that we have a rectangular receiver located at z=0. For the SMS2D 

calculation of the “seed” curve (Figure 2.4.3) we will use two pairs of wavefronts: one pair of 

wavefronts named WF1i/WF1o (that is later on going to be used in the SMS3D calculation) plus 

one additional pair of input/output wavefronts named WF3i/WF3o. Let WF1o be the spherical 

output wavefront (point source) originated at one corner of the solar cell R’(-x0,y0,0) and WF3o 

its counterpart on the other corner of the cell R(-x0,-y0,0). We assume that our light source is 

situated at infinity (sun) and we are using plane wavefronts as the input normal congruences. 

The rays of the input plane wavefront WF1i make an angle –α/2 to the direction connecting the 

center of the receiver and the center of the POE Fresnel lens unit before entering the RXI, 

meanwhile the rays corresponding to the plane wavefront WF3i make an angle α/2 to the same 

direction (Figure 2.4.3). A source at infinity (the sun) is imaged on the cell area. 
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Figure 2.4.2. Calculation of the “seed” curve (diagonal section of 4-fold SOE RXI). Two free-form input wavefronts WF1i 
and WF3i shown for illustration purposes are chosen to be two planar wavefronts coming from the center of 
corresponding pair unit of the Fresnel lens. 

 

 

Figure 2.4.3 Illustration of the “seed” curve initial point and the wavefronts used for its calculation. 

 
We choose the starting point P placed on the front RI surface together with its normal 

vector (nP). Optical path length (OPL) is fixed and maintained constant. Actually, the OPL is 

initially estimated by taking into account the 2D étendue calculation. For the 2D RXI profile 

calculation, i.e. seed rib calculation, we assume that we are designing an XX device. We are 

coupling two pairs of before mentioned wavefronts (WF1i/WF1o and WF3i/WF3o). The OPL is 

finally adjusted when smooth “seed” curve is obtained (as the merit function it is used the first 

derivative in the point P). When this condition is fulfilled, the OPL is fixed. SMS points of two 
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curves (one for the front RI surface and the other for the back X surface) are calculated by 

coupling two pairs of before mentioned input and output wavefronts and by preserving the OPL 

between these two pairs of wavefronts (Figure 2.4.2 and Figure 2.4.3). Seed curve is calculated 

until the y-coordinate of the final point of one of the curves reaches the value of wRXI (Figure 

2.4.4 and Figure 2.4.5). 

 

 

Figure 2.4.4 Illustration of the initial phase of the seed curve calculation. 

 

 
 

Figure 2.4.5 Seed curve calculation (SMS2D XX design). For clarity reasons process stopped here.  
Both front and back curves are calculated. 

 

Next step is defining the behavior of the system in the perpendicular direction by 

calculation of sets of point that belong to the SMS ribs or chains (Figure 2.4.6) i.e. the set of 

curves that cross the “seed” curve in the same way as ribs cross the spine (Chapter 1, 
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Subsection 1.2.6.3). One surface will contain the seed curve and it may contain its normal 

vectors as well. In our design normal vectors of the seed curve and normal vectors of the 

surface are going to be very close. This is the consequence of using the same pair of 

wavefronts for both the seed curve calculation and for the calculation of the surfaces.  

 

 
Figure 2.4.6 Shown illustration of one Köhler unit (one quarter of the RXI SOE). Because of symmetry, defining the unit 
in the region x>0, y>0 fully defines optical elements of the FRXI system. Calculation of SMS chains is illustrated. 

 

In two surfaces SMS3D design, two pairs of input and output wavefronts are perfectly 

coupled. For 3D calculation we use one pair of wavefronts (WF1i/WF1o) already used in the 

“seed” curve calculation and one new pair of wavefronts WF2i/WF2o. The WF2o is defined as the 

spherical wavefront placed at (x0,y0,0), and together with the WF1o it is placed in a plane 

perpendicular to the seed rib plane (Figure 2.4.6). The WF2i is a plane wavefront whose rays 

make an angle / 2  to the central direction of the incoming light (direction connecting the 

center of the receiver with the center of the Fresnel lens unit) and the rays of the WF1i the angle 

/ 2 to the same direction in the same plane perpendicular to the seed rib plane. The OPL 

calculated previously using rays of each pair of design wavefronts is maintained. 

The RXI design calculation uses an iterative procedure. As previously said, during the 

design process, the R and I surfaces are considered as if they were two separate surfaces. 

Hence, the RXI is considered as a three surface optical device. Input ray bundles are first 

refracted on the front surface (R), than reflected on the back surface (X) and reflected once 

more on the front surface (I), without considering the actual surface position (i.e. if rays intercept 

previously other surface, they are not deflected by it). For the initial front refractive surface (R0) 

is chosen a surface obtained by extruding the seed curve in the xz-direction (perpendicular to 

the seed rib plane) and the SMS3D method is applied to calculate surfaces X and I. Afterwards, 

the calculated surface I is considered as a new R surface (R1) and the redesign is done to 
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recalculate new surfaces X and I. The process is repeated until the sequence of surfaces Rn 

converges towards the final design surface. Once the convergence is achieved, the resulting 

ribs are interpolated by means of Non-Uniform Rational B-Spline (NURBS) surfaces that can be 

further analyzed through ray tracing. This iterative process is specific for the RXI designs when 

compared to other SMS devices, and arises from the circumstance that two distinct optical 

surfaces, the chosen surface (R0)  and the calculated surface (I), must be the same physical 

surface (Figure 2.4.1). 

Figure 2.4.6 represents the SMS chains as curves, although with the SMS method we 

are calculating isolated points and the intermediate points are calculated after performing an 

interpolation between two adjacent points of the SMS chain. Then, those interpolated points are 

used as new initial points for the SMS chain construction. This process is called SMS skinning 

[2]. Distance between the calculated SMS points depends on the size of the receiver, the output 

bundless and the RXI geometry. In order to increase the density of the calculated SMS points 

along the curve, it is quite common to use design points that are not located at the corners of 

the receiver but closer to each other along the edge of the receiver. With the SMS chains 

calculation, we assure the behavior of the input wavefronts in this direction. In case of the 

perpendicular direction, the behavior is controlled only in the vicinity of the “seed” curve. 

However, its influence propagates fairly well towards areas away from the “seed” curve in the 

RXI, so the pattern features in this direction remain almost invariable along the entire RXI. 

That’s why we may say that in this design by using the SMS3D method we control completely 

two pairs of wavefronts, and partially the third one. 

The final design, where Fresnel lens and RXI are split into 4 Köhler pairs, is presented: 

each of four units of Fresnel lens focuses incoming rays from the sun on the corresponding unit 

of the SOE (Figure 2.4.1). This design, done for the CPV applications, can work as the light 

collimator as well. In that case, each one of the SOE folds focuses back traced rays from the 

CPV solar cell (in collimators it would be the LED source) on the corresponding Fresnel lens 

unit. 

We have calculated two different models of 4 unit (4-fold) RXI secondary:  

(1) RXI with small front area metalized (Figure 2.4.7 (Left)). 

(2) RXI without front metallization (Figure 2.4.7 (Right)). 
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Figure 2.4.7 Top view of two geometries of 4-fold SOE RXIs:  
(Left) RXI with small front metalized area. (Right) RXI without metallization. 

 

Figure 2.4.8 (Left) shows side view (diagonal section of the concentrator) of the RXI 

without the front metallization together with the 3D view Figure 2.4.8 (Right) of the same 

element. This optical element is placed above the solar cell’s plane, so we could glue the solar 

cell with silicone without difficulties. 

 

 
Figure 2.4.8 (Left) Side View (diagonal section) of 4-fold RXI SOE, and (Right) 3D view of 4-fold RXI SOE w/o front 
metallization where normal incidence rays being refracted on the POE are being focused on corresponding SOE units 
and being uniformly distributed over the solar cell. 

 

2.4.2 Results of ray trace analysis 

As mentioned previously, the initial motivation for performing these designs was 

increasing the CAP value of Köhler concentrators up to date. Among Köhler concentrators with 

flat Fresnel lens as POE, performance of Fresnel lens with our design of secondary RXI showed 

highest CAP value (0.85). We have obtained maximum CAP value (CAP=1.02) with the system 
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in which we have substituted the primary Fresnel lens with mirrored POE and we have 

maintained an RXI as the SOE.  

Illustration of the ray trace analysis of the free-form Köhler CPV designs with RXI as 

SOE is shown in Figure 2.4.1 (page 80) where a plane wavefront emulating the sun center point 

has been traced in order to show how this beam is split and focused on the four SOE facets to 

be spread afterwards and produce uniform irradiance on solar cell (Figure 2.4.8). Nevertheless, 

this will be valid for every ray within the design acceptance angle ±1º. 

Below, we exhibit ray trace analysis of different 3D Köhler concentrators (all three with 

the RXI type SOE). These are three designs we have considered: 

(1) FRXI_m (POE: 4-fold Fresnel lens, SOE: RXI with frontal metallization), 

(2) FRXI (POE: 4-fold Fresnel lens, SOE: RXI without metallization), 

(3) XRXI (POE: 4-fold Mirror, SOE: RXI with frontal metallization). 

These designs have the following features:  

 Fresnel lens (FRXI and FRXI_m): made of PMMA (n1.49), facet draft angle=2º, 

vertex radius=10 μm, facet height<250 μm, 

 Cover (XRXI): PMMA transmission of 0.91, 

 SOE: made of B270 glass (n1.52521), coated with enhanced silver mirror 

reflectivity [48] and no AR coating on its surface, 

 Conformal coating on the solar cell of transparent silicone rubber of n=1.41 (at 

550nm) (e.g. Sylgard 182 by Dow Corning), which protects the cell and adheres it to 

the dielectric SOE (for encapsulation purposes), 

 Reflective POE (in the XRXI design): First surface silver mirror reflectivity provided 

by the manufacturer, 

 High efficiency (38%) commercial triple-junction cell, with the values of the external 

quantum efficiency (EQE) provided by the manufacturer and considered to be 

independent of the incidence angle on the cell, 

 Fresnel reflections and absorption in dielectric materials are considered, but 

roughness and dispersion are neglected, 

 Surfaces without AR coating. 

 

2.4.2.1 Concentration-acceptance angle product (CAP) 

These concentrators have an f-number f/1.4 (calling f-number the ratio of the distance 

between the cell and Fresnel lens to the Fresnel lens diagonal, i.e. a purely geometrical 

definition, without the usual optical meaning). The SOE area is below 4% the Fresnel lens area 

in case of FRXI_m and FRXI designs. SOE size is reduced for smaller f-numbers. Geometrical 

concentration (the ratio of entry aperture area to cell area, being both square shaped) is 

Cg=2,300x and Cg=2,330x for FRXI_m and FRXI designs, respectively.  
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For each one of these systems, relative transmission curves are calculated showing the 

relative efficiency on a scale from 0 to 1 against the off axis angle. These relative transmission 

curves are calculated for two vertical planes at 45º to each other (both containing the optical 

axis of the optics): one of these planes containing cell’s diagonal and the other one plane 

perpendicular to the lateral sides of cell. Final value of the acceptance angle is the minimum 

one obtained in these calculations. 

The FRXI_m concentrator’s relative transmission curve is shown in Figure 2.4.9 (Top) with 

dashed lines highlighting a key point (90% relative efficiency) at ±1.02° angle, which may be 

used to define the acceptance angle (). Replacement of the 4-fold primary Fresnel lens with 

the 4-fold primary mirror (X) increases the angular acceptance of the system from α=±1.02º to 

α=±1.24º (Figure 2.4.9(Bottom), Table 2.4.1). This XRXI design has a strong theoretical 

importance. Concentration acceptance product (CAP) of this model is one of two highest ever 

obtained in CPV, and among Köhler designs is the highest up to date [46].  

 

 
Figure 2.4.9 Relative angular transmission curves: (Top) FRXI_m: Fresnel lens as POE, RXI with front metalized area 
as SOE. (Bottom) XRXI: 4-fold mirror as POE, RXI with front metalized area as SOE. Simulation parameters: Finite sun 
size; Mirror reflectivity ~ 97%; Fresnel losses; Without AR coating; Absorption in RXI: Schott B270. Roughness and 
dispersion not considered. 
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Table 2.4.1 demonstrates both effective acceptance angle * and effective CAP (CAP*) 

values. Besides pure optical characterization of the system in the solar spectrum wavelength 

range, these parameters take into account the EQEs of one of the standard commercial 3J cells 

provided by the manufacturer [47]. 

 

Design Cg  CAP * CAP* 
FRXI_m 2,300 ±1.02º 0.85 ±0.88º 0.74 
FRXI 2,330 ±0.87º 0.73 ±0.69º 0.59 
XRXI 2,230 ±1.24º 1.02 ±1.09º 0.90 

Table 2.4.1 Values of geometrical concentration (Cg), acceptance angle (), CAP, effective acceptance angle (*), 
effective CAP* of three described concentrators. 

 

The FRXI concentrator whose secondary RXI doesn’t have frontal metallization was 

done in order to make this type of concentrator cheaper and easier to manufacture. There is no 

need for the front metallization and the RXI SOE is placed above the solar cell’s plane so both 

cooling and wiring are simplified. Simulation results for the FRXI concentrator show the 

acceptance angle of α=±0.87º, which implies the CAP value of 0.73 (Table 2.4.1). The highest 

CAP value among the concentrators based on flat Fresnel lenses is maintained (Figure 2.4.15, 

page 96). 

 

2.4.2.2 Optical efficiency 

We use the definition of the optical efficiency previously defined in Chapter 1, 

Subsection 1.4.5.3. Hence, we calculate it as the power on the solar cell active surface over the 

power on the concentrator entrance aperture of a perfectly-tracked sun beam (considering 

Fresnel losses, absorption losses and RXI mirror reflectivity, and specifying without or with an 

AR coating on the front surface of the SOE).  

Optical efficiency shown in Figure 2.4.10 is calculated in a 350nm-1800nm range of 

wavelengths and weighted by the AM1.5d ASTM G173 spectrum [11]. It shows optical 

polychromatic efficiency of the FRXI concentrator with and without AR coating on the secondary 

RXI surface. 
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Figure 2.4.10 External Quantum Efficiencies (EQEs) together with the spectral optical efficiency of FRXI concentrator 
with/without an AR coating on the SOE front surface (Blue line: top cell EQE; Green line: middle cell EQE; Red line: 
bottom cell EQE; Black line: Spectral optical efficiency without AR coating; Grey line: Spectral optical efficiency with 
MgF2 single layer AR coating). 

 
Results for the optical efficiency are shown in Table 2.4.2. Both monochromatic 

(550nm) and polychromatic results for FRXI_m, FRXI and XRXI concentrators are exposed in 

Table 2.4.2 without the AR coating on the SOE entrance surface. Table 2.4.2 contains the 

effective optical efficiency calculated by weighting previously presented polychromatic optical 

efficiency by the EQEs of a “standard” 3J solar cell receiver. 

 

Design without AR 
coating Cg 

Monochromatic 
optical 
efficiency 

Polychromatic 
optical 
efficiency 

Effective  
optical 
efficiency 

FRXI_m 2,300 85.18% 81.79% 82.86% 

FRXI 2,330 85.58% 82.03% 83.06% 
XRXI 2,230 83.16% 80.72% 80.97% 

Table 2.4.2 Optical efficiency of designs without AR coating on SOE front surface (FRXI_m- SOE RXI with front 
metallization; FRXI- SOE RXI without front metallization). 

 
Figure 2.4.11 shows transmission, reflection and absorption losses in case of the FRXI 

and FRXI_m designs for the designed wavelength (monochromatic analysis). It can be 

appreciated low absorption of the enhanced reflective coating [48] for the top subcell 
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wavelength range (to which design wavelength belongs) and low absorption in the B270 glass 

SOE. 

 

 
Figure 2.4.11 Schematic view of transmission losses for the normal incidence at 550nm (Left) FRXI; (Right) FRXI_m 
obtained by ray trace simulation. Elements are not scaled. 

 

With the AR coating on the front RXI surface the efficiency increases 2% absolute. In 

case of the FRXI, polychromatic (or spectral) optical efficiency increased from 82.02% to 

84.20% with the commercial AR coatings or to 85.00% in case of the ideal one (Table 2.4.3). 

 

Spectral optical 
efficiency 

Without 
AR coating 

MgF2 Single 
Layer  
AR Coating 

Commercial 
Auer  
AR coating 

Ideal  
AR coating 

FRXI 82.03% 84.18% 84.20% 85.00% 

Table 2.4.3 Spectral optical efficiency for the FRXI concentrator when the SOE is RXI without AR coating, RXI with the 
MgF2 single layer AR coating, RXI with Auer AR coating and RXI with an ideal AR coating, respectively. 

 

0.4 

0.2 0.2 
0.1 

0.6% 

3.9 

90.6 

85.2 

0.6 

90.6 

85.6 

0.2 

0.2 

0.1 

3.9 

100.0 

3.7 

0.6 
4.1 

1.0 

PMMA  
absorption 

Fresnel  
reflection 

Fresnel  
reflection 

Enhanced 
silver mirror 
absorption 

Enhanced 
silver mirror 
absorption 

B270 
absorption 

Incident power 

Power on the receiver 

Fresnel lens 

RXI 

Solar cell 

Out of RXI 

FRXI FRXI_m 

≈ ≈ 



Chapter 2 

92 
 

The second surface mirror reflectivity used in the secondary RXI element is of great 

importance, especially in the range of shorter wavelengths. Enhanced silver mirror used in our 

simulations (described in [48]), demonstrates improvements at shorter wavelengths made by 

the dielectric enhanced layer between the silver and the glass. NREL reported 95.4% solar 

weighted reflectance of this type of mirror, meanwhile non-enhanced silver mirrors show the 

reflectance ranging from 91.6-94.6%.  

 

2.4.2.3 Irradiance and intensity on the solar cell 

There are several drawbacks in solar cells’ performance when HCPV systems produce 

spatially and spectrally non-uniform irradiance distribution on the cell. The overall cell efficiency 

losses due to irradiance non-uniformity depend on the specific cell design and manufacture 

process [49][50]. The effective series resistance increase (the IV curve fill factor (FF) decrease) 

and surpassed tunnel junction current limit are some of the possible limitations [51]. An 

additional FF loss may be produced in CPV systems with refractive optics as a consequence of 

the chromatic aberration (spectral irradiance non-uniformity) on the solar cell due to the local 

top and middle current mismatch [52]. 

Figure 2.4.12 illustrates irradiance profiles on the solar cell inside the FRXI_m 

concentrator for all three top, middle and bottom junction subcells of the 3J solar cell (no AR 

coating on SOE, the sun is of finite size and it is placed on-axis). When considering 

DNI=0.09W/cm2 the average value of irradiance on the solar cell is ~170W/cm2 and maximum 

value of ~200W/cm2. 

 

 

Figure 2.4.12 Irradiance profile distribution graphs (horizontal axis: cell side (mm), vertical axis: local concentration 
calculated as ratio of the irradiance on the solar cell and irradiance on the entry aperture of the FRXI_m concentrator 
(RXI with front metalized area, Cg=2,300x): (Left) the top subcell range (360-690nm), (Middle) the middle subcell range 
(690-900nm) and (Right) the bottom subcell range (900-1,800nm). Simulation parameters: Finite sun size; Sun on-axis; 
Mirror reflectivity~98%; Fresnel losses; Without AR coating; Absorption in RXI (Schott B270). Roughness and 
dispersion not considered.  

Top subcell Middle subcell Bottom subcell 
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The uniform irradiance distribution is the result of the superposition of four images 

produced by each solar concentrator integrator unity. The same irradiance uniformity plateau on 

the cell can be seen in both FRXI and XRXI concentrators as well. It will be probably somewhat 

lower in practice due to scattering and optical manufacturing errors [45], but it is instructive to 

compare here described concentrators with other CPV optical systems of the same Cg~2,300x 

as future 4-, 5- and N-junction solar cells will probably require higher concentrations and high 

spectral irradiance uniformity in order to have efficient and cost-effective terrestrial CPV 

systems. 

Both FRXI_m and FRXI concentrators together with the XRXI concentrator produce 

excellent irradiance uniformity on the cell, with negligible chromatic aberration of that irradiance. 

Conventional Fresnel lens has considerable chromatic aberration. We could already witness in 

case of FK concentrator [28][29] that chromatic aberration of the Fresnel lens barely affects the 

irradiance due to its Köhler integration basis. White light that is split by the Fresnel lens into a 

range of different focal points will be refocused at the same point of the cell, after passing 

through the SOE. 

 

2.4.3 Flat Fresnel lens as POE in different concentrator architectures and 
ranking 

In this subsection several optical architectures will be benchmarked in terms of their 

CAP value (and Cg) meanwhile all having the same acceptance angle. Although flat Fresnel 

lenses have smaller concentration capability than mirrors or curved Fresnel lenses, the use of 

an advanced secondary as the RXI can compensate for that limitation. The FRXI Köhler optics 

has already theoretically proven the highest concentration capability among all flat Fresnel lens 

based systems. This design is especially suitable for self-supporting systems, i.e. designs 

sufficiently deep and stiff that the module housing serves as a structural component of the 

array.  

Comparison of the FRXI concentrators with other conventional CPV concentrator 

designs that use flat Fresnel lens as a primary is presented [28][53]. We take into account 

different SOE concepts among the commercially available concentrators (illustrated in the 

Figure 2.4.13).  

All concentrators have the same POE entry aperture area (625 cm2) and the same 

acceptance angle (=±1º) while concentration ratio varies (Table 2.4.4). Both Fresnel lens 

aperture and the solar cell area are square. First system is a Fresnel lens concentrator with no 

secondary, which is a type of system being used for instance by Soitec [54]. Second system is a 

hemispherical glass dome centered on the cell surface and in optical contact with it. This type of 

dome concentrator was considered as a candidate for improving the CAP of the preceding case 

[55]. Third one we have selected for the comparison is the SILO secondary proposed in the late 

80’s [19] by Sandia Labs, and commercialized later by Alpha Solarco [56]. As SILO is a pioneer 
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in Köhler integration (it has a single Köhler channel) in CPV and it is conceptually related to FK 

and FRXI concentrators, it is used in this comparison. The fourth SOE element is a hollow 

reflective truncated pyramid (XTP), which is the type of SOE being used by the company 

Amonix [57]. The fifth is the dielectric-filled truncated pyramid (RTP), which works by total 

internal reflection (TIR). This type of SOE is used in several commercial products (for instance, 

Solfocus [58]). Finally, last design to compare with is before mentioned a Fresnel-R Köhler 

system (FK) [28]. Both FRXI designs described herein are considered: with the RXI with small 

metalized front area (labeled FRXI_m) and with the one without front metallization (labeled 

FRXI). As both FRXI concentrators have the same f-number, for clarity reasons in Figure 2.4.13 

is shown FRXI_m without losing generality for both cases. 

 

 

Figure 2.4.13 Cross section through benchmarked concentration optics with flat Fresnel lens primary element. 

 
With the exception of SILO, we have selected concentrators that are used in current 

commercial products, or that have been considered as next-generation designs. The ratio of 

system height to POE diagonal (f-number) is listed together with the Cg of the different 

configurations (Table 2.4.4).  

 

Design f-number Cg 
No SOE 1.5 106 
Spherical dome 1.5 257 
XTP 1.3 425 
SILO 1.2 607 
RTP 0.85 756 
FK 1.0 1,303 
FRXI 1.4 1,750 
FRXI_m 1.4 2,372 

Table 2.4.4 The f-number and geometrical concentration (Cg) of the selected Fresnel-based concentrators under 
comparison.  
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We can deduce that FRXI concentrators would use solar cells with the smallest area, so 

material savings and cost savings will come from reduced cell area and reduced SOE material 

costs (Figure 2.4.14). Likewise, new generation 4- and 5-junction cells will require high 

concentration and high spectral irradiance uniformity for an efficient and cost effective system. 

The true-scale relative size comparison among the different SOEs is shown in the cross 

sectional drawings in Figure 2.4.14. Cross sections of their corresponding cells, which should 

be centered at the origin, are shown displaced downward in order to make them visible. 

 

 
Figure 2.4.14 Cross section of the SOEs of the Fresnel-based concentrators to compare. Cross section of their 
corresponding cells (which should be centered at the origin) is shown displaced downwards to make them visible. 
(Sample figure adapted from [46]). 

 
In order to perform optical ray trace simulations, all the concentrators have following 

features, very similar to those employed in Section 2.4.2 : 

 POE: Fresnel lens made of PMMA (n=1.493at 550nm) and squared entry of 625cm2, 

facet draft angle=2°, vertex radius=10 μm, facet height<250 μm, 

 Refractive SOE: made of B270 glass (n=1.525at 550nm) with edge radii of 300μm, and 

no AR coating on its surface, 

 Reflective SOE: made of first-surface Alanod Miro-Silver [59] on an aluminum sheet, 

 Conformal coating on the solar cell of transparent silicone rubber of n=1.41 (at 550nm), 

which protects the cell and adheres it to the dielectric SOE (for encapsulation 

purposes), 

 Fresnel reflections and absorption in dielectric materials are considered, but roughness 

and dispersion are neglected. The latter issue is especially important when analyzing 

the RTP concentrator as inside the RTP SOE rays are suffering TIR. The performance 

of this concentrator is going to be sensitive to surface scattering, dirt and surface 

corrosion of the glass. 
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To show relevance of the RXI type SOE, we analyze the CAP value which we use as 

the merit function to maximize in our design. Comparison of the CAP values for the selected 

concentrators is shown in Figure 2.4.15. We can see that FRXI concentrator is superior to all of 

the Fresnel-based commercial concentrators described previously. 

 

 
Figure 2.4.15 Concentration-acceptance angle product (CAP) for concentrators under comparison with flat Fresnel lens 
as primary element. Sample figure adapted from [46]. 

 
An advantage of the 4-fold Köhler concentrators in comparison with the RTP and the 

SILO is that the Fresnel lens produces a region of high solar radiation density near the top of 

the SOE (Figure 2.4.13). In the 1990s, problems of degradation of SILO glass due to UV 

absorption by undesired particle traces were observed. The effect known as solarization [60] 

was reported by Alpha Solarco, the company commercializing the SILO. By now, glass 

technology has improved, and this risk may have been already solved, but even so, the 4-fold 

Fresnel Köhler concentrators divide that risk by four (since the high radiation is split in the four 

units of the SOE).   

 

2.4.4 Two-fold FRXI concentrator 

Two-fold FRXI design is obtained with the same design procedure described in Section 

2.4.1 . Instead of making 4 mirror images of the designed Köhler array unit to make a 360º solid 

like in the 4-fold case, here we consider only 2 Köhler array units. The 2-fold FRXI concentrator 

has high concentration ratio, high optical efficiency and high acceptance angle in addition to the 

uniform irradiance distribution on the solar cell. 
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Figure 2.4.16 Normal incidence ray tracing of a free-form 2-fold Fresnel RXI Köhler design (Cg=1,767x, square solar 
cell). A plane wavefront emulating the sun center point has been traced in order to show how this beam is split and 
focused on two SOE facets to be spread afterwards and to produce uniform irradiance on the solar cell. Nevertheless, 
this will be valid for every ray within a design acceptance angle α. (Left) Side view; (Right) 3D view.  

 

Ray trace simulation results shown here correspond to an f/1.5 and Cg=1,767x 2-fold 

Fresnel-RXI Köhler concentrator, with the POE made of PMMA, the SOE made of B270, and 

similar simulation features to those used for the 4-fold case (Section 2.4.2 ). Results for Cg and 

acceptance angle for this 2-fold architecture are shown in Table 2.4.5. An optical efficiency 

higher than 80.0% has been obtained. 

 
2-fold FRXI Cg  CAP 

 1,767x ±1.10° 0.80 

Table 2.4.5 Results of ray trace simulation analysis of the 2-fold FRXI design. 

 
Due to its 2-fold architecture, this concentrator presents different cross-section profiles 

in the x-z plane and in the y-z plane (Figure 2.4.16). Our design has a square solar cell as they 

are mostly present in the market. We have balanced the acceptance angle of both sections of 

this 2-fold FRXI and achieved the value of α=±1.10° in both x-z plane and the y-z plane. The 

CAP value of the whole device is 0.80. Due to the Köhler integration the irradiance profiles 

achieved on the cell for all three different junctions are uniform and well balanced, even though 

the uniformity is not that good as in 4-fold design (Figure 2.4.12). 

 

Fresnel 
lens (POE) 

2-fold RXI  
(SOE) 

y 

z 
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2.4.5 Advanced features: RXI design with external confining cavity 

Light confinement in solar cells is commonly used for maximization of the photon path 

inside the cell thus maximizing absorption. In present commercial CPV systems, the light 

reflected by the solar cell’s surface (about 5-10%) is not captured.  

External cavities have been proposed in the past [61], but they had difficulties in 

integration with classical SOEs using kaleidoscopic homogenization. Recent use of the Köhler 

integration technique in high-performance solar concentrators is fully compatible with the 

implementation of external cavities. External light confinement allows use of denser gridlines, 

and that’s how it minimizes Joule losses and permits the use of higher concentrations. 

The superior optical capability of the FRXI systems allows adding new advanced 

performances to these systems. One of the advanced features of our system is the inclusion of 

the asymmetrical external confining cavity. We can drop one half of the Cg in our FRXI system 

by leaving out one half of the Fresnel lens and replacing one half of the RXI SOE with the 

external cavity. Figure 2.4.15 shows the RXI SOE with the external confining cavity for 

recovering not only the light reflected from the gridlines but also the cell AR coating reflections 

[62] (Chapter 3). With a Cg=1,800x and =±0.7º, this 2-fold device with custom 3J solar cell 

designed for this concentration level (shadowing factor fs≈10%) may achieve relative efficiency 

gain of around 10% in comparison with the 2-fold FRXI without the cavity. 

Figure 2.4.17 shows an embodiment using this approach, based on the use of external 

light confining cavities integrated with Köhler-type secondary optics. Relative gain of 4-6% is 

experimentally demonstrated in both short-circuit current and electrical efficiency in proof-of-

concept CFK concentrator with lower concentration levels (18.45W/cm2)[62]. 

 

 
Figure 2.4.17 (Left) Scheme of incident light path inside RXI with external confining cavity (side view); (Right) a 3D 
model of 2-fold SMS3D free-form RXI with external confining cavity. The primary Fresnel lens is not shown.  
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Other advanced feature of the FRXI type of systems is Fresnel RXI-RR concentrator 

(described with detail in Chapter 3). In this concentrator as SOE is used a monolithic free-form 

RXI-RR concentrator that comprises an embedded band-pass filter and an external confining 

cavity with 3J and Si cell [63]. Light path is shown in Figure 3.3.2 (Chapter 3, Section 3.3, page 

117).  

Back mirror of the RXI part of the lens is a flat mirror (the dichroic filter that is used for 

the spectrum-splitting). The RXI part of the SOE illuminates 3J cell. After two refractions light 

passing through the RR part of the SOE illuminates the Back Point Contact Si cell (BPC Si) 

meanwhile. Triple junction cell is asymmetrically illuminated from one hemisphere, allowing the 

use of a confining cavity in the other hemisphere to efficiently collect the light reflected by the 

gridlines and semiconductor surface of the 3J cell. 

 

 

2.5 Conclusions 

At present, one of the main challenges for the CPV is its reliability and cost 

effectiveness in order to enter the alternative energy generating market with volumetric success. 

This can be accomplished by improving the performance of the current CPV systems 

(increasing the energy yield) and reducing their cost at the same time. Concentrators presented 

here are good candidates for the near future HCPV optical systems due to their superior optical 

performance and possible high-yield under mass-production conditions.  

Two different HCPV concentrators designed with the SMS3D method and built-in two-

directional Köhler integration are presented in this chapter. By superimposing the Köhler 

integration on the SMS optical surfaces we obtain optical designs capable of performing 

different functions at the same time, so no additional element is necessary. Good irradiance 

uniformity and chromatic balance together with a high tolerance angle at high concentration 

values is obtained and that leads to the advanced features of these systems.  

Although the optical surfaces including Köhler integration behave optically quite 

different, they can be manufactured with the same techniques as classical design optics 

(typically plastic injection molding or glass molding). The primary and secondary mirror in case 

of XXR concentrator may be manufactured by injection molding (methods widely known in 

automotive industry for headlamps and rear lamps). In case of FRXI concentrator, techniques 

like continuous roll embossing, hot embossing, compression molding, etc. are used for the POE 

manufacturing meanwhile plastic injection molding and glass molding can be used for SOE 

manufacturing. Glass molded mirrored SOE’s are already being used in commercial CPV 

products. The reflector piece can be mechanically fixed to the dielectric body by gluing (or 

coinjecting RXI and reflector film) even though higher reflectivity may be achieved by a small air 

gap between the RXI dielectric bulk and the reflector film. 
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Both XXR and FRXI Köhler HCPV concentrators are academic examples of very high 

concentration systems (more than 2,000x meanwhile conventional systems nowadays have 

maximum 1,000x) and they are prepared for the near future N-junction (N>3) solar cells that will 

probably require higher concentrations and high spectral irradiance uniformity in order to have 

efficient and cost-effective terrestrial CPV systems.  

The CAP values of the FRXI concentrators outperform the conventional Fresnel-based 

HCPV concentrators. Even though their SOE is probably more expensive to manufacture than 

most of the conventional SOEs since it needs to be mirrored (like Cassegrain-type systems), the 

extremely high CAP permits advanced feature designs used in exploration of new possibilities in 

CPV (external light confinement and spectrum splitting integrated in SOE). The irradiance 

uniformity obtained by the FRXI concentrator is excellent, without the chromatic aberration 

typical for other Fresnel concentrators. 

Regarding optical efficiency of these two types of design, the XXR Köhler concentrator 

reports 78% (including cover losses, whose transmission is 0.91) meanwhile the FRXI 

concentrators is about 82% efficient with the possibility of being improved in both cases (more 

than 2% absolute) if using AR coating on the SOE. In case of the FRXI, enhanced silver mirror 

used in RXI secondaries improved optical efficiency significantly in the top subcell wavelength 

range, which is the most critical one in present CPV systems.  

Summarized analysis of four individual concentrator designs with Köhler integration 

shown above (first one is the XXR, and next three have RXI as the SOE) is exposed in Table 

2.5.1.  

Optical designs CAP CAPR(*) IU 
XXR 0.67 0.47 0.70 
FRXI_m 0.85 0.61 0.84 
FRXI 0.73 0.52 0.74 
XRXI 1.02 0.72 0.80 

Table 2.5.1 Merit function analysis (CAP values) of designs presented herein. 
Added values for CAP Ratio (CAPR) and Irradiance Uniformity (IU). (*)CAPR=CAP/n. 

 

The Irradiance uniformity (IU) is obtained as the ratio of the average and peak 

irradiance. It is meant to measure of how close is the irradiance distribution to the perfectly 

uniform one. Due to Köhler array integration, values shown in Table 2.5.1 are very good. 

The Concentration Acceptance Product Ratio (CAPR) is calculated as the ratio of the 

simulated CAP divided by the theoretical upper bound CAPmax=n, where n is the refractive index 

of the material surrounding solar cell. It expresses how far the device performs from an ideal 

performance. The case of the maximum CAPmax is usually referred to as the thermodynamic 

limit of concentration because surpassing the maximum bound would imply the possibility of 

heating a black receiver with the concentrator to a temperature higher than that of the sun, 

which contradicts the second principle of thermodynamic. Designs described herein have high 
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CAPR values (indicated in Table 2.5.1), especially if we compare them to other flat Fresnel-

based concentrators. We may conclude that our FRXI design performs quite well from the 

optical design’s point of view (even though there is room for improvement regarding CAPmax 

value). From practical point of view, outstanding performance of already manufactured and 

tested FK concentrators (measured single-cell module maximum peak efficiency of 36.0% [64]) 

indicates that there is interest in Köhler type CPV designs in the market.   
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Chapter 3  

                       Concentrators                            
with spectrum splitting  

3.1 Introduction 

Two main sources of conversion losses in present HCPV three-junction (3J) cells are: 

(a) still inefficient utilization of the solar spectrum, and (b) the reflection losses of concentrator 

cells, mainly due to the grid line shading factor.  

As these junctions are series connected, the smallest photocurrent of the three 

junctions will limit the photocurrent of the solar cell. As mentioned in the Chapter 1, in today’s 

high-efficiency commercial cells the photocurrents of the top and middle junctions are designed 

to be fairly well balanced (within about ±5% at the usual solar spectra, such as the standard 

ASTM G173 AM1.5D [1]). This is accomplished by the selection of the band gaps of the 

semiconductor materials, by design and fabrication of the metal grid lines and design of the 

antireflection (AR) coating on the top of the solar cell. In case of the bottom Ge junction the 

band gap energy is much smaller than required, which leads to an excessive photocurrent (by 

40% to 50%) over those of the top and middle junctions. Hence, we may say that in present 

commercial 3J high-efficiency cells it is approximately true that:  

   3

2

3
sc, J sc,TOP sc,MIDDLE sc,BOTTOMI I I I  (3.1.1) 

, where Isc,3J denotes the short circuit current of the triple junction cell, Isc,TOP, Isc,MIDDLE and 

Isc,BOTTOM  are the photocurrents of the top, middle and bottom junctions, respectively.  

For improving the utilization of the solar spectrum, one of the most promising strategies 

is the use of four or more p-n junctions. This can theoretically increase the efficiency very 

significantly, and therefore intensive research efforts have been devoted in the recent years in 

this direction. Recently, an efficiency of 44.7% for the four-junction solar cell was reported by 

Fraunhofer Institute [2]. Different strategies have been followed to increase the number of 

junctions built into a solar cell: 1) conventional epitaxial growth over a substrate (lattice matched 

and metamorphic); 2) wafer bonding and layer transfer process; and 3) inverted metamorphic 
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cells [3]. These approaches require a high technological effort at the semiconductor 

manufacturing level, so their commercial success is a difficult task.  

An alternative approach consists of using separate cells and dichroic optical filters 

distributing selected spectral ranges of light towards these cells. Compared to single cell 

solutions, this spectrum splitting (SS) approach has the possibility of avoiding the current-

mismatch losses by multiple terminal configurations, and of eliminating the lattice matching 

prerequisites of monolithic growth. However, increased material cost and system complexity 

make the development of a commercially competitive product a challenging task. 

 

3.1.1.  Spectrum splitting with commercial triple-junction and silicon cells 

The silicon band-gap of 1.12eV is nearly ideal for combining with the other lattice-

matched 3J cell (with an ideal efficiency limit of 57% for two terminal devices [4]), which makes 

the combination very attractive (Figure 3.1.1).  

 

 
Figure 3.1.1 Silicon band-gap is nearly ideally to be combined with GaInP/GaInAs/Ge cell  

(1.9/1.42/0.67eV). Extracted from [4]. 

 
The current densities of the silicon (Si) and 3J GaInP/GaInAs/Ge cell that are the result 

of an idealized combination are very adequate (Figure 3.1.2): the silicon cell, whose full-

spectrum current would be 44.4mA/cm2, is reduced to 27% of this level (0.27=12.1/44.4), which 

implies that under equal geometrical concentration (Cg) for both cells, the 3J cell operates at its 

optimized current gain (at Cg=500x), while the silicon cell runs at Cg=0.27·500x=135x, i.e. close 

to its optimum as well [5].  

Spectrolab monolithic 4J 

3J + Si 
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Figure 3.1.2 Band-gap calculation of maximum current densities (at 1-sun) of a four-terminal combination of a 
commercial concentration GaInP/GaInAs/Ge 3J cell and a Back-Point-Contact (BPC) concentration silicon cell. 

 
 Since the monolithic manufacturing of the 3J and Si cell is not possible till date, such 

a combination requires a band-pass filter to redirect the nearest IR photons (in the 900-1,150 

nm band) from the Ge junction (that generates an excess of current) and send them to the 

Back-Point-Contact (BPC) silicon cell.  

 In the case of III-V solar cells, designing for the highest efficiency requires an 

optimization of different parameters (the series resistance joule losses, the recombination at the 

metal-semiconductor ohmic contacts and the front metal grid shading factor) that balances the 

characteristics of the various layers so they all work well with the identical current going through 

them.  

 

3.1.2.  Recovering of the reflected light in multi-junction cells 

The reflection losses of the current 3J cells are the main limiting factor of their External 

Quantum Efficiency (EQE). They are produced by the reflection on the metallic front grid lines 

and the Fresnel reflection on the semiconductor surface leading to the overall reflectance of up 

to 8-10%. In current 3J cells, grid lines shading is in the range of 5-6% of the semiconductor 

surface (or more when cells are illuminated under wide angles (like in CPV)) [6], meanwhile the 

reflection on the antireflection (AR) coated semiconductor surface is in the 3-5% range [7]. 

Furthermore, the AR coating of present commercial cells is optimized to transmit in the 400-

900nm range with reflection losses limited to 2-3% (as Ge bottom junction has excess of 

current). The average reflection over the full spectrum is higher as a consequence of higher 

reflection values in the longer infrared region above 900nm. 
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Several different strategies have been used in past to minimize the reflection of useful 

light. One consists in preventing the light from hitting the grid lines, for instance by using 

refractive prismatic covers aligned over the grid lines [8][9] (Figure 3.1.3). There are various 

drawbacks to this approach: the light reflected on the semiconductor surface is not recovered, 

very precise alignment is necessary, and it is not effective under wide-angle illumination that 

corresponds to high concentration, especially when a secondary optical element (SOE) is 

optically coupled to the cell as a secondary concentrator or homogenizer.  

 

 

Figure 3.1.3 Cylindrical prismatic covers for concentrating solar cells (Left) 3D rendering, (Right) Schematic cross-
section view with ray tracing: incident rays shown in green. Extracted from [9]. 

 

Other proposals describe the grid lines being shaped in such way to reflect the light 

impinging on them towards the uncovered semiconductor [10] (compatible with wide-angle 

illumination). In TIR-groove micro-concentrator concepts shown in Figure 3.1.4 [11], the 

recovered light reflected by the grid lines eventually reaches the semiconductor, but at very high 

incidence angles for which the cell reflectivity is high (in spite of the cell surface being AR 

coated). 

 

 

Figure 3.1.4 (Left) Section of the cell’s metal grid; (Middle) Nonimaging TIR groove micro-concentrator; (Right) 
Positioning of the micro-concentrator on the solar cell. Extracted from [11]. 

 

Another strategy to recover the light reflected by grid lines (and compatible with 

concentrating light) is a photovoltaic cell with the adjacent high-index layer (nhigh) and low-index 
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layer (nlow) shown in Figure 3.1.5. The triangular cross section of the electrically conductive grid 

lines has a base angle (δ) chosen in a way that bounding rays of sun light incident on the grid 

lines within angles  are reflected laterally at angles β greater than the critical angle of TIR. 

The exact efficiency gain depends on the specific parameters of any particular cell where this 

approach is applied [12]. (The cell’s encapsulant typically has a refractive index about 1.40, 

while the semiconductor has a much higher refractive index, over 3.) 

 

 
Figure 3.1.5 Light guide with triangular shape grid lines [12]. 

 
The strategy referred to as External Confinement [13] consists of using a mirror cavity 

that collects the light reflected by the cell (either by the grid lines or by the semiconductor 

surface) and sends it back to the cell. This concept assumed Lambertian scattering in most 

designs. External cavities do not need precise alignment, but have the drawback that they still 

lose the photons absorbed on the grid lines. Grid line shading is avoided, so their closer 

positioning is allowed and higher concentration is possible. External cavities are compatible with 

high concentration and usage of commercially available solar cells [14]. 

Multiple combinations of silicon and III-V solar cells with such cavities have been 

considered previously [15], but the confining cavity inclusion withdrawn usage of extra elements, 

leading to the higher complexity and cost. 

 

3.1.3.  High concentration spectrum splitting module with light recycling 

In this chapter we propose a HCPV module with high concentration (500x) and high 

acceptance angle (>1º) that aims to reduce both sources of losses of the commercial 3J solar 

cells. Both more efficient partition of the solar spectrum and recovery of the light reflected from 

the 3J cell surface are claimed. This module splits the spectrum with means of four junctions: a 

high efficiency 3J concentration (GaInP/GaInAs/Ge) cell plus a Back-Point-Contact (BPC) 

concentration Si cell, and it uses external confinement techniques for recovering the 3J cell’s 
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reflections. Figure 3.1.6 illustrates schematically division of the concentrated sunbeam 

(spectrally and geometrically) into two and its redirection onto a BPC Si cell and a 3J cell for 

optimized utilization of light power. One portion of light reflected at 3J cell grid lines is recycled. 

 

 

Figure 3.1.6 Scheme of the concept applied to the designed concentrator: We split (geometrically and spectrally) the 
concentrated beam into two- one part is directed towards a BPC Si cell, another part to a 3J cell. By light recycling the 
light reflected at grid lines and semiconductor surface is redirected towards 3J cell.   

 

This spectrum splitting module consists of the primary optical element (POE), that is a 

flat Fresnel lens, and a free-form RXI-type concentrator with a band-pass filter embedded in it 

as the secondary optical element (SOE), both POE and SOE performing Köhler integration to 

produce light homogenization. The band-pass filter sends the IR photons in the 900-1,150nm 

band to the Si cell.  

The four junctions of the two cells are initially considered to be series connected as a 2-

terminal device. The 4-terminal operation is explored as well. In 4-terminal operation, the current 

matching constraint for the secondary cell is eliminated. Hence, the efficiency in operation 

(including the spectral variation of sun irradiation) can be higher at the expense of double wiring 

in the CPV module.  

The sunlight is spectrally filtered in order to send to the Si cell most of the infrared light 

with energy between those of the Si and middle subcell band gaps. For an efficient series 

connection shorter wavelengths are distributed over both cells such that the four junctions are 

properly balanced in current. This balance is achieved mainly by the proper selection of the 

spectrum-splitting wavelength, but it is influenced by the 3J grid line spacing, the grid line cross 

sectional shape and the particular AR coating of the cell, as well. 

POE 

BPC 3J 

Receiver 

 Sun beam 

Splitter 
Light 
recycling 
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The device collects the light that the 3J solar cell loses by semiconductor surface and 

grid lines reflection and reflects it either back to the same solar cell (Fresnel RXI-RR design, 

Prototype B) or to a nearby silicon cell to be series connected with the 3J cell in one of the 

prototypes we present below (Prototype A). 

The case of a BPC concentrator Si cell regarding reflectivity is very different, since it 

has both contacts at the back of the cell surface and it is not only AR coated, but randomly 

textured. As a consequence, the cell reflectivity is very close to zero at the wavelengths at which 

the silicon absorbs. 

Following, the state-of-the-art in these areas is presented. Afterwards, the features of 

our proposed solution together with two proof-of-concept prototypes will be described and 

contrasted, showing how they address the difficulties of the other mentioned strategies and 

focusing on how the proposed approach becomes a cost-effective solution for HCPV.  

 

3.2 State-of-the-art 

In the last few years, many different approaches regarding the dichroic beam-splitting 

system were proposed. Within the “Very High Efficiency Solar Cell” program (VHESC, funded 

by DARPA) different cell designs for 4-, 5- and 6- junction systems with multiple substrates were 

developed. It is supposed to be a non-tracking system (i.e. low concentration). The 5-junction 

system composed of a 2-terminal/2-junction (GaInP/GaAs) cell, a silicon cell, and a 3-

terminal/2-junction (GaInAsP/GaInAs) cell, led to 42.7% computed efficiency at 20x 

concentration for the 2-junction cells and 8.7x for the silicon cell [16]. This high efficiency could 

be further increased (to about 43.0%) if different silicon cells were to be considered in the 

calculation [17].  

Another simpler 4-junction system concentrator unit module within the same VHESC 

program was developed. It is composed by a single-sided convex lens working at 40x 

concentration and a dichroic filter to split the concentrated light between a 2-junction/3-terminal 

(GaInP/GaAs) cell and another 2-junction/3-terminal (GaInAsP/GaInAs) cell (Figure 3.2.1). 

Measured efficiency of 37.5% was obtained [16]. 
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Figure 3.2.1 37.5% efficiency, 40x concentrator unit developed 
in the VHESC program (extracted from [18]).   

 

The system was manufactured using the same 4-junction approach where the internal 

optics concentrates the light by a factor of approximately 20x. Efficiency of 38.5%±1.9% under 

the ASTM G173 AM1.5D spectrum is achieved, which is the current world record for a sub-

module [19][20]. 

The VHESC module architecture is a good illustration of the beam division systems’ 

wiring and assembly complexity. The placement of the GaInP/GaAs cell (Figure 3.2.1) in an 

oblique downward position well-inside the module makes the heat sink design challenging.  

Another spectrum splitting approach [21] proposes a system using a 2-terminal/2-

junction (GaInP/GaAs) cell and a GaSb infrared (IR) solar cell within a Cassegrain-type 

concentrator configuration. The spectrum splitting is done on the curved surface of the 

secondary mirror. The GaSb IR cell is placed after the secondary mirror (facing down, so its 

heat sink and wiring produce shading losses). The GaInP/GaAs is set close to the apex of the 

primary (Figure 3.2.2 and Figure 3.2.3). Independent heat sinks and wiring for the module is 

used (so the whole set is 4-terminal).  
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Figure 3.2.2 Cassegrain module shown in perspective view along with a parts list. Extracted from [22]. 

 
Measured outdoors module efficiency of 32.9% (corrected to 25ºC) is reported for this 

system (using 32% dual junction cells and 6% efficient GaSb). These values are similar to the 

highest efficiencies reported with modules made with commercially mature 3J cells [23]. 

 

 

Figure 3.2.3 Dual-Focus Cassegrainain module concept. Extracted from [24]. 

 

However, the difficulty of manufacturing and the cost of the multilayer dichroic filter 

needed on the curved surface (the one of the secondary mirror) represent drawbacks regarding 

this module. A second generation of this Cassegrain approach was proposed using a 3J cell 
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plus a Si cell [24]. However, the band-pass filter needed for this new configuration is quite 

critical. The theoretical performance of this band-pass filter would be very poor as the incident 

light rays on the secondary have widely variable incidence angle. The accurate and practical 

realization of this filter will be very costly (if at all possible) on the curved surface of the 

secondary.  

Development of a concentrator photovoltaic system based on a Fresnel lens and two 

dichroic filters with spectrum splitting is realized in ref. [25] (Figure 3.2.4). Fresnel lenses are 

made of “silicon-on-glass” (SOG) ensuring the 300x-500x concentration ratio on the high 

efficiency 3J PV cell. At the main filter position the light power density is below 0.5W/cm2, while 

in the 45º inclined position its lower part appears to be exposed to a higher than 1W/cm2 

concentrated light.  

 

 

Figure 3.2.4  Different system architectures of the SS system described in [25]. (Left) Variant 1: Fresnel lens, dichroic 
filter and 2 cells. (Right) Variant 2 and 3: Fresnel lens, 2 dichroic filters and 3 cells. 

 

Three different variants of this system were developed:  

 Variant 1: at 500x, Figure 3.3.3(Left) the combination of the GaInP/GaAs 

tandem (29.2% efficient at 100x, ASTM G173 AM1.5D) and the InGaAs cells 

(7.4%, 500x) with expected overall efficiency of 34.5%;  

 Variant 2: GaInP/GaAs tandem, InGaAsP and InGaAs cells (Figure 3.2.4 

(Right)) with expected 27.5+4.1+0.5x7.4=35.3% efficiency, and  

 Variant 3: AlGaAS, GaAs and GaSb cells (Figure 3.2.4 (Right)) with 

17.6+12.1+8.0=37.7% at 200x ASTM G173 AM1.5D. 
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Results of the indoor measurements for this HCPV module differ from the expected 

values due to the real dichroic filter(s) performance and non-uniform distribution of solar 

radiation in the focal plane. Measured efficiencies for all three variants are: 27.9%, 26.2 and 

24.7%, respectively. In the 2-filter configuration difficulties appeared as the actual filter 

transmittance curve may differ from the calculated one. In this configuration, the 4-junction 

benefits seem to be quite difficult to accomplish.  

There are various SS one-sun systems, based on filters working at 45° incidence and 2-

terminal operation. In [26] the efficiency of polycrystalline silicon (pc-Si) modules (using medium 

efficient commercial pc-Si cell of 11.1%) is increased up to 16.8% by using a low cost dichroic 

mirror optimized for pc-Si and by the addition of a high-band gap GaInP cell (12.3%) in 

orthogonal position (Figure 3.2.5 (Left)). In [27] three cells and two spectrally selective beam 

splitters are used in a light trapping parallelepiped structure (Figure 3.2.5 (Right)), and the 

efficiency of 34% was measured outdoors at 1 sun. The 45° tilt of the filter impedes its 

extrapolation to high concentration, as will be discussed later in this section.  

 

 

Figure 3.2.5 One-sun designs ([26] on the left; [27] on the right) with spectrum-splitting filters receiving collimated 
radiation using geometry of 45°-parallelepiped. These cannot be used efficiently in high concentration. 

 

3.3 Fresnel RXI-RR Köhler integrator in 3D with spectrum splitting 

The HCPV optics and module development is presented using spectrum splitting 

approach being compatible with existing high-efficiency solar cells. This 4-junction Fresnel-

Köhler based module is capable of providing equivalent cell efficiencies (equivalent cell=SOE+ 

cell) higher than 45%, and module efficiencies higher than 38%, concentrations higher than 

500x and wide acceptance angles (=1º) via unique proprietary optics that split the spectrum 

by utilizing a 3-junction commercial solar cell together with a high-performance silicon 

commercial cell and a band pass filter.   

The Fresnel-Köhler families for HCPV (named FK, XRK, XXRK) have been introduced 

[28][29] as novel high-performance concentrators that provide not only high concentration and 

wide acceptance angles (i.e. high CAP), but also excellent uniformity of illumination with 

chromatic balance on the square cell. As already mentioned in previous chapters, we select the 
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number N of Köhler channels for a particular Köhler concentrator, which indicate the number of 

paired sectors in the POE and SOE and afterwards we refer to this design as an N-fold design.  

In case of the secondary element (RXI-type), it is instructive to highlight that the free-

form RXI was originally developed for Solid State Lighting and the automotive industry 

applications [30], and it has been recently introduced as a Köhler secondary for HCPV [31] 

(Chapter 2, Section 2.4.). As previously specified (Subsection 2.4.3., page 96), the concentrator 

comprising the free-form RXI SOE has achieved the highest CAP reported to date for refractive 

POE’s. This high “CAP budget” can be invested by leaving angular space for an external cavity 

and necessary high concentration and acceptance angle can be maintained. 

The primary optical element of our spectrum splitting system (POE) is a flat Fresnel-

Köhler lens and the secondary optical element (SOE) is a free-form Köhler RXI-RR 

concentrator, with an embedded band-pass filter that reflects or refracts the light rays while 

crossing the device (Figure 3.3.1 and Figure 3.3.2).  

 

 

Figure 3.3.1 Asymmetric 2-fold Köhler Fresnel lens illuminating the corresponding 2-fold RXI-RR SOE. 

 

The working principle of this concentrator is described in Figure 3.3.2. The letters 

naming the device agree with the usual nomenclature of the SMS method [32]-[37], and they 

refer to the type of surface (R=refraction, X=reflection, I=Total Internal Reflection) that reflects 

or refracts the light rays while crossing the device. In the RXI-RR concentrator, the RR part 

illuminates the BPC Si cell, while the RXI part illuminates the 3J cell. This illumination is 

asymmetric from one hemisphere, allowing the use of an external confining cavity in the other 
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hemisphere. This cavity efficiently collects the light reflected by grid lines and semiconductor 

surface of the 3J cell. The design balances the resulting currents from each junction and 

packages the two different cells onto a common plane allowing for commercially viable 

assembly, interconnection and heat sinking.  

Figure 3.3.2 shows the secondary element that comprises two solid dielectric elements 

with a band-pass filter between them. One part of the SOE is a lens that after two refractions 

concentrates the light transmitted by the filter onto the Si cell, while another part (after 

refraction, reflection upward by filter and TIR) concentrates the light onto the 3J cell. The 3J cell 

is tilted with respect to the light impinging on it (shown by chain-dotted rays). With grid lines 

parallel to the x-axis, a conventional confining cavity recovers the light reflected by the grid lines 

and semiconductor surface (particularly the longer IR wavelengths, for which the cell AR 

coatings are not usually optimized) [14]. 

 

 
Figure 3.3.2 1-fold Köhler RXI-RR SOE concentrator, including the flat band-pass filter and the GaInP/GaInAs/Ge and 

BPC Si cells.  

 

Figure 3.3.3 shows one possible configuration of the off-axis concentrator comprising a 

Fresnel lens with decentered symmetry axis together with the separate four secondary elements 

and cell for each quadrant. The optical axis (z-axis) of each square segment of the Fresnel lens 

is passing through the middle of one side of the segment. The flat Fresnel lens can be parallel 

to the plane of the cells but being designed off-axis, so the optical axis of the Fresnel lens is not 

at the center of the square cut out of it. 
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Figure 3.3.3 (Left) Top view of the Fresnel RXI-RR concentrator in one of the configurations with the off-axis 
concentrator comprising a Fresnel lens with decentered symmetry axis together with the separate secondary optics and 
cell for each quadrant. (Right) Side view of the same configuration. 

 

There are several additional practical aspects of the RXI-RR design that help reducing 

the added complexity of the beam splitting systems. First, the filter, the SOE for the BPC Si cell 

(i.e. the RR) and the SOE for the 3J cell (i.e. the RXI) form a single piece of dielectric, which 

simplifies its mounting. Secondly, the two cells are located on the device base-plane common to 

all four assemblies of the concentrator, so the heat management and wiring is simplified. 

Thirdly, there are no optical surfaces in contact with the cell rim, which differs from other 

traditional HCPV secondary optics (such as prism homogenizers). This makes the 

encapsulation of the cells much easier and more robust, since there is no threat of light loss due 

to meniscus effects by the optical encapsulate), and they are therefore more suitable for high-

yield in mass production [29]. 

Additionally, the Si cell is outside the SOE solid and it has low heat load and easy 

ventilation and cooling. The tilted incidence of the light on the 3J cell confines the reflected rays 

vertically and in combination with the cavity reflector allows grid lines of arbitrary profile to be 

used. So, the existing 3J cells may be used in this device, rather than requiring a specially 

designed 3J cells with profiled triangular grid lines. 

As the incoming light in case of this SS concentrator is already converging, the design 

of the band-pass filter is easier. The band-pass filter in the RXI-RR SOE is designed to minimize 

its cost and guarantee its performance. For that purpose, first we have restricted our 

concentrator design to operate with a flat filter. Then, even having dozens of layers, the filter 

can be manufactured cost-effectively in large flat plates which are diced afterwards. Still, the 

filter will need to work under concentration (>40-50x), to make its cost affordable. 

Computer simulations predict that 4-terminal operation could achieve ~46% added cell 

efficiencies using commercial 39.2% 3J and 26.2% Si cells [38][39]. Figure 3.3.4 shows the 

efficiency diagram depending on concentration for the commercial C3MJ and BPC Si cells. Both 
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irradiance level and reached efficiencies for this type of solar cells are shown. Curve for the 3J 

cell efficiency (Figure 3.3.4 (blue curve)) was calculated using the analytical model for the C3MJ 

cell provided by Spectrolab [40] and Si cell efficiency curve (Figure 3.3.4 (red curve)) is 

extrapolated from the data published by Amonix [39]. We highlight the efficiency level these 

cells are expected to have inside our SS system (black point) together with the best efficiencies 

these commercial cells could have at the moment (green triangle) [39][41]. 

  

 

Figure 3.3.4 Diagrams of the efficiency solar cells could provide at the moment. (Left) Efficiency vs. concentration curve 
for the 3J cell calculated with the Spectrolab C3MJ CDO analytical model [40]; (Right) Efficiency vs. concentration curve 
for the Si cell extrapolated from the data published by Amonix [39]. Black spot: concentration and efficiency of the 
production cells used for our modeling (Cequiv3J=53.5W/cm2, CequivSi=9.6W/cm2). Green triangle: maximum efficiency 
3J and Si solar cells alone could provide at the moment.  

 
Two Proof-Of-Concept receiver prototypes have been manufactured and experimental 

measurements were performed. Prototype A has simpler optical architecture and lower 

simulated added efficiency (initially tested with a lower geometrical concentration Cg~100x, and 

afterwards with Cg~300x). Prototype B has the potential of recovering light reflected off the grid 

lines by the external confining cavity and higher added efficiency gains are expected. In both 

cases higher efficiencies may be expected if we redesign the 3J cell (different AR coating with 

better far IR response, improved EQE of Ge junction) and the silicon cell (thicker for higher EQE 

in the 900-1,100nm band).  

 

3.3.1 Problem statement 

The aim of this work is to develop a module technology for a novel optical architecture 

[31], the Fresnel-Köhler dichroic RXI-RR, in order to achieve module efficiencies of around 38%. 

The system makes use of the four junctions of two high-efficiency high-concentration cells: a 3J 

(GaInP/GaInAs/Ge) cell and a BPC Si cell, a band-pass filter to essentially steal the nearest IR 

photons (in the 900-1,150 nm band) from the Ge junction that generates an excess of current 
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and send them to the BPC silicon cell. Additionally, the system uses external confinement 

cavities in order to recover the light reflected by the grid lines and semiconductor surface of the 

3J cell. Issues referring to different components of the system are shown. 

 

3.3.1.1.  Band pass filter design 

As the subject of this thesis is the optical design (belonging to the field of geometrical 

optics), we are not going to discuss with detail the dichroic filter design and principles of thin film 

coatings (physical optics), but just the data of practical interest for the overall system proper 

functionality.  

The band-pass filter is designed to match the currents of the bottom (Ge) junction to the 

top (GaInP) and the middle (GaInAs) junctions, minimizing the losses not considered in the ideal 

calculation which assumes pill-box type spectral splitting and full absorption, and none can be 

achieved in practice. As shown in Figure 3.3.5 the External Quantum Efficiency (EQE) of BPC 

Si cell is not close to 100% in the 950-1,200 nm (due to the indirect band gap of the silicon).  

 

 

Figure 3.3.5 Spectral response from an Amonix 125um thick Si solar cell. As it can be noticed, it has exceptionally high 
light trapping for such a thin solar cell. The triangles represent reflection/escape, the squares IQE and the crosses EQE. 
It may be noticed that the EQE of BPC silicon cell is not close to 100% in the 900-1,200 nm (due to the indirect band 
gap of the silicon). Extracted from [5]. 

 

The ideal filter cutoffs (shown in green in Figure 3.3.6 (Right)) with no transition slope 

are not possible to realize with present technology. In a real filter (schematically shown in red, 

Figure 3.3.6 (Right)), the achievable slopes of the edges of the transmission band depend on 

two parameters: the mean angle of incidence F, and the angular spread F of the light with 

respect to that mean direction (Figure 3.3.6 (Left)). The lower the incidence angle, the shorter 

the transition wavelength is. Nearly pill-box type distributions are obtainable only when the 

angular spread F is very small (F<1º), i.e. when the filter is flat and receives the light directly 
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from the sun (i.e. not concentrated). This is unaffordable, since the filter area will be even larger 

than the full concentrator entry aperture. The slopes of the edges of the transmission band 

progressively decrease and cutoffs become less sharp when the angular spread F increases, 

and the greater the mean angle of incidence F, the faster the degradation (for a given F). 

Therefrom, the filter will not operate after the concentration stages (i.e. close to the cell), as in 

any high-concentration system with reasonable acceptance angles the angular spread of the 

light will make F and F very high, and the slopes of the band-pass filter would be very poor.  

 

 
Figure 3.3.6 (Left) Angle definitions on a schematic band-pass filter. (Right) Spectral transmission of an ideal and a 
(schematic) real band-pass filter for an incident beam with non-null F and F values. Shown a graph with abscissa of 
wavelength in nm, left ordinate for solar flux curve, and right ordinate for percentage transmittance.  

 
Usually, the filter slopes are not acceptable for F>40º and F>10º, approximately, when 

the filter works surrounded by air, and for F>25º and F>5º, when the surrounding media is a 

dielectric material (n1.5) [42].  

The design described herein is adapted to these conditions. Since the quantity 

(sinFcosF)2 is inversely proportional to the concentration on the filter, moderate values of F 

suggest to limit the concentration on the filter to the minimum that is cost effective (~40-50x). 

So, in order to minimize the filter cost, it should be flat and located between the primary and the 

secondary concentration stages (i.e. to operate at an intermediate concentration). Hence, the 

SOE, after the filtering, has to provide the additional 10-12x concentration on the cells (in order 

to achieve total Cg>500x).  

There are other possible band-pass filter performance drawbacks that need to be taken 

into account. Figure 3.3.6 (Right) illustrates possible imperfections of the real dichroic filter. 

Firstly, there is a possible non-null transmission for the shorter wavelengths (Δshort, Figure 3.3.6 

(Right)), which delivers these photons to the Si cell instead to the top and middle junctions of 

the 3J cell, causing greater carrier thermalization losses. Secondly, the limited transmission in 

the mid-band (Δband in Figure 3.3.6 (Right)), similarly sends photons to the Ge junction which 
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would be better utilized by the Si cell. Thirdly, the non-null transmission for the longer 

wavelengths (Δlong in Figure 3.3.6 (Right)), sends photons to the Si cell which will not be 

absorbed at all.  

The four-material (SiO2, Ta2O5, Y2O3 and HfO2) 57-layer filter has been designed 

using The Essential Macleod® commercial software [44]. The filter operates with the average 

angle of incidence βF=25° with the cone radius of that light bundle on the filter is F=5º, to match 

current of 4 junctions (for 2-terminal operation). Figure 3.3.7 shows the spectral transmission 

curves of this band-pass filter for incidence angles 20°, 25°, and 30°, while in Figure 3.4.18 the 

spectral absorptance of the same filter (ABS()) is shown. The average transmission (F()) over 

the angular incidence range 20-30° of the same filter is shown in Figure 3.3.9. We use in the 

Subsection 3.3.1.4 for the modeling of the overall system. 

 

 
Figure 3.3.7 Spectral performance of a 57-layer dichroic coating for different angles of incident light (20°, 25° and 30°). 
The coating is made of four materials with indices of refraction of 1.45, 1.66, 1.77 and 1.97. 
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Figure 3.3.8 Absorption of a 57-layer dichroic coating. The coating is made of four materials with indices of refraction of 
1.45, 1.66, 1.77 and 1.97. 

 

 
Figure 3.3.9 The 4-material (indices of refraction of 1.45, 1.66, 1.77 and 1.97) 57-layer filter transmittance averaged 
over the range of the incidence angle of 20-30°. 

 
For a 2-terminal device a higher efficiency gain is possible if the filter is designed, for 

instance, as shown simplified in Figure 3.3.6 in red, with a non-null constant transmission 

coefficient on the filter for the top and middle cells. Adjusting these parameters, the four 
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junctions can be matched and the condition Isc,4J Isc,3J can be attained in principle, which implies 

about 25% conversion efficiency gain. 

3.3.1.2.  Confining cavity 

High concentration solar cells produce higher current densities as compared to one-sun 

cells due to increased solar radiation on their surface. In case of the GaInP/GaInAs/Ge solar 

cells, the front grid design is optimized taking into account the series resistance joule losses and 

the front metal grid shading factor. In today’s commercial high concentration 3J solar cells the 

overall reflectance is in range of up to 8-10%, one part is the reflection on the metal grid lines 

(which shade about 5-6% of the semiconductor surface or even more if the illumination is under 

wide angles [6]) and the other part is the reflection on the AR-coated semiconductor surface 

(which is in the 3-5% range [7]). Usually, the AR coating of the solar MJ cell is optimized for the 

400-900nm range and reflection in the further infrared is higher. This does not affect the 3J cell 

performance because of the Ge junction excess of current.  

For present 3J cells, the light reflected on the semiconductor surface is specular (the 

cell surface roughness is very small, being similar to good optical mirrors) while the light 

reflected on the grid lines has a significant diffuse component caused by the grid line geometry 

and roughness. However, it is remarkable that the roughness and imperfections of the grid line 

surface still keep the same cylindrical symmetry, as a good approximation. Therefore, the 

direction of the scattered light conserves the vector component along the grid line, and a light 

ray is scattered inside the surface of a cone (Figure 3.3.10).  

 

 
Figure 3.3.10 The irregularities and roughness of the grid lines of a commercial concentration triple-junction cell has 
approximately cylindrical symmetry, which forces the external confinement to be implemented asymmetrically in order to 
be efficient. Grid lines generate semi-circular shaped reflection while semiconductor reflects the central illuminance hot-
spot. 

This is an important issue for the design of the concentrator and the external cavity 

(which traditionally has assumed random Lambertian scattering): the illumination of the cell 
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must be done from one hemisphere, while the cavity occupies the other (asymmetric cavity). 

The external confining cavities are basically optical devices with metalized surface that collect 

light reflected by the cell and send it back to the same solar cell. Development of the Köhler 

based concentrator permits integration of these cavities without the need for other external more 

complex elements [14].  

 

 

Figure 3.3.11 2D simplified scheme of the external cavity working principle. 

 

Figure 3.3.11 shows the working principle of one of the external cavities. Light being 

reflected from the solar cell reaches the cavity mirrored surface and it is redirected towards the 

cell surface once more. Consequently, the reflected rays have 2 opportunities to be absorbed by 

the solar cell. If not absorbed at this second incidence on the cell’s surface, they will be lost.  

Cavity is designed as an oblate ellipsoid whose foci are placed on a circle with the same 

area as the square solar cell we use. When solar cell is circular, this type of cavity is an ideal 3D 

nonimaging device sending all reflected light (100% of the rays) back to it [13]. Case of the 

square solar cell of the same area is close to this ideal case. Taking into account realistic 

shading factor values for the solar cell when performing pure geometrical analysis, we may see 

that more than 99% of the incoming light can be recovered with proper cavity design. 

For irradiance levels of 50W/cm2, in our Fresnel RXI-RR system the optimum shading 

factor (fs) leading maximum efficiency gain would be around 8% [14]. Additionally, we would 

have 3-5% of semiconductor specular reflectivity contributing to the 3J surface reflected light. 

For our calculations, we assumed that fs≈6% (this value is based on indoor cell reflectivity 

measurements and data provided by the manufacturer, described in Subsection 3.4.2 page 

144), the semiconductor reflectivity of 2%, and grid lines and cavity surface are mirror coated 

with 90% reflectivity coatings.  

As already mentioned in Chapter 1, the BPC concentrator silicon cell has both contacts 

at the back, the cell surface is AR coated and randomly textured, so the cell reflectivity is very 

close to zero at the wavelengths at which the silicon absorbs. However, since this cell structure 

has a rather good back reflector, a fraction of the power at sub-band gap wavelengths (that 
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transmit through the semiconductor) are reflected back. That fraction is about 45% for the 125-

micron thick Amonix BPC concentrator cell as reported in [5], and reproduced in Figure 3.3.5. 

 

3.3.1.3.  Optical design Fresnel RXI-RR 

The Fresnel RXI-RR design surfaces calculation is performed in two steps. First we 

calculate the RXI part of the secondary element that is working with the 3J cell and afterwards 

the RR part working with the Si cell. We set the initial conditions of our design: input wavefronts, 

output wavefronts, refractive index of the material of which the secondary is made and the 

optical path length. Initially, we prescribe the flat dichroic filter position and tilt. Input wavefront 

for both RXI and RR designs is the plane wavefront whose rays enter on the RXI-RR element 

perpendicular to the solar cell plane. Output wavefronts for both RXI and RR design are 

spherical wavefronts placed in the center of the 3J cell and Si cell, respectively. The RXI-RR is 

made of Schott F2 glass (n(550nm)=1.62, Appendix A). 

For the RXI calculation the dichroic band-pass flat filter is the back mirror surface (X) as 

in our architecture the light reflected from the filter will reach the 3J cell. We need to design front 

RI surface and it is going to be calculated as a generalized Cartesian oval [43]. In previous 

Chapter 2, the RXI SMS design and performance are described with detail. As mentioned, the 

RI surface has a double roll (in this particular design it is refracting the light coming from the 

source and reflecting (by TIR) the light previously reflected by the filter). For its calculation it is 

necessary to employ an iterative procedure.  

We make an initial guess for the RI front surface (R0), propagate the input plane 

wavefront, reflect it on the filter and couple it with the spherical wavefront placed in the center of 

the 3J cell. As the starting point for the design, we choose the common point placed on the 

contact between the filter upper edge and RI surface we want to calculate (Figure 3.3.12). 

Knowing its position we may calculate the optical path length (OPL) used for the reflective 

generalized Cartesian oval calculation (I1, emphasizing the TIR roll of the front RI surface) in 

Eq.(3.3.1). We are assuming in our calculation that surfaces R and I are two separate surfaces 

and that all the rays are first refracted on the R surface and afterwards reflected by TIR on I 

surface without considering the actual surface position. Knowing the OPL, we calculate the 

points of the Cartesian oval by maintaining the OPL constant (Figure 3.3.12 (Right)).  

  1 2 3Jn l n m OPL  (3.3.1) 
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Figure 3.3.12 (Left) Initial conditions for the RXI design. (Right) Calculation of the RI surface as Generalized Cartesian 

oval surface. 

 
Once calculated I1 generalized Cartesian oval, we suppose it to be a refractive surface 

now (R1=I1) and new reflective generalized Cartesian oval is calculated (I2) by preserving the 

OPL. Process of calculation of the RI generalized Cartesian oval is repeated until the RMS 

between two consecutively calculated RI surfaces is lower than established threshold value. 

After having the RI surface calculated, we proceed to the RR calculation. Design philosophy is 

similar. A refractive generalized Cartesian oval is calculated by coupling the input plane 

wavefront being refracted on previously calculated RI surface with the output spherical 

wavefront placed in the center of the Si cell (Figure 3.3.13). Previously we have fixed the OPL 

(Eq.(3.3.2)) by choosing initial point Q and its normal (Figure 3.3.13). 

   1 Si 2 Si 1 Si Sin l n m n r OPL  (3.3.2) 

 

 

Figure 3.3.13 (Left) Initial conditions for the RR design. (Right) Calculation of the R surface as refractive 
generalized Cartesian oval. 

 
As the f-number (geometrical definition) of the Fresnel RXI-RR concentrator is high, the 

input plane wavefront approximation for the RXI-RR design was sufficiently good for this first 
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design of the spectrum splitting concentrator. Figure 3.3.1 (Left) (page 116) shows how the 

Fresnel lens focuses set of parallel normal incidence rays on the front RI surface and these rays 

are afterwards split by the flat dichroic filter and sent towards the 3J cell in the RXI part and Si in 

the RR part to be there uniformly distributed over solar cells’ area (Figure 3.3.2, page 117). 

Additionally, it is added the mirror cavity (ellipsoid described in Section 3.3.1.2. ) in the RXI part 

of the SOE in order to recycle the light reflected of the grid lines and semiconductor surface of 

the 3J cell. 

 

3.3.1.4.  Results of ray trace analysis 

We have made different alternatives of the SOE’s architectures. One particularly 

interesting is the free-form RXI-RI2 configuration, which allows the Si and 3J cell to be located 

not only coplanar but also closer than in the RXI-RR, so they can share the receiver substrate. 

Owing to IP rights, we cannot elaborate more on the architecture. However, results of 

simulations performed in commercial ray tracing software are shown in Table 3.3.1. We 

considered in simulations the finite sun size, Fresnel losses, both POE and SOE surfaces 

without AR coating, absorption in RXI–RR (Schott F2) and SOG Fresnel lens (Appendix A). 

Filter absorption is neglected. Roughness and dispersion are not considered.  

This system has a geometrical concentration of 625x for the 3J cell and 560x for the Si 

cell, and an optical efficiency of 85% for both the MJ and silicon cells (no AR coating 

considered) as well as a good-balanced acceptance angle of α=±0.90º for both cells (see Figure 

3.3.14). The effective acceptance angle for this system is α*=±0.75º and α*=±0.76º for 3J and Si 

cell, respectively (Table 3.3.1). 

 
Parameter 3J cell Si cell 
Geometrical concentration (Cg) 625x 560x 

Acceptance angle () ±0.9º ±0.9º 

Effective acceptance angle () ±0.75 ±0.76º 

Optical efficiency (opt) 85% 85% 

Table 3.3.1 Optical performance analysis of the Fresnel RXI-RI2 variant of the Fresnel RXI-type SS concentrator. 
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Figure 3.3.14 Relative transmission curve. 

 
In Figure 3.3.15 we can see the irradiance distribution profile (it is normalized to the 

maximum irradiance value) on both 3J and Si cells. We may notice that both cells are 

illuminated quite uniformly.  

 

 

Figure 3.3.15 Irradiance distribution profile on both 3J and Si cells. 

 
Ray trace simulations showed that the Fresnel RXI-type secondary architecture 

provides not only high concentration and wide acceptance angles, but also excellent uniformity 

of illumination on the square concentration cells without the effects of chromatic aberration on 

the cell. 
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3.3.1.5.  Optical and electrical modeling (Fresnel RXI-RR) 

In the interest of modeling optical and electrical performance of the Fresnel RXI-RR 

system (similar analysis may be performed with any type of SS RXI-type secondary element) 

with an irradiance level of 50W/cm2 at the surface of the 3J cell, next set of parameters have 

been considered: 

 the EQEs of all 4 junctions (Figure 3.3.16), 

 the active area of solar cells (provided by the manufacturer),  

 the filter’s transmittance averaged over the incident angle range F() (Figure 3.3.9) and 

its absorptance ABS() (Figure 3.3.8), 

 the transparent silicone’s (Dow Corning Sylgard 184) transmittance (Appendix A) with 

which 3J cell will be glued to the bottom plane of the secondary, 

 RG() is the reflectivity of the 3J cell as a function of wavelength (this comprises the light 

reflected at the grid lines and it is considered specular in this model), 

 RSi() is the reflectivity of the silicon cell as a function of wavelength (considered 

perfectly Lambertian). 

Calculations were carried out taking into account the EQE data of high efficiency 

commercial cells taken from the literature published by the manufacturers and illustrated in 

Figure 3.3.16. 

 

 

Figure 3.3.16 External Quantum Efficiencies (EQEs) of top (blue), middle (green), bottom (red) subcells of the 3J cell 
and Si (black) cell. 
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We may notice that the EQE of the Si cell is close to unit in the wavelength range up to 

900nm because all contacts are at the back side (no grid line losses occur) and above 1,100-

1,200nm, due to its transparency to the low energy photons, there is infrared (rather 

Lambertian) reflectivity. 

In order to evaluate the Si cell reflectivity for this model, we have analyzed the useful 

light that is going to be reflected from the Si cell side using the cell’s reflectivity data [5]. We 

made a geometrical model of our system for ray trace simulation and analyzed the Lambertian 

component of light coming from the Si cell. Results showed that 30% of Lambertian reflected 

light coming from the Si cell is reaching the 3J cell, and 40% of the Lambertian reflectance light 

is reaching the filter in the angular range below 35°. Rest of the rays suffer TIR and exit the 

system. We have evaluated from these results that the reflectance component of the Si cell is 

going to be negligible, so in our calculations RSi=0. 

The EQEs were used to evaluate the 3J cell reflectivity. As the 3J cell has a glass cover 

without the AR coating, and in our model it is not placed in the air but glued to the prism with 

transparent silicone, its reflectivity will be somehow lower inside the receiver. We model it like: 

         0 9 1G TOP MIDDLE BOTTOMR ( ) . EQE ( ) EQE ( ) EQE ( )  (3.3.3) 

We consider C(λ) the fraction of light transmitted towards each cell after passing 

through the optic (Figure 3.3.17), and we name these coefficients C3J() and CSi() for the 3J 

and Si cells, respectively, we may write: 

                   3 1 1J G CavC F ABS R R  (3.3.4) 

, where F() is transmittance of the filter, ABS() is its absorptance, RG() is the reflectivity of 

the 3J cell and RCav() is the reflectivity of the metalized cavity. 

 

 

Figure 3.3.17 Illustration of coefficients included in CMJ() and CSi() calculation for the mathematical model we 
deployed. Refractions on the lens optical surfaces are included in the T() function. TIR is lossless. 
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The portion of light reaching 3J cell (Eq.(3.3.4)) has two components: first one is the 

light that enters SOE and it is reflected by the filter and absorbed on the 3J cell, and second one 

is the recycled light that after being reflected on the filter was reflected by the grid lines and the 

external cavity mirror and it is reaching the 3J cell. 

In case of the Si cell it is the portion of light that is transmitted through the filter 

(Eq.(3.3.5)).  

         SiC F ABS  (3.3.5) 

Figure 3.3.18 shows the EQE of 4 junctions when solar cells work alone, overlapped 

with the EQETOPC3J(), EQEMIDDLEC3J(), EQEBOTTOMC3J() of the each junction of the 3J cell 

and EQESiCSi() of Si cell, representing equivalent EQEs in the 4-junction equivalent cell 

receiver (thicker lines). The effect of the external confining cavity is observable when we 

compare the EQEs of each separate subcell in the 4-terminal 4J operation (thicker lines) and 

when operating alone. 

 

 

 
Figure 3.3.18 EQE of the four junctions of an RXI-RR design for 4-terminals overlapped with the original EQE of the 
triple-junction and silicon cell. The increase of the EQE due to the external confining cavity can be clearly noticed. 

 
The EQEs of 4 junctions and its aggregation curve for the 4-terminal case (in black) are 

shown in Figure 3.3.19 (Left). The dip in the aggregation curve near the Si band-gap 

corresponds to photons which are sent to the Si cell but not efficiently absorbed by it. The 

effectiveness of the external confinement cavity is emphasized in Figure 3.3.19 (Right) by 

overlapping the four junction (4J) EQE curve (in black) with the original EQEs of the 3J cell. 

 

GaInP GaInAs Si Ge 
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Figure 3.3.19 (Left) EQEs of all 4 junctions of an RXI-RR design for 4 terminals operation, and its aggregation (black). 
Modeling indicates that this design should achieve about 46% efficient under ASTM G173 AM1.5D (Right) The same 
aggregation overlapped with the original EQE of the 3J cell work alone (the same from the Figure 3.3.16), in which the 
increase of the EQE due to the external confining cavity can be appreciated. 

 
As already shown in Chapter 1, Eq.(1.4.4) the current generated by a solar cell is given 

by: 

        cell D
qI A I EQE d
hc

 (3.3.6) 

, where q is the electron charge (q=1.602·10-19C), h is the Planck constant (h=6.626·10-34J·s), c 

is the speed of light (c=299792458·109nm·s-1),  is wavelength in nanometers, Acell is the solar 

cell area, ID() is the Irradiance density and EQE() is the external quantum efficiency. With the 

units given here: hC=hc/q=1,240. So, the above equation may be written as: 

        
cell

D
c

A
I I EQE d

h
 (3.3.7) 

In our case, if C() is the fraction of light transmitted towards each cell, we may write the 

upper photocurrent equation as:  

           
cell

D
c

A
I I EQE C d

h
 (3.3.8) 

We have computed photocurrents and full electrical efficiencies under AM1.5D ASTM 

G173.03 spectrum [1] for two cases of the Fresnel RXI-RR designs: one for the 4-terminal 

operation with real designed filter and another for the 4-terminal operation with an ideal filter, 

under the concentration of 50W/cm2, using previously shown EQEs and reflectance data for 

both 3J and Si solar cells.  

The efficiency of the 4-terminal device is calculated with respect to the original Eff3J by 

using the following formula: 

GaInP GaInP GaInAs GaInAs Si Ge Ge 

4J 4J 

WWaavveelleennggtthh  ((nnmm))  WWaavveelleennggtthh  ((nnmm))  
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             4T 3J drop Eff OC(3J ) 3J Si OC(Si ) Si 3J OC(3J ) 3JEff Eff FF I V FF I V FF / I V FF  (3.3.9) 

, where the factor to the right of Eff3J , gives the efficiency gain we get. Here I3J is the short 

circuit current of the 3J cell alone, IEff is the short circuit current of the 3J cell inside the 4J 

receiver, ISi is the silicon cell current inside the 4-junction receiver. Short circuit currents IEff and 

I3J are expressed as: 

  Eff 4J ,TOP 4J,MIDDLE 4J,BOTTOMI min I ,I ,I  (3.3.10) 

  3J 3J ,TOP 3J,MIDDLE 3J,BOTTOMI min I ,I ,I  (3.3.11) 

The FF3J and FFSi are fill factors (FF) of 3J and Si cells alone, respectively. FFdrop 

includes the FF drop of the 3J cell when bottom junction current is reduced in 4J combination. 

The reduction of the Ge current to match the top and middle junctions lowers the FF of the 3J 

cell by about a 3% relative, an effect that is included in the data in Table 3.3.2. The Voc(3J)  and 

Voc(Si) are open circuit voltages of 3J and Si cells alone, respectively. 

For this calculation at 50W/cm2 we use the following values: 

 Voc(3J) = 3.20V,  

 Voc(Si) = 0.80V,  

 FF3J = 0.88, 

 FFSi = 0.80, 

 Eff3J = 39.22%,  

 I3J = 6.96A,  

 FFdrop = 0.97. 

For the optimized design parameters, photocurrent resulting values and estimated 

conversion efficiencies (both cells’ area of 1 cm2) under AM1.5D ASTM G173.03 are shown in 

Table 3.3.2. The calculation of cell photocurrents in the 4J device leads to around 46% 

efficiency with the 39.2% 3J cell (Isc,3J) and the 26.6% Si cell (Isc,Si) under full-spectrum 

illumination. In the case of the 3J cell alone, the typical slight mismatch between the top and 

middle junctions may be noticed. Its efficiency of 39.2% at 50W/cm2 was close to the 

commercially available 3J cells at the moment.  

 

Case Isc,TOP(A) Isc,MIDDLE(A) Isc,BOTTOM(A) Isc,Si(A) Efficiency* (%) 

3J cell alone 6.96 7.08 10.68 - 39.2 

4J RR-RXI 
(4T) 

7.53 7.55 7.59 3.84 46.0 

4J RR-RXI 
(4T) 

Ideal case 

7.53 7.53 7.53 3.93 46.1 

*Cell equivalent efficiency with filter absorption included and cavity losses of 7% 

Table 3.3.2 Comparison of short-circuit currents and efficiencies under 50W/cm2. 
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The efficiency values presented here for the RXI-RR are “equivalent cell efficiencies” 

(i.e. no optical losses on the primary or secondary are included, except for the filter absorption). 

Assuming a concentrator global optical efficiency of 85.0% under the full spectrum, the module 

efficiencies are obtained by multiplying values of equivalent cell efficiency and concentrator 

global efficiency. Hence, module efficiencies about 39.0% could be expected, assuming a 

concentrator global optical efficiency of 85.0% (0.46x0.85=0.39) under the full spectrum to 

collect. It must be remarked that for this optical efficiency, Silicon-on-Glass (SOG) must be 

used, due to the high absorption of the PMMA in the Ge wavelength range (Appendix A). 

The increase in the short-circuit current of the 3J in the RXI-RR relative to the original 

3J value (7.53A in comparison to 6.96A) is due to the effect of the external confining cavity, as 

the light reflected by the 3J cell is recovered. 

It is important to highlight that the current densities on the Si cell are adequate for its 

high-efficiency operation. For instance, the 3.84A short-circuit current of the Si cell in the 4-

terminal operation corresponds to about 100x of full solar spectrum, which is close to the 

concentration at which the BPC works at its maximum efficiency [5]. 

 

3.3.2 Comparison with classical spectrum-splitting approach 

The following Table 3.3.3 summarizes the features of our Fresnel-Köhler RXI-RR 

approach compared to the other approaches referenced previously. 

 
Feature VHESC 

module 
[16]-[20]  

Cassegrain 
[21][22] 

45°parallelepiped 
[27] 

Fresnel   
RXI-RR 

Number of cells 2 2 3 2 

Number of  
junctions 

4 3 or 4 4 4 

Number of filters 1 1 2 1 

Flat entry aperture No Yes(cover) Yes Yes 

High concentration No Yes No Yes 

High acceptance angle - No - Yes 

Filter with  
limited angular range 

- No - Yes 

Flat filter Yes No Yes Yes 

Recovery of  
MJ reflection 

No No Partial Yes 

Coplanar cells No No No Yes 

Practical 2T operation No No Yes Yes 

Table 3.3.3 Summary of described spectrum splitting systems as state-of-the-art (Section 3.2) together with the Fresnel 
Köhler RXI-RR. 
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3.4 Spectrum-splitting prototypes 

Two Proof-of-Concept (POC) prototypes were manufactured by the company LPI, LLC 

and UPM-CeDInt based on a simpler optical concepts. First prototype A is composed of an RXI 

prism, a 43-layer stop-band dichroic filter, a GaInP/GaInAs/Ge 3J cell and a BPC concentration 

Si cell (Figure 3.4.1). Dichroic filter was designed to reflect the incoming wavelengths between 

900-1,150nm to the silicon cell, so wavelengths outside this range reach the 3J cell. Since this 

prototype A does not employ a confining cavity, reflected radiation off the semiconductor and 

grid lines of the 3J cell is sent back through the filter to the Si cell. This lowers the expected 

efficiency of this device due to two facts: the loss of the 3J reflected photons over 1,150nm as 

the Si solar cell cannot use them (the EQE of the Si cell shown in Figure 3.3.5), and photons 

below 900nm are used less efficiently by the Si cell as the voltage of the Si cell is lower than 

that of the 3J cell.  

 

 
Figure 3.4.1 Prototype  A: band-pass filter and AR coated prism with two cells placed in two separate planes. If it used 
40% efficient GaInP/GaInAs/Ge cell and 27% BPC silicon cell, the 4-terminal design predicts an equivalent cell 
efficiency of 44.32%. 

 

This Prototype A still illustrates high potential of the spectrum splitting concept. Outdoor 

electrical measurements with portable load were carried out and results are shown in this 

subsection. This first prototype shows the spectrum splitting strategy at both concentration 

levels of ~100x and ~300x and with two cells in two separate planes. Higher efficiencies of the 

commercial solar cells inside the spectrum-splitting receiver are expected in range of Cg~300-

500x.  

 Two manufacturing procedures of the dichroic filter were executed for this prototype. In 

the first filter iteration unexpected peaks were noticed in the top/middle junction wavelength 

ranges together with the shift of the reflectance slope. Manufacturing process was repeated and 

filter performance improved. Indoor characterization of dichroic filters was performed. 

x 
y 
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It was assembled the second POC prototype (Prototype B), as well. It includes the 

external confining cavity so the light reflected off the grid lines and semiconductor surface of the 

3J cell is reflected back to the same 3J cell (Figure 3.4.2). In this second Prototype B 

configuration photons over 1,150nm will be used by the Ge junction. It has two separate cell 

planes, as well, and it was measured in a concentrator rig at ~300x concentration level. 

Predicted efficiency values of this second prototype B are higher due to the light recycling with 

the external confining cavity. 

 

 
Figure 3.4.2 Scheme of the Prototype B comprising two concentrating solar cells, external confining cavity, prism with 
the dichroic filter at the prism-cavity interface and AR coating at the entrance face and short side facing secondary Si 
cell. 

 

3.4.1 Stop-band dichroic filter design 

As mentioned, the stop-band filter is designed to split the incident light and reflect the 

light in the spectral range to which the silicon cell is sensitive (900-1,150nm) without disturbing 

the top and middle cell currents. This filter is transparent to the rest of the light wavelengths, so 

some of this light being reflected off 3J grid lines and semiconductor surface (both are not 

spectrally selective) is then transmitted through the filter towards the Si cell, contributing to its 

increased photocurrent in case of the Prototype A.  

The slopes of the filter reflectance cutoffs do not need to be strictly abrupt, nor does the 

filter reflectivity in the visible range need to be flat, satisfying that the integrated values are 

maintained to provide the current balance. This fact has practical importance, since modest 

cutoff slope reduces both the cost of the filter and its sensitivity to layer variations. In fact, as it 

was previously mentioned (Subsection 3.3.1.1), it is even believed that it is not possible (with 

BPC cell 

3J cell 

Cavity 
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SS Filter 
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known materials) to design filters with such vertical transmission slopes in a tilted configuration 

for non-collimated light (which is the case described herein). 

Preliminary calculations helped us to determine preferred cutoff limits for the filter F(), 

that were finely tuned progressively. The reflectivity within the cutoff limits was as high as 

possible. 

The filter and AR coatings are designed using the Essential Macleod® commercial 

software design package [44]. The final three-material (SiO2, Al2O3, HfO2) filter has 43 layers. 

The filter design considers Schott F2 prism material (n=1.62 at 550nm) and transparent silicone 

(n=1.40 at 550nm) as starting and end mediums (since we mean to glue the 3J cell to the SS 

side of the prism using the transparent silicone (i.e. Dow Corning Sylgard 184, Appendix A)). 

 

3.4.1.1.  Filter modelling (first filter iteration) 

In the first filter iteration we considered the homogeneous input light range of the Gen2 

flash test solar simulator inside the ±8.14º on the prism upper surface. This corresponds to the 

angular distribution of the incident light rays on the filter within the angular range 20-30º. This 

distribution is not uniform. The actual distribution of rays at each incident angle at the filter within 

the light spot is calculated. Therefore, the probability density function (pdf) that weights filter 

transmittance function F() at each incident angle was found. The Favg() function is obtained by 

their convolution for our further modeling. Initially, the probability density function (pdf) function 

was evaluated geometrically. We were considering the projection of the circular-base ray cone 

on the filter tilted plane (Figure 3.4.3 (Left)). The projection in the pq-plane of the filter is an 

ellipse with values for semi-axes shown in the Figure 3.4.3 (Right). 

 

 
Figure 3.4.3 (Left) Input beam on the filter surface presented in the xyz-plane. (Right) Projection of the incident ray 

beam in the pq-plane at the filter entrance. 

 
More detailed calculation of the probability density function (pdf) is described with detail 

in Appendix B. Figure 3.4.4 shows calculated pdfs for an example with the mean angle of 
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incidence of βF=25°, and the angular spread of light F=5° with respect to that mean incident 

direction. 

 

 
Figure 3.4.4 Prototype  A, first proof-of-concept probability density function calculated geometrically as weight function 

for mean filter incident angle βF =25º and angular spread F =5º with respect to that mean direction. 

 
Figure 3.4.5 shows the spectral reflectance of the designed filter for three different 

angles belonging to the angular range shown in Figure 3.4.4. We may notice that for higher 

incidence angles there is a shift of the reflectance slope towards shorter wavelengths, and vice 

versa for the lower incident angles. 

 

 

Figure 3.4.5 Spectral reflectance curve of the stop-band SS filter F(λ) used in Prototypes A and B for incidence angles 
20°, 25°, and 30°. 
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This filter was manufactured and characterized indoors. As it can be seen in Figure 

3.4.6 at 0° incidence the stop-band filter reflectance showed unexpected peaks in the top and 

middle cell wavelength ranges, and a ~14nm shift of the minus band (minus band is thicker than 

designed).   

 

 

Figure 3.4.6 Comparison between designed and manufactured filter at 0 degree incidence (graph for manufactured filter 
reflectance provided by the manufacturer). 

 

Hence, another filter manufacturing iteration was set. 

 

3.4.1.2.  Filter modelling (second filter iteration) 

For this second iteration in filter manufacturing, we have performed some additional 

analysis of our model as the idea was to measure prototypes outdoors instead indoors under 

the solar simulator. As shown previously, pdf (probability density function) for the first filter 

iteration was calculated geometrically. Before launching this second iteration, two outdoors 

concentrator rig set up were developed (described with detail in Subsection 3.4.3.5. , page 163) 

and we have recalculated probability density functions for these new measuring conditions.  

Initial set up was a 100x Köhler concentrator rig comprising two off-the shelf lenses with 

an acceptance angle ±0.5º, providing a constant irradiance profile within ±8º at the exit plane 

(Table 3.4.3). The idea was to reproduce the angular output of the solar simulator. Uniform light 

distribution is obtained at the exit plane (Figure 3.4.36, page 164). Under real sun conditions, 

considering the actual solar angular spread of the beam (±0.265º) the output beam available at 

the prism entrance will have angular spread of ±4.2º (±8º(0.265º/0.5º)). 

We have performed a ray trace analysis of this concentrator. For filter design and its 

performance analysis, it was important to recalculate the pdfs (probability density functions) by 

considering real angular distribution of the flux (P) at the concentrator exit and compare them to 
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the geometrically calculated pdfs. In order to simplify the procedure, we have performed the 

spectral analysis by dividing the spectrum in three different ranges (before the filter reflectance 

peak, on the peak and after it) and taking one wavelength as representative (e.g. 400nm, 

900nm and 1,100nm). Results for the 100x concentrator rig are shown in Figure 3.4.7. 

 

 

Figure 3.4.7 Probability density function for concentrator ~100x: overlapped geometrically calculated probability density 
function (pdf) and pdf curves obtained from ray trace simulations (for 3 different wavelength ranges: before the peak, on 
the filter reflectivity peak and on the decreasing slope). 

 

A small shift of the pdf (probability density function) towards a bit larger incident angles 

can be noticed. We took this into account in our mathematical model. After more detailed 

modeling (together with the performed indoor and outdoor measurements of the Prototype A 

with already manufactured first iteration filter), we have made a small shift of the reflectance 

peak 22nm towards higher wavelengths for the second filter iteration.   

As higher concentration was demanded in order to bring 3J and Si cell near their 

maximum performance, we have developed another concentrator rig (~300x) and analyzed its 

incoming light probability density function of the angular distribution. Higher concentrations are 

leading to the wider incident angular range on the filter so ray trace analysis of this concentrator 

was necessary in order to predict filter working conditions and take this into account when 

estimating its performance.  

Figure 3.4.8 demonstrates probability density functions for this new concentrator rig. We 

took several wavelengths inside each of before mentioned working regions of the filter (before 

the filter reflectance peak, on the peak and after it) and calculated probability density functions. 

 

Incident angle (degrees) 
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Ray trace pdf (350-900nm) 
Ray trace pdf (900-1,100nm) 
Ray trace pdf (1,100-1,800nm) 
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Figure 3.4.8 Probability density function for 300x concentrator: overlapped probability density functions obtained from 
ray trace simulations (for three different wavelength ranges: before the peak, on the filter reflectivity peak and after it). 

 
These probability density functions are used for calculating Favg(), that is used in 

modeling of the spectrum splitting receiver performance. We have illustrated here an example of 

the Favg() result obtained with the emulated reflectance of the filter in the range of filter 

incidence angles 13-38° and in wavelength range 350-1,800nm (Figure 3.4.9) with the 

probability density function of the Figure 3.4.8 (i.e. concentrator ~300x). Figure 3.4.10 shows a 

contour plot - obtained from the previous 3D R(,) graph. 

 

 
Figure 3.4.9 Spectral and angular reflectance diagram of the stop-band SS filter F(λ) for the design for the incidence 
angle range 13°-38° and wavelength range 300-1,800nm. In orange emphasized the R() curve for 15° incidence angle, 
as an example of R() curves we usually represent in 2D. 
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Figure 3.4.10 Contour plot - obtained from the data shown in previous Figure 3.4.9, R(,) 3D function.  

 
Figure 3.4.11 shows Favg() function (i.e. averaged reflectivity over the angular range 

shown in Figure 3.4.9 and weighted with the correspondent pdfs shown in Figure 3.4.8). This is 

the filter reflectance used in our further calculations of the SS system performance at ~300x. 
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Figure 3.4.11 Spectral reflectance curve of the stop-band SS filter Favg() averaged throughout the entire angular range, 

weighted with the correspondent pdfs. 

 
With designed filter we aim an almost perfect balance between photocurrents (with the 

top cell photocurrent slightly above middle and bottom cell photocurrents) when the tracker is 

perfectly aimed.  

For instance, the chosen 43-layer filter design could be slightly improved by scarce 

squeezing the stop band of the reflectivity so that middle and bottom junction currents equal the 

top cell current. The filter can be designed to reduce/increase photocurrent of the middle cell 

with the appropriate selection of the short wavelength cutoff limit of the filter. Combining this 

added degree of freedom with the adequate selection of the long wavelength cutoff limit of the 

filter, the match of the middle, bottom and exterior photocurrents can be achieved.  

 

3.4.2 Geometrical modeling of 3J solar cell reflectance 

After defining the spectrum splitting share of design (dichroic filter design), in order to 

estimate the share of reflected light recycling, the reflectivity of the 3J solar cell was modeled. 

The model was important for choosing the best prism geometry in Prototype A and cavity 

geometry in Prototype B, as well as to estimate benefits of adding the external confining cavity 

in Prototype B. Indoor measurements of the commercial solar cell reflectivity were performed 

and afterwards two different geometrical models emulating obtained laboratory values were 

made. 
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For the measurements performed indoors we used green laser (λ~635nm) and a 

photometric bench consisting of a CCD camera, lens and screen (Opsira controlling light) 

measuring the luminous intensity magnitude inside certain solid angle range (Figure 3.4.12).  

 

 

Figure 3.4.12 Luca photometric bench (CCD camera, screen and lens). 

 

Laser illuminates the 3J cell surface forming an angle φ of 25°, 45° and 65º with the 

normal vector on the solar cell surface and along the same direction as solar cell´s grid lines 

(Figure 3.4.13). 
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Figure 3.4.13 Indoor cell reflectivity measurement setup: (Top Left) Scheme of the light pattern obtained at the vertical 
screen by the light reflected on the 3J cell grid lines. (Top Right) Laser light impinging on the 3J cell making an angle of 
φ=45º with its normal vector; (Bottom) Setup for the indoor measurement of the 3J cell reflectivity: Shown pattern 
formed by the reflected light on the photometric bench screen. Grid lines generate the semi-circular shaped reflection, 
while semiconductor generates central illuminance hot-spot.  

 
Performed indoor measurements of the cell reflectance of commercial cells we use in 

our model gave us results shown in Table 3.4.1. 

 

Incident angle 20-25º 45º 65º 

3J cell reflectance 4.7% 7.7% 10.8% 

Table 3.4.1 Results of the indoor measured 3J cell reflectivity. 
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We could notice that grid lines generate semi-circular shaped reflection pattern, while 

semiconductor reflects central illuminance hot-spot (Figure 3.4.13). Performed measurements 

show that the central part of reflectance pattern has more than 75% of the total reflected light.  

We have made two different models for the grid lines profile of the 3J solar cells. It was 

in our interest to analyze light reflected specularly from the grid lines as well as the Lambertian 

component of reflected light.  

First grid lines geometrical model is taking into account data published by the 

manufacturer about the grid line geometry (base width, aspect ratio and grid line spacing) for 

C3MJ cells of similar area as cells we use, and prepared for a light concentration level of 

50W/cm2 [45] (Figure 3.4.15).  

 

 

Figure 3.4.14 (Left) Grid lines geometry (base width, aspect ratio, grid line spacing); (Right) Modeled semiconductor 
reflectivity of 2% by choosing refractive indices n1 and n2. 

 
Shading factor (fs) we consider is ~6% and the semiconductor surface reflectivity of 

~2%. Due to grid line geometry shown in Figure 3.4.15, the light incident on the solar cell (that is 

in our optical system with incidence angles up to 30° with the normal vector) will be reflected off 

the sidewalls of the grid lines towards the semiconductor surface and absorbed. Hence, the 

shading factor (fs) is calculated regarding trapezium upper base (8/140=5.7%). We considered 

that the sidewalls of the grid lines have 90% reflectivity coating.  

Reflectivity of the semiconductor surface (~2%) is modeled by choosing proper 

combination of silicone and another material of refractive index n2 that at n1-n2 interface gives 

Fresnel reflection of ~2% together with the silicone (n1~1.40).  

Second model of the grid line geometry is linear Lambertian scattering model that 

emphasizes the Lambertian scattering component of the light reflected off the 3J cell surface. 

This model is calculated only for the light that falls perpendicular to the solar cell base plane. 

Problem statement (illustrated in Figure 3.4.15 (Left)) and grid lines profile calculation 

are shown in Appendix C. Grid lines profile is described as: 

Reflective coating 

Silicone 
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2 2 2 2
Ls

sin c x
1f ( x ) ln 1 1 c x 1 c x
c

 (3.4.1) 

, where   is the angle between the incident and reflected ray, and c is the constant defined by 

particular geometry (in this case θ=π/2 at the cusp of the 2D grid line profile). Grid line profile is 

shown in Figure 3.4.15 (Right). Lambertian linear scattering provided by this type of grid line 

geometry is illustrated by ray trace analysis and shown in Figure 3.4.16. 

 

 

Figure 3.4.15 (Left) Geometry of the problem, (Right) Calculated grid lines profile for the normal incidence rays with 
linear Lambertian scattering. 

 

 

Figure 3.4.16 Calculated grid lines performance is shown in ray trace model of one grid line of the 3J solar cell with 
linear Lambertian scattering. 

 
We used both grid lines geometrical models in order to minimize geometrical losses by 

finding the best position of 3J and Si cells, the size and position of the prism as well as the size, 

shape and position of the ellipsoid in Prototype B.  
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3.4.3 Prototype A 

Prototype A is composed of an RXI prism, a 43-layer stop-band dichroic filter, a 

GaInP/GaInAs/Ge cell and a BPC concentration silicon cell (Figure 3.4.1, page 136). The idea 

of this prototype is to build up a two-cell set up improving the original conversion efficiency of 

the 3J solar cell and to prove the manufacturability and performance of the dichroic filter by 

using simpler SOE architecture. The more efficient utilization of light is based on: 

 Directing the light reflected on the 3J cell grid lines onto de Si solar cell throughout the 

entire sun spectrum. 

 Stealing a bite (900-1,150nm) of the spectrum originally reaching the bottom junction 

(that usually has an important excess of photocurrent) by means of a stop-band dichroic 

filter (Figure 3.4.1 and Figure 3.4.17) and directing it to the Si cell, which is also 

sensitive to those photons. 

 

 
Figure 3.4.17 Ray tracing results (Input ray beam with half-angle spread 4 degrees, grid 6.5x6.5mm): (Left) 2D side view 

and (Right) 3D view of the system. 

 
In a 4-terminal device, the best efficiency is obtained when we maximize/balance the 

three currents of the 3J cell (as external Si cell is not series connected with the 3J cell). The 

expected efficiency in Prototype A is lower than the efficiency of the Fresnel RXI-RR design with 

cavity due to the higher loss of infrared photons. If assembled with the 3J cell of 39.2% 

efficiency, in 4-terminal operation of the Prototype A is expected to show 42.7% at ~100x. The 

efficiency increase is lower than the one expected in Prototype B or in the original RXI-RR 

design with cavity.  

Light reflected from 3J cell is used effectively by the external Si cell. In this architecture 

the Si cell and the 3J cell can be exchanged if the block-band dichroic filter is replaced by the 

complementary band-pass filter. 

The prism is optically coupled to the 3J cells by low-index (n≈1.40) transparent silicone 

layer meanwhile the Si cell is in the air. There are two reasons for this choice in case of the Si 

cell: (1) the internal confinement structured surface have enhanced photon absorption, (2) the 

3J cell 

3J cell 

Si cell 

Si cell 
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AR layer coated on the prism surface facing Si cell is meant to work in air so we don’t want to 

compromise its performance embedding it into a material of index n>1.  

Filter is placed directly on the prism surface in contact with the 3J cell, and the light 

reflected by the filter will hit front surface of the prism and by TIR it will be reflected towards the 

Si cell (Figure 3.4.17). The light reflected off the grid lines of primary cell (preferably aligned 

parallel to the x-axis, Figure 3.4.18 (Left)) will also be directed to the front prism surface and 

after TIR will be deflected towards Si cell. Prism entrance surface together with the prism 

surface facing the Si cell are AR coated. 

 

3.4.3.1.  Geometrical design 

Prism’s linear and angular dimensions are shown in Figure 3.4.18. It is a right angle 

prism with an acute angle of 25°. It is made of Schott F2 glass (Appendix A), with the refraction 

index of ~1.62 (n(λ=546.1nm)=1.624). The prism’s angles and size maximize the collection of 

light for the current cells and selected incoming beam spot, and provide the means to direct the 

light from one cell to the other without geometrical losses. Prism is 10mm wide (direction 

perpendicular to the drawing in Figure 3.4.18, along the z-axis). 

As described in the previous section, the spectral performance of the dichroic filter is 

usually stable only under a somehow narrow angular range of beam tilts, so a half angle spread 

of ±5° inside the prism is fixed. This translates into ±8.14° outside the prism (n=1.624), which is 

inscribed into the maximum angle of incidence of the light rays coming from a typical simulator - 

the Gen2 flash tester (whose maximum incident angle spread is below ±10°). 

 

 

Figure 3.4.18 Right angle prism geometry: angles in degrees and linear dimensions in mm. The prism shape assures 
the light reflected on top of each cell is directed onto the other cell. 
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Triple-junction solar cell is optically connected to the right angle prism by encapsulant 

on longer prism’s face facing its hypotenuse; meanwhile the silicon photovoltaic cell is placed in 

the air facing short side of prism. A spectrum-splitting filter is coated on the prism’s surface 

facing 3J cell. The 3J cell is tilted with respect to the average direction of the sun radiation and 

the surface of 3J cell specularly reflects considerable Fresnel component at this tilt angle. Both 

light reflected from the filter and light reflected from the 3J surface and grid lines (preferably 

aligned parallel to the x-axis, Figure 3.4.18) reach the Si cell. Due to the linear symmetry of the 

grid lines, no matter what is the cross-sectional shape, the conservation of the rays’ linear 

momentum will keep them guided inside the prism so they will reach silicon cell eventually. 

Additionally, the grid lines are of constant cross-section along their length (in the x-direction), so 

reflection off the grid lines does not alter the x-component of the direction vector. Therefore, all 

the rays in the fan form a cone with its axis along the direction of grid line. For maximum 

efficiency, rays striking the end walls of prism (lateral sides) should be reflected back into the 

prism either by TIR or reflective coating, depending on the refractive index. 

 

 

Figure 3.4.19 (a) Incident light on a stop-band filter in Prototype A. (b) Non-null βF and F values illustration together with 
the closer view of the oblique filter position.  

 
After performing simple geometrical calculations in order to have TIR on the top side of 

the prism, the minimum admissible acute angle of the prism is calculated (21.5°). In that case, 

the angle range for the incident light hitting the spectrum splitting (SS) filter would be 16.5°-

26.5° (i.e. ±5° with the normal vector on the filter plane).  

Although results of the 3J cell reflectivity measurements show that most of the light 

power is contained in the central part of the reflected spot, we have analyzed linearly scattered 

light from the grid lines as well. In order to have TIR of this scattered light on the lateral sides of 

the prism, from the ray trace simulations we have estimated the prism's acute angle to be 25° 

(Figure 3.4.18) and prism’s width 10mm. Dichroic filter then operates between 20° and 30° (i.e. 

the input beam central ray incidence angle on the filter is 25°).  
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y 



Chapter 3 

152 
 

Notice that edge rays of the incident ray bundle with angular spread ±8.14º entering 

prism (and impinge on the filter side within ±5° with the normal vector on the filter plane) are 

reflected towards the Si side of the prism where they fell inside the 10-20° angular range with its 

normal vector. 

Since the 3J cell is tilted with respect to the average direction of the sun radiation (which 

is supposed to be vertical from top to down in Figure 3.4.19) and the 3J semiconductor surface 

is specularly reflective for the tilted incidence, such a reflected light will also reach the external 

Si cell. The additional gains can be obtained by placing another filter on the prism surface 

interfacing Si cell in order to reflect back to the triple junction cell the light with wavelengths 

above the cutoff limits that silicon is not sensitive to, but Ge is.  

Recycling of the light reaching grid lines is therefore purely geometrical. Light spots are 

always inscribed within the cells bounds (Si cell of about 80mm2 and MJ cell of 76mm2). The 

spot size is 6.5x6.5mm2.  

 

3.4.3.2.  Optical and electrical Prototype A modeling 

Model based on the optical and electrical characteristics of the individual elements 

comprising the Prototype A is made in order to quantify gains obtained by this receiver. Model 

illustrated in Figure 3.4.1 is composed of the following main parts: 

 an RXI ultra clear glass prism (with flat facets),  

 a 45-layer stop-band dichroic filter,  

 a GaInP/GaInAs/Ge cell and  

 a BPC silicon concentration silicon cell.  

It includes solar cells area and EQEs (Figure 3.3.16), the filter’s reflectance (Figure 

3.4.11) and absorption, the AR layer transmission (Appendix A) and the silicone encapsulant 

transmission (Appendix A).  

The same wide range two-material (MgF2 and Ta2O5) 17-layer AR coating was placed 

on the prism’s entrance and on the prism's Si face (Appendix A). The analysis of the AR coating 

predicted a decrease of the Fresnel reflection on the front prism surface from 4% to 1-2% in the 

wavelength range 350-1,800nm and the incident light angular range 0-8º. 

In this section it is shown how the light is distributed among the two cells in the module. 

Drawing in Figure 3.4.20 shows schematically different light components travelling back and 

forth inside the prism, between 3J solar cell and Si solar cell. 
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Figure 3.4.20 Energy balance concept with AR coatings. 

In this drawing: 

 F() and ABS() modeled spectral reflectivity and absorption of the SS filter facing the 

3J cell, respectively, 

 AR() is the light transmitted through the AR layers at the entry aperture and at the 

prism side facing the Si cell, 

 Tsilicone() is the silicone encapsulant transmittance, 

 RG() is the reflectivity of the 3J solar cell as a function of wavelength (this comprises 

the light reflected at the grid lines and by the cell active area, and is considered 

perfectly specular), 

 RSi() is the reflectivity of the silicon cell as a function of wavelength (considered 

perfectly Lambertian). 

We name the fraction of light transmitted towards each cell after passing through the 

optics as coefficients C3J() and CSi() for the 3J and Si cells, respectively (like in Subsection 

3.3.1.5. ). Expressions for these coefficients are deduced from the energy balance scheme 

shown in Figure 3.4.20. Hence, for representing C3J() we have expressed the formula in the 

Eq.(3.4.2) and graphically represented the coefficient in Figure 3.4.21.   
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Figure 3.4.21 Fraction of light C3J() transmitted towards the triple junction cell. 

 
In case of the Si solar cell, the expression for CSi() is shown in Eq.(3.4.3), and CSi() is 

graphically represented in Figure 3.4.22. 

                           
2 21Si silicone GC AR AR F F ABS T R  (3.4.3) 

 

Figure 3.4.22 Fraction CSi() of light transmitted towards the silicon solar cell. 
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The EQEs of each junction of the 3J cell are multiplied by the fraction of light C3J() and 

represented in Figure 3.4.23(Left). The EQE of the Si cell is multiplied by CSi() and shown in 

the same figure. When summed, these new EQEs give a glimpse of the actual achievable 

power with the Prototype A (black curve in Figure 3.4.23 (Left)). Figure 3.4.23 (Right) illustrates 

the same black curve, overlapped with the EQEs of the 3J cell alone and it demonstrates 

possible current (efficiency) gain in Prototype A. 

 

 

Figure 3.4.23 (Left) EQE of the Si solar cell multiplied with CSi() (magenta), EQEs of the MJ cell junctions multiplied 
with CMJ() (top-blue, middle-green, bottom-red); Total sum of the EQEs (black). (Right) Original EQE of the triple 
junction cell (top-blue, middle-green, bottom-red) and EQE of the Prototype A. 

 
In order to highlight differences between the EQEs of the concentrating solar cells 

working alone and the same cells inside the Prototype A, we show in Figure 3.4.24 these EQEs 

overlapped. 

 

 
Figure 3.4.24 External quantum efficiencies of the 3J cell (top cell-blue line, middle cell-green line, bottom cell-red line) 
and Si cell (pink line) overlapped with the EQEs multiplied with the fraction of useful light being used by 4 junctions 
inside the Prototype A (thick curves). 
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Assuming that Prototype A receiver works inside the 300x concentrator rig, i.e. at 

24.4W/cm2, we use following solar cells parameters, deduced from the information provided by 

the manufacturer (confirmed in Subsection 3.4.3.6): 

 Voc(3J) = 3.13V,  

 Voc(Si) = 0.80V,  

 FF3J = 0.86, 

 FFSi = 0.73, 

 Eff3J = 37.50%,  

 I3J = 2.64A,  

 FFdrop = 0.97. 

In case of an ideal 4-terminal operation, the efficiency of 41.55% is modelled when we 

use the 3J cell whose efficiency is 37.50% (this efficiency is in the range of the values we 

obtained when characterizing outdoors 3J cell alone at 24.4W/cm2), concentrator input solar 

angular extension and spectrum ASTM G173 AM1.5D, angular range of incident ray beam on 

the filter is 15-38º under before mentioned conditions (included probability density function for 

Favg() at ~300x). Results shown in the Table 3.4.2 indicate the expected relative efficiency gain 

of ~11% (ratio of the 4J receiver efficiency and efficiency of the 3J solar cell alone). Four-

junction receiver efficiency is calculated using formula shown in Eq.(3.3.9). 

 
Case Isc,TOP (A) Isc,MIDDLE (A) Isc,BOTTOM (A) Isc,Si (A) Efficiency(*) 

(%) 
3J cell alone 2.64 2.68 4.05 - 37.50 

Si cell alone - - - 7.86 24.24 

Prototype  A 
(4T) 

2.56 2.46 2.47 2.23 40.78 

Prototype  A 
(4T)  
Ideal case 

2.56 2.56 2.56 2.05 41.55 

(*) Cell equivalent efficiency with filter absorption included. 

Table 3.4.2 Review of modeled short-circuit currents and efficiencies of Prototype A under 24.4W/cm2. 

 

We may notice in Table 3.4.2 that the short-circuit current of the top subcell is slightly 

above the middle and bottom junctions short-circuit currents in the 4-terminal real case. It was 

done on purpose, as diurnal spectral changes of the sunlight are more pronounced in the range 

of the top subcell. 

 

3.4.3.3.  Prototype  A assembling 

Figure 3.4.25 shows right angle prism coated with stop-band filter at the longer 

rectangular surface facing its hypotenuse and AR coated at both the hypotenuse face and short 

face of the prism. 



Concentrators with spectrum splitting 

157 
 

 
Figure 3.4.25 Manufactured prism (next to the 10 cents coin). 

 
Prototype A’s rendering image containing the prism with both solar cells placed on their 

real Printed Circuit Boards (PCBs) is shown in Figure 3.4.26. 

 

 

Figure 3.4.26 Rendering image of the Prototype A assembly. (Left) Side view. (Right) Perspective view. Notice the 
necessity of cutting the PCB of the 3J cell. 

 
Assembled Prototype A consisting of the glass prism with stop-band filter placed on the 

surface facing the 3J cell and AR coating at the entrance prism surface and at the surface 

facing Si cell placed in the air, two concentrating solar cells and two aluminum (Al) heat sinks is 

shown in Figure 3.4.27.  
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Figure 3.4.27 Prototype A assembly showing the prism and both concentrating solar cells placed on the heat spreaders. 

 

Figure 3.4.28 shows enlarged top view of the 3J cell alone next to the 3J solar cell 

inside the Prototype A assembly. It may be noticed that grid lines shown in Figure 3.4.28 (Left) 

of the 3J solar cell alone, disappear in Figure 3.4.28 (Right) on the 3J solar cell inside the 

Prototype A assembly, as input normal incidence light is being reflected from the grid lines and 

sent to the silicon solar cell. 

 

 
 

Figure 3.4.28 Top view of the 3J cell alone and top view of the assembled Prototype A. Notice that grid lines shown in 
(Left) 3J solar cell alone disappear in (Right) 3J solar cell inside the prototype A assembly, as input normal incidence 
light is being reflected from the grid lines and sent to the silicon solar cell. 
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3.4.3.4.  Prototype A characterization: Indoor measurements 

 Solar cell mechanical preparation 

As we can see in both Figure 3.4.26 and Figure 3.4.27, it was necessary to adapt 

dimensions of the 3J cell’s heat spreader in order to fit into the planned SS receiver. Hence, the 

PCB was cut by milling. Figure 3.4.29 shows the original rectangular PCB and the same after 

necessary cutting. 

 

 

Figure 3.4.29 3J solar cell with PCB (left) before and (right) after performed cutting of the PCB. 

 
After the performed cut of the 3J cell PCB, it was necessary to assure that we didn’t 

make short circuit between two metal contacts of the solar cell as the aluminum being soft metal 

creates turnings as by-products. In some occasions it was the case, so we cleaned chemically 

(by hydrochloric acid) and mechanically (fine grinding) the aluminum-copper (Al-Cu) contact. 

Figure 3.4.30 shows an enlarged clean contact under the microscope (there are no Al turnings 

that usually appear in contact with the Cu as the consequence of the milling process).  

 

 
Figure 3.4.30 PCB cut profile cut seen under the microscope. We may distinguish the copper contact and the aluminum 

base of the PCB. 
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 Solar cell indoor electrical measurements 

Two 3J cells were selected and measured with a standard flash tester at 50W/cm2 and 

ASTM G173 AM1.5D spectrum, and they showed 39.4% and 39.5% efficiencies (Figure 3.4.31). 

One of them was then encapsulated with a silicone as optical coupler to the RXI (filter and AR 

coated) prism with a BPC silicon cell placed in air. Later on, first measurements under real sun 

on March 21st at CeDInt facilities were performed, using a concentrator test rig that was 

developed to produce a well-defined square irradiance distribution of ~6.5x6.5mm2 with 7.33W 

(±2%) at 900W/m2, to be fully inscribed in the receivers to measure, producing 9.4W/cm2  

average concentration on the 3J cell area. Under that concentrator test rig, the reference 3J cell 

showed a peak 36.8% efficiency (36.9% corrected for Tcell=25ºC), lower than the one at the 

simulator due to the lower concentration set up (described with detail in Subsection 3.4.3.6). 

 

 

Figure 3.4.31 Measured IV curves with the standard flash test at 50W/cm2 of two selected solar cells for the       
Prototype A. 

 

 AR coating manufacturing results – first iteration 
Figure 3.4.32 demonstrates that first manufactured AR coating shows negligible gain in 

the wavelength range over 900nm. Indoor measurement of the manufactured AR coating shows 

that it produces a transmission ~96% over 900nm, instead of the designed 98%. 

 

Cell 1 
Isc=4.94A 
Voc=3.13V 
FF=0.90 
Eff=39.55% 

Cell 2 
Isc=4.89A 
Voc=3.19V 
FF=0.89 
Eff=39.42% 
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Figure 3.4.32 Comparison between designed and manufactured AR coating (AR coating showed negligible gain over 

900 nm). 

 

 Filter manufacturing results – first iteration 
Indoor filter characterization was performed in our laboratory for the white light entering 

perpendicular at the front prism surface, i.e. at 25º incidence angle on the dichroic stop-band 

filter (Figure 3.4.33). As 3J cell was already encapsulated with the prism, measured reflectance 

is actually a sum of the light reflected by the filter and light reflected off the semiconductor 

surface and grid lines of the 3J cell as well. Measurement was performed with the 

spectroradiometer placed as the receiver at the silicon cell side of the prism. Therefore, we 

actually measured the coefficient of the incident light reaching the Si cell CSi(λ). 

 

 

Figure 3.4.33 Scheme of the measurement equipment used in the indoor characterization of the dichroic stop-band filter 
of the Prototype A. 
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We have used as a white light source the 64211NBP Osram halogen lamp [46]. Data 

was collected in 350-1,000nm range and results are shown in Figure 3.4.34.  

 

 

Figure 3.4.34 Performance comparison of designed filter and manufactured filter in first iteration at 25º incidence angle 
(indoor manufactured filter measurements for 25º incidence angle (measured CSi(λ)) with white light source and 

spectroradiometer). 

 

Peaks noticed at 0º incidence in measurements performed by the manufacturer (shown 

in Figure 3.4.6), appear at 25º incidence on the filter as well. The shift of the vertical slope is 

around 30nm. This type of filter contributes to the Si cell current increase and 3J top/middle 

currents decrease, so lower measured efficiency in comparison with the predicted one is very 

probable.  

 

 Filter manufacturing results – second iteration 

Considering that performance of the first manufactured stop-band filter was not 

satisfying, as we already announced, the manufacturing procedure was repeated. Figure 3.4.35 

demonstrates performance of this second iteration on filter manufacturing. Significant 

improvement may be noticed as peaks in the short-wavelength region are eliminated, even 

though there is still a shift in the slope position that may affect middle junction current. 
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Figure 3.4.35 Performance comparison of designed and manufactured filter in second iteration at 25º incidence angle 
(indoor CSi(λ) measurement of the manufactured filter). There are no unexpected peaks in the short wavelength range. 
There is a shift of around 30nm at the slope. 

 
We may conclude that the optical transmission measurements of the first iteration 

manufactured filter show important deviations from the design values, predicting a higher 

reflection of photons below 900nm to the silicon cell. In second iteration, the manufactured filter 

performance has improved. 

 

3.4.3.5.  Prototype  A characterization: Outdoor electrical measurements 

 Concentrator rig 100x 
In order to characterize first spectrum splitting POC receiver, we have made a 

concentrator rig that consists of two off-the-shelf lenses (Cg~100x) performing Köhler integration 

to have uniform irradiance on the test plane. Scheme of this concentrator is shown in Figure 

3.4.36 (in imaging optics this is a telescope configuration with two thin lenses separated by a 

distance equal to the sum of their focal lengths), and its characteristics in Table 3.4.3. 
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Figure 3.4.36 Scheme of the 100x concentrator rig. 

 
 

Specifications  

Focal distance f1 500.0mm 

Focal distance f2 31.5mm 

Distance SOE-test plane 33.5mm 

Acceptance angle () ±0.5º 

Exit angle (δ) ±4.2º 

POE mask size 96.0x96.0mm2 

Exit spot size 6.4x6.4mm2 

Total sun power on test plane 
(at 900W/m2) 

7.33W 

Table 3.4.3 Parameters of the 100x concentrator rig. 

 
Equations relating parameters of the POE and the SOE lens: 

  1 2f sin f sin  (3.4.4) 

  
1 2 2

1 1 1
f f h f

 (3.4.5) 

, where f1 and f2 are focal distance of the POE and SOE, respectively, h is a distance from the 

SOE exit to the test plane,is the acceptance angle at the POE entrance and δ the exit angle 

of the light beam at the exit test plane. Optical efficiency of this concentrator is ~85% and it is 

almost constant in whole spectrum range (above 1,600nm the efficiency decrease may be 

noticed). 

TTeesstt  ppllaannee  
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The calibration of this concentrator was performed with 3J cell that had been initially 

characterized indoors, with the solar simulator at 1sun at IES-UPM laboratory and afterwards 

placed inside the ~100x concentrator and used for its characterization.  

Next Table 3.4.4 gathers all necessary data for performing this calculation. 

 

1 sun measurements (solar simulator) (*) 

Acell (cm2) 0.781 

1sun (W/cm2) 0.100 

Isc(1sun) (A) 0.010 

Responsivity (A/W) 0.133(**) 

  

100x measurements (outdoors, ASTM G173 AM1.5D) 

Aentry(mm2) 96x96 

Irrstandard(W/m2) 900 

Irrmeasured(W/m2) 922.17 

Isc(Xsuns) (A) 1.019 

  

P100x (W) 7.334 (***) 
(*) Solar simulator: 1sun=1,000W/m2; Outdoor measurements: 1sun=900W/m2 
(**) Responsivity=Isc(1sun)/(Acell·1sun) 
(***) P100x = Isc(Xsuns)/Isc(1sun)/(Acell·1sun)(Irrstandard/Irrmeasured) 

Table 3.4.4 Parameters used for the indoor/outdoor characterization of the 100x concentrator rig. 

 
Knowing the active area of the solar cell and its current at 1sun (measured inside the 

solar simulator at IES-UPM, 1sun=1,000W/m2), we evaluated the Responsivity (A/W) of this 3J 

cell. Afterwards, the same cell was placed inside the concentrator rig and Isc and DNI 

measurements (with pyrheliometer) were performed during one day. Photocurrent data of the 

Isotype cells at the same location were available, so two moments close to the ASTM G173 

AM1.5D spectrum were found. When the spectrum was near to ASTM G173 AM1.5D according 

to Isotype cells, the short-circuit current of the 3J cell inside concentrator was used for the 

calculation of the exit power of the concentrator rig. Exit power was calculated with the formula: 

 
 


( ) tan

100

(1 )

 
 / ·1

sc

sc

Xsuns s dard
x

measuredsun cell

I IrrP
IrrI A sun

 (3.4.6) 

where Isc(1sun) is the short-circuit current measured at 1 sun, Isc(Xsuns) is the short-circuit current 

measured inside the concentrator rig, Acell is the active area of the cell, Irrstandard=900W/m2 and 

Irrmeasured is the irradiance measured with the pyrheliometer. With spectra near ASTM G173 

AM1.5D, the total sun power on the test plane was calculated P100x=7.33W (Table 3.4.4).  
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After the calibration of the 100x concentrator rig at IES-UPM, measurements were 

performed during clear-sky periods at Cedint-UPM facilities in Madrid, 40º26’N -3º48’W. Figure 

3.4.37 shows a ~100x concentrator rig together with the uniform irradiance distribution obtained 

at the exit test plane (shown 3J solar cell alone placed in the test plane). Solar irradiance was 

measured with a pyrheliometer. 

 

 
Figure 3.4.37 (Left) Concentrator rig ~100x, 9.4W/cm2. (Right) Uniformly illuminated 3J solar cell placed in the test plane 

of the 100x concentrator rig. 

 

Efficiency () of the SS receiver is calculated as: 

  
Electrical output power at MPP
Total sun power on test plane

 (3.4.7) 

, where MPP is the maximum power point of the receiver IV curve and test plane is the entrance 

in the POC receiver.  

 We measured the IV curves of the 3J and Si cells alone with a portable variable load 

and afterwards the IV curves of 3J and Si cells inside the prototype A SS receiver. While 

measuring the IV curve of the Si cell inside the SS receiver, the 3J cell was short-circuited in 

order to avoid 3J cell light emission in open circuit mode. For the 4-terminal measurements, 

these two measurements were taken within a 1minute delay because there was only one load 

available.  
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 Measurement results for 3J and Si cells alone are shown in Figure 3.4.38. 

 

 

Figure 3.4.38 IV curves of 3J and Si cells alone measured inside the concentrator rig at 9.4W/cm2. 

 
Figure 3.4.39 shows measured IV curves of both 3J and Si cells inside the Prototype A 

receiver together with the expected IV values for these cells in 4-terminal operation. These 

results uphold indoors measurements showing peaks in filter reflectance in the short-

wavelength range due to the fact that current measured on the silicon cell is higher than 

expected. We have measured a 4-terminal 4J RXI prism receiver efficiency of 39.8% (39.7%, at 

Tcell=25ºC) and a 2-terminal efficiency of 39.7% (IV curve shown in Figure 3.4.40). 

 

 
Figure 3.4.39 Peak-efficiency IV curves (solid lines: measured and dashed lines: expected) of the 4-terminal 4-junction 

receiver module at 9.4W/cm2. 
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Figure 3.4.40 Peak-efficiency measured IV curve of the 2-terminal 4-junction receiver module at 9.4W/cm2. 

 
Table 3.4.5 shows results of 3J and Si measurements inside the 4-terminal 4J SS 

receiver.  

 

Cell 3J Si 

Isotypes Jratio(top/mid) 0.95 

Isc(at 900W/m2) (A) 0.87 0.98 

Voc(V) 3.07 0.78 

FF 0.88 0.75 

Efficiency (%) 32.0 7.8 

Total efficiency (%) 39.8 

Table 3.4.5 Measurement results of the Prototype A at 9.4W/cm2. 

 
For a better comprehension and an easier comparison between different 

measurements, all the results presented herein are normalized to standard values of irradiance 

(900W/m2) and cell operation temperature (at Tcell=25ºC). From the Voc readings for the two 

cells, we can determine the individual cell temperatures. Temperature corrections we applied 

are illustrated in Figure 3.4.41. We have used analytical model [40] for the Voc of the 3J cell 

used as reference 3J cell, and for the Voc of the silicon cell we have extrapolated data from [39].  
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Figure 3.4.41 Temperature correction of the Voc at 25° for the Prototype A (~100x),               

C3J,ALONE=9.4W/cm2, CSi,ALONE=8.3W/cm2; C3J,Prot.A=8.6W/cm2, CSi,Prot.A=2.8W/cm2. 

 
 

According to these models, both 3J and Si cells worked near Tcell=25ºC inside the 

~100x concentrator rig (Table 3.4.5, Figure 3.4.41). For the analytical model of the 3J cell, 

Isc(1sun)(3J) parameter was calculated from the flash test data provided by the manufacturer for 

3J solar cells (Isc(1sun)(3J)=Iss(Xsuns)(3J)/X, where X is concentration in suns in the flash test). For a 

particular outdoors measurement, concentration level was calculated C=Isc,measured/Isc(1sun)(3J). 

According to the Isotype cells’ ratio (Table 3.4.5) highest efficiency is obtained with red 

rich spectrum. This is in accordance with the filter characteristics (peaks and slope shift noticed 

in the filter reflectance redirect the light from the middle junction to the Si cell and this 

contributes to higher than predicted measured silicon cell current). 

Results of these first measurements are summarized in Table 3.4.6. The efficiency gain 

obtained in this first Prototype A characterization at the concentration level of ~100x was a first 

step in proof-of-concept further analysis. 

 
 
 

Reference 3J 4J prism (4T) Gain 

Measured efficiency  36.80% 39.80% 8.00% 

Measured efficiency at 100x (at Tcell=25º) 36.90% 39.70% 8.00% 

Expected efficiency at 300x 37.50% 41.55% 10.80% 

Table 3.4.6 Summary of the Prototype A measurements performed outdoors inside 100x concentrator rig together with 
the expected efficiency gain estimated for 300x concentration. 

 
Obtained output peak-power gain of the 4J over the 3J is 8.00%. This is very significant 

and promising result, especially with the deviations found in the first iteration manufactured 
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coatings. With performance improvements of both filter and AR coatings, it would be feasible to 

achieve the ~11.00% of the output peak power gain predicted by our model. 

 

 Concentrator rig 300x 

We have assembled another ~300x concentrator rig in order to achieve higher 

concentration level and measure solar cells near their maximum performance in both prototype 

A and prototype B. It consists of three off-the shelf lenses made of BK7 glass providing at the 

exit a set of parallel rays (similar telescope configuration like in Figure 3.4.36 (page 164), with a 

shorter effective focal length of two secondary lenses, wider exit angular spread and higher 

concentration). Optical efficiency of this concentrator is ~77% and it is almost constant in whole 

spectrum range (slight efficiency decrease noticed above 1,600nm). Power available at the SS 

receiver entry (the concentrator rig exit plane) in this new configuration is 19.0W (Eq.(3.4.8)).  

 

 



  

2
sc( 300 )

300 100 2
sc(100 )

I (at 900 W/m )
P (W ) P 19.0 W

I (at 900 W/m )
 (3.4.8) 

The concentration level expressed in suns (at 900W/m2) we have on our 3J cell is: 

 
  

300x
2 4 2

cell
300x 2 2

P (W ) 19.0 W
A (m ) 0.754 10 mC (suns) 280.0 suns

900 W/m 900 W/m
 (3.4.9) 

where Acell is 3J solar cell’s active area. The spot size is 7.3x7.3mm2. Characteristics of this 

concentrator rig are shown in Figure 3.4.42 and Table 3.4.7.  

 

 

Figure 3.4.42 Concentrator rig providing 19W at the exit test plane. 

 

6.30mm 7.45mm 

509.45mm 
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Specifications of the 300x concentrator rig 

Acceptance angle ±0.3º 

Exit angle ±6.5º 

POE mask size 162.0x162.0mm2 

Exit spot size 7.3x7.3mm2 

Total sun power on test plane 
(at 900W/m2) 

18.99W 

Table 3.4.7 Parameters of the 300x concentrator rig. 

 
Computer-aided design (CAD) of ~300x concentrator rig together with the optical lenses 

position is shown in Figure 3.4.43. Figure 3.4.44 shows assembled 300x concentrator rig. 

 

 
Figure 3.4.43 Optical parts fixed inside the concentrator rig. 

 

Figure 3.4.44 Assembled two concentrator rigs ~300x. 
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The same Prototype A receiver (with first iteration filters, Subsection 3.4.1.1, page 138) 

was measured inside the 300x concentrator rig. Measurement results are shown in Figure 

3.4.45 and in Table 3.4.8. Applied temperature corrections at 25°C are illustrated in Figure 

3.4.46.  

 

 
Figure 3.4.45 (Left) Measured IV curve of the 3J cell alone inside the ~300x concentrator rig; and (Right) Measured 

IV curves of the Si and 3J cells inside the 4J Prototype A receiver with first iteration coatings at ~300x. 

 
 

 3J cell alone 4J receiver 

Date 27/12/2011 04/01/2012 

Time 12:59 13:09 

 3J alone 3J Si 

Isc(at 900W/m2) (A) 2.66 2.51 2.42 

Voc(V) 3.04 3.06 0.80 

FF 0.85 0.80 0.72 

Efficiency (%) 36.17 32.45 7.42 

Efficiency at 25°C (%) (*) 37.50 33.43 7.37 

Total efficiency at 25°C (%) 37.50 40.80 
(*) Eff.(3J alone, at 25°C)=36.17%·(3.15V/3.04V)=37.50%;     

Eff.(3J, at 25°C)=32.45%·(3.15V/3.06V)=33.43%;  
Eff.(Si, at 25°C)=7.42%·(0.80V/0.72V)=7.37%   

 

Table 3.4.8 Measurement results of the Prototype A with first iteration coatings measured at ~300x. 
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Figure 3.4.46 Temperature correction of the Voc at 25° for the Prototype A, ~300x,               

C3J,ALONE=24.4W/cm2, CSi,ALONE=8.3W/cm2; C3J,Prot.A=23.0W/cm2, CSi,Prot.A=7.0W/cm2. 

 
From measurements shown in Figure 3.4.45 and Table 3.4.8 we may notice lower than 

expected fill-factor (FF) for both silicon and 3J cells. For shown current levels of Si cell, it would 

be expected to have FF~0.80 instead of measured 0.72. Lower FF of the 3J cell (0.80) inside 

the 4J receiver is the consequence of the bottom subcell limiting current. Relative increment of 

8.80% in efficiency of the 4J configuration with respect to the 3J solar cell alone was 

demonstrated (Table 3.4.9).  

 

 
 

Reference 3J 4J prism (4T) Gain 

Measured efficiency at ~300x (at Tcell=25º) 37.50% 40.80% 8.80% 

Modeled efficiency at ~300x 37.50% 41.55% 10.80% 

Table 3.4.9 Measured Prototype A efficiency of the receiver with first iteration filters at ~300x concentration 
together with modeled results of Prototype A at ~300x. 

 
All measurements represented here had maximum efficiency that day. Table 3.4.9 

shows measured and expected efficiencies with Prototype A. In case of the ~300x concentrator 

rig outdoors measurement confirmed the efficiency gain obtained with the ~100x concentrator. 

Slight increase in relative efficiency gain may be noticed when increasing concentration level 

(from ~100x to ~300x).  

As announced in Subsection 3.4.1.2. dichroic filter performance was improved in 

second filter manufacturing iteration. Prisms coated with this new filter and with new AR 

coatings, were assembled using the same Si cell and another 3J cell with similar flash test 

results as previously used reference 3J cell. As 3J cells are glued with the silicone to the prism 
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side and its front wire bonds destroy while ungluing it, it was not possible to reuse them. Both 

prism and Si cell are reusable.   

Figure 3.4.47 shows measured IV curves of the 3J and Si cells inside the 4J receiver 

with new AR and second iteration dichroic filter coatings (Subsection 3.4.1.2) inside the ~300x 

concentration rig. Measurement results are detailed in Table 3.4.10. 

 

 

Figure 3.4.47 IV curves of the Si and 3J cells inside the 4J Prototype A receiver with second iteration coatings at 
300x. 

 
4J receiver: 3J Si 

Date 14/08/2012 

Time 09:07 

Isotypes Jratio (top/mid) (*) 

Isc(at 900W/m2) (A) 2.51 2.28 

Voc(V) 3.01 0.79 

FF 0.83 0.73 

Efficiency (at Tcell=25º) 34.53% 6.93% 

Total efficiency  41.46% 
(*) Isotypes’ data was not available, but analyzing the spectrum measured with 
spectroradiometer at IES-UPM facilities, we may indicate that it was red-rich spectrum. 

Table 3.4.10 Measurement results of the Prototype A with second iteration coatings measured at 300x. 

 
Table 3.4.11 shows summarized results at Tcell=25°C of measured results together with 

the modeled ones for the prototype A at concentration level of ~300x. We may see that 

expected and measured results are matching quite well. 
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Reference 3J 4J prism (4T) Gain 

Measured efficiency (at Tcell=25º) 37.50% 41.46% 10.56% 

Expected efficiency 37.50% 41.55% 10.80% 

Table 3.4.11 Measured and expected results of the Prototype A at 300x. 

 
In all configurations the silicon cell, that is more sensitive to operating temperature, has 

a low thermal load in these devices, since the heat generation mainly occurs at the 3J cell. 

However, in order to guarantee acceptable operating temperature of both cells, some 

improvements in the heat sink design were performed and two fans are added. Hence, the 

operating temperature of both cells was decreased in further higher concentration (~300x) 

measurements. 

 

3.4.4 Prototype B 

Prototype B was manufactured by LPI, LLC and UPM-CeDInt as well. This configuration 

has improved filter (third iteration filter). With added external confining cavity, that recovers the 

light reflected off the grid lines and semiconductor of the 3J cell and sends it to the same cell, 

this prototype targets more than +13% gain, i.e. more than 42% efficiency with commercial 3J 

cells of 37.5% at 280suns. 

This prototype comprises an elliptical cavity, a right-triangle prism with spectrum-

splitting filter at the interface prism-cavity, 3J cell glued to the cavity with transparent silicone, 

secondary silicon cell placed in air at the same position as in Prototype A, an AR coating on 

both prism’s entrance surface and surface facing Si cell and encapsulant at the interfaces 

prism-cavity and 3J cell-cavity (Figure 3.4.2, page 137). Exemplary ray entering the Prototype B 

spectrum splitting receiver is shown.   

 

3.4.4.1.  Cavity design 

The elliptical surface acts as a bundle rotator, using a reflective coating. We are 

considering that it is coated with 90% reflectivity mirror coating. The oblate ellipsoid is used and 

its distinct (larger) semi-axis lies in the 3J cell plane in the direction of the grid lines propagation 

(x-axis, Figure 3.4.2). Ellipsoid foci belong to the cell active area. Triple-junction cell is placed in 

a plane tilted 67° respect to the prism entrance plane (25° acute prism angle plus 45° of the 

ellipsoid). Calculations of the exact dimensions and position of the ellipsoidal cavity were done 

while minimizing geometrical losses of the overall system. We have used both 3J active area 

geometrical models, one with trapezoidal grid lines, shadow factor of ~6% and semiconductor 

reflectivity of ~2%, and the other one with linear scattering model. The ellipsoidal cavity extends 
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down to the plane of the 3J cell in order to collect the out-of-plane rays reflected by the grid 

lines. As already mentioned, with higher shading factor the cavity benefit is higher [14]. 

 

3.4.4.2.  Optical and electrical Prototype B modeling 

Modeling of the Prototype B was performed in order to predict the expected efficiency of 

this model. Next parameters are considered in this calculation: 

1. ASTM G173 AM1.5D solar spectrum [1], 

2. External Quantum Efficiencies (EQEs) of the 3J and Si cells provided by the 

manufacturer (Figure 3.3.16),  

3. Reflectivity of the 3J cell is calculated from the EQE data (Eq. (3.3.3)), 

4. Reflectivity of the Si cell is considered ~0 (Subsection 3.4.3.2. for more detail), 

5. Silicone encapsulant transmission (Appendix A), 

6. Both 3J and Si solar cells active area, 

7. Concentration of the concentrator rig 24.4W/cm2), 

8. Filter reflectance (Figure 3.4.11), 

9. AR coating transmittance (Appendix A), 

10.  Recycling capability of the external confining cavity is deduced from the ray tracing 

model. The reflection from the grid lines is already included in EQEs of the 3J cells. For 

estimation of cavity recycling capability in this POC we have used rayset of the rays 

reflected off the grid lines and semiconductor surface of the 3J cell that were sent to the 

cavity, reflected from the cavity wall and absorbed by the black (ideal) receiver of the 

same dimensions as the 3J cell placed at the 3J cell position. This ideal black receiver 

is used as we didn’t want to include grid lines 3J cell reflection twice. Estimation of the 

recycling capability was performed for the whole spectrum.   

Coefficients that represent the fraction of light power transmitted towards 3J and Si cell 

gather all the components of the original power P that reach said cells after bouncing around in 

the optics of Figure 3.4.48. 
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Figure 3.4.48 Energy balance concept within the Prototype B model. 

 

Coefficients C3J() and CSi() previously described in Subsection 3.4.3.2. for the 

Prototype A model without the external confining cavity, herein for the prototype B model with 

the external cavity become Eq.(3.4.10) for 3J cell and Eq.(3.4.11) for Si cell: 

                          3J opt.gel . G cavC AR 1 F ABS T 1 R ( ) R ( )  (3.4.10) 

      SiC ( ) AR( ) AR( ) F( )  (3.4.11) 

In these equations: 

 F() and ABS() are modeled spectral reflectance and absorptance of the SS filter, 

respectively, 

 AR() is the light transmitted through the AR layers at the entry aperture and at the 

prism side facing the Si cell, 

 Topt.gel() is the silicone encapsulant transmittance, 

 RG() is the 3J cell reflectivity, 

 Rcav() is the cavity recycling capability. 

We show the same coefficients C3J() and CSi() in Figure 3.4.49 and Figure 3.4.50, 

respectively. The noise that appears in C3J() graph is a consequence of the estimated 3J cell 

reflectivity.  
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Figure 3.4.49 Modeled fraction of light C3J() transmitted towards the triple-junction cell. 

 
 

 

Figure 3.4.50 Modeled fraction CSi() of light transmitted towards the silicon solar cell. 

 
The External Quantum Efficiency (EQE) of each junction of the 3J cell when multiplied 

by the fraction of light power directed towards the 3J cell inside the Prototype B, i.e. C3J(), they 

give the effective EQEs. The same is valid for the Si cell: its EQE multiplied by CSi()produces 

its effective EQE. When added these effective EQEs and painted together (Figure 3.4.51) they 

give a glimpse of the actual achievable power we can potentially produce with this concept 

(black curve in Figure 3.4.51). Figure 3.4.51 (Right) represents the same curve (in black) 
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overlapped with the EQEs of the 3J alone in order to highlight the potential gain achieved in 

Prototype B. 

 

Figure 3.4.51 (Left) Modeled EQE of the Si solar cell multiplied with CSi() (magenta), EQEs of the 3J cell junctions 
multiplied with C3J() (top-blue, middle-green, bottom-red); Total sum of the EQEs multiplied with the fraction of useful 
light (black). (Right) Original EQEs of the triple-junction cell (top-blue, middle-green, bottom-red) overlapped with 
modeled EQE of the 4J prototype B. 

 
Figure 3.4.52 shows overlapped EQEs of the 3J cell and Si cell alone with their effective 

EQEs (thicker lines) inside the Prototype B. Influence of the recycling capabilities of the external 

confining cavity stands out for the top and middle junctions. For the Ge bottom junction this 

influence may be noticed as well (compare it to Figure 3.4.24, page 155).  

 

 

Figure 3.4.52 External quantum efficiencies of the 3J cell (top cell-blue line, middle cell-green line, bottom cell-red line) 
and Si cell (magenta line) overlapped with the EQEs multiplied with the fraction of useful light being used by 4 junctions 
inside the Prototype B (thick curves). 

 
Modeling includes the 3J cell alone efficiency of 37.50% (this efficiency is in the range 

of the values we obtained when characterizing outdoors the cell alone at 24.4W/cm2), 

GaInP GaInAs Si Ge 

WWaavveelleennggtthh  ((nnmm))  

EEQQEE  

GaInP 

GaInAs Si Ge 4J 

Wavelength (nm) 

GaInP GaInP GaInAs Ge 

Wavelength (nm) 

4J 



Chapter 3 

180 
 

concentrator input solar angular extension, angular range on the filter of incident ray beam is 

15-38º under before mentioned conditions (included probability density function for Favg(λ) at 

~300x). Table 3.4.12 shows the Isc and efficiency values for the 3J cell and Si cell alone together 

with the short-circuit currents and efficiencies of the 4J 4-terminal operations in the real case 

and in the ideal case at 24.4W/cm2 and ASTM G173 AM1.5D.  

 
Case Isc,TOP(A) Isc,MIDDLE(A) Isc,BOTTOM(A) Isc,Si(A) Efficiency(*) 

(%) 
3J cell alone 2.64 2.68 4.05 - 37.50 

Si cell alone - - - 7.86 24.24 

4J RR-RXI (4T) 2.80 2.66 2.72 1.64 41.74 

4J RR-RXI (4T)  
Ideal case 

2.80 2.80 2.80 1.42 42.99 

(*)Cell equivalent efficiency with filter absorption included and cavity losses. 

Table 3.4.12 Comparison of modeled short-circuit currents and efficiencies under 24.4W/cm2. 

 

In the ideal case all three junctions of the 3J cell are balanced, and our receiver shows 

the potential of reaching ~43% efficiency (~15% relative efficiency gain in comparison with the 

3J cell alone). In case of the 4-terminal device operation, considering filter and external cavity 

characteristics described herein, the efficiency of 41.74% is modeled at ASTM G173 AM1.5D 

spectrum. It could be noticed a slight misbalance between individual subcells of the 3J cell 

inside the 4J receiver under ASTM G173 AM1.5D spectrum and perfectly aimed sunbeam. The 

path towards better system performance (with an ideal case of all three junctions balanced) may 

be reached under red-rich spectrum and/or with slight changes of the incident light angle on the 

filter (solar tracker not perfectly aiming at the sun) with which we change lower and upper cutoff 

wavelengths of the filter reflectance slope. 

 

3.4.4.3.  Prototype B assembling 

For this prototype we use wider prism (Wprism=13mm) as from the start this Prototype B 

is meant to be used with higher concentration and this implies wider concentrator exit angles 

(wider equivalent receiver input angles). Due to mechanical issues, both PCBs of 3J and Si cell 

were cut in order to fit the optical and mechanical requirements of its active area position. Figure 

3.4.53 shows the assembly of the prototype B with prism, cavity, two concentration solar cells 

and heat sink made for this Prototype B. 
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Figure 3.4.53 The prototype B assembly consists of AR coated prism with stop-band filter on the interface prism-cavity, 
external confining cavity, two commercial concentrating solar cells (3J and Si cells) and heat sink. 

 
The (entire) ellipsoid lens (made of H-KL7, n~1.517, dimension tolerances: ±0.05mm, 

Surface Quality: 60/40) was provided by the manufacturer and afterwards direct cut, roughing 

and polishing were applied (Figure 3.4.54 and Figure 3.4.55). Silver metallization was 

performed by evaporation (thin-film deposition) of silver inside the vacuum chamber by heating 

the metal that evaporates and condenses on the substrate.  

 

 

Figure 3.4.54 Ellipsoidal lens made of H-KL9 (n~1.52). 
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Figure 3.4.55 (Left) Ellipsoidal lens cut. (Right) Heat spreader realization for Prototype B. 

 
When the ellipsoid lenses were metalized, PCBs cut and heat sinks prepared (Figure 

3.4.55 (Right)), the assembly process containing three steps was performed: 

 The cavity was bonded with the 3J cell by gluing it with transparent silicone; 

 The prism was bonded with the cavity by gluing it with transparent silicone; 

 All together was assembled with the Si cell. 

Final prototype assembly is shown in Figure 3.4.53. 

 

3.4.4.4.  Prototype B characterization: Indoor filter measurements 

In order to evaluate performance of the filter coated on prisms prepared for the 

Prototype B (third iteration of filter deposition), we have performed the same indoor 

characterization measurements of the filter as described in Subsection 3.4.3.4. . Performance of 

all three manufacturing iterations on filters is shown in Figure 3.4.56. This third iteration filter is 

the closest to the originally designed one. 
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Figure 3.4.56 Overlapped reflectance curves measured indoors at 0° incidence by the manufacturer of the Prototype A 
(first iteration), Prototype A (second iteration) and Prototype B (third iteration) filters.  

 

3.4.4.5.  Prototype B characterization: Outdoor measurements 

The concept of spectrum splitting has been refined and Prototype B showed higher 

efficiency results. Outdoor measurements of the Prototype B were performed inside the ~300x 

concentrator rig and IV curves are shown in Figure 3.4.57. 

 

 

Figure 3.4.57 Measured IV curves of the Si and 3J cells inside the 4J (4-junction) Prototype B receiver at ~300x. 

 
The 3J cell with inferior performance (demonstrated under flash test characterization) in 

comparison with the reference 3J cell was assembled inside the Prototype B. So, the efficiency 

of the 3J cell alone used in Prototype B is ~38.32% in comparison with the reference 3J cell 

efficiency of ~39.28%, at ~500x. In order to be able to make comparison between two concepts 

Prototype A, first iteration 

Prototype A, second iteration 

Prototype B, third iteration 
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demonstrated in Prototype A and B (estimate relative gain in efficiency), we apply a factor Xcorr. 

This factor is calculated as the ratio of the reference 3J cell efficiency measured under the flash 

test and measured flash test efficiency of the 3J cell used in Prototype B (Xcorr 

=0.392785/0.383164=1.025). Summary of the raw measured results, together with the results 

after both corrections: (1) at Tcell=25ºC and (2) the reference 3J cell efficiency correction, are 

shown in Table 3.4.13. 

 
Cell 3J Si 

Isc(at 900W/m2) (A) 2.54 2.09 

Voc(V) 3.09 0.79 

FF 0.83 0.72 

Measured efficiency (%) 34.44 6.27 

Efficiency corr. (%) at Tcell=25°C 35.15 6.35 

Efficiency corr. (%) (*) 36.03 6.35 

Total efficiency (%) 42.38 
(*)Eff.corr=Eff.·0.392785/0.383164=Eff.·1.025 

Table 3.4.13 Measurement results of the Prototype B at ~300x. 

 
Table 3.4.14 reviews measured and expected (modeled) efficiencies. Results showing 

~13% efficiency gain of the commercial 3J and Si cells combination inside the spectrum-splitting 

Prototype B are more than promising. 

 

 
 

Reference 3J 4J prism (4T) Gain 

Measured efficiency (at Tcell=25º) 37.50% 42.38% 13.01% 

Expected efficiency 37.50% 42.99% 14.64% 

Table 3.4.14 Measured outdoors results and modeled expected results of the Prototype B at 300x. 

 
It should be emphasized that the expected efficiency modeled results are performed 

with estimated 3J cell reflectivity, filter reflectivity, cavity recycling capability, etc. for the ASTM 

G173 AM1.5D solar spectrum, and perfectly aimed concentrator rig. In the outdoor 

measurements we have maximized the current of our prototypes both geometrically and 

spectrally in order to offset possible manufacturing and/or mechanical errors. Geometrically, the 

concentrator rig was not perfectly aimed to the sun position, i.e. we slightly modified the 

sunbeam incidence angle in order to change the light incidence angle on the filter and 

compensate for its non-ideal performance. Spectrally, we measured our prototypes whole day 

long. Mathematical model was necessary in order to estimate possible efficiency we can obtain. 

Due to spectral and geometrical differences in modeled and measured data, it is to be expected 

the discrepancy of showed results.   
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3.5 Conclusions 

The spectrum-splitting (SS) optical design, that uses commercially available 3J and 

silicon solar cells and creates a concentrator design of unique performance in the current CPV 

scene, was presented in this chapter. It addresses both sources of losses in current 3J cells: it 

provides more efficient partitioning of the solar spectrum and it recovers the light reflected from 

the 3J grid lines. Novel high-concentration Köhler SOE concept with integrated dichroic flat filter 

for coplanar commercial 3J cell and BPC Si cells is shown, with expected equivalent SS 

receiver efficiency higher than 46.00% from 39.20% 3J commercial solar cells (+17% gain). 

Future efficiency over 50% could be attained with custom designed 3J (with better Ge sub-cells) 

and Si cells (with better IR response).  

The design condition for the optimum case is that the filter(s) and the grid line pitch are 

designed to make the photocurrents of the middle, bottom and the exterior silicon junctions 

equal, while the top junction current is equal to the others (or slightly greater than the others to 

allow tolerance for variations in the short-wavelength content of the incoming light due to 

stronger diurnal variations of sunlight).  

There are several additional practical aspects of the RXI-RR spectrum splitting design 

that help reducing the added complexity of the beam splitting systems. First, the filter, the SOE 

for the BPC Si cell (i.e. the RR) and the SOE for the 3J cell (i.e. the RXI) form a single piece of 

dielectric, which simplifies its mounting. Secondly, the two cells are located on the device base-

plane common to all four assemblies of the concentrator (in case of 4 concentrator units), so the 

heat management and wiring is simplified. Thirdly, there are no optical surfaces in contact with 

the cell rim, which differs from other traditional HCPV secondary optics (such as prism 

homogenizers). This makes the encapsulation of the cells much easier and more robust, since 

there is no threat of light loss due to meniscus effects by the optical encapsulate), and they are 

therefore more suitable for high-yield in mass production [29]. 

The tilted light incidence on the 3J cell confines the reflected rays vertically and in 

combination with the cavity reflector allows grid lines of arbitrary profile to be used. Hence, the 

existing 3J cells may be used in this device, rather than requiring a specially designed 3J cells. 

With customized metal grid lines even higher efficiency boost by recycling the light reflected 

from the 3J cell surface can be accomplished (optimum case would be fs~8%, at 50W/cm2 [14]).  

As the incoming light in case of this spectrum splitting concentrator is already 

converging, the design of the band-pass filter is easier. The band-pass filter in the RXI-RR SOE 

is designed to minimize its cost and guarantee its performance. For that purpose, first the 

concentrator design was restricted to operate with a flat filter. Then, even having dozens of 

layers, the filter can be manufactured cost-effectively in large flat plates which are diced 

afterwards. Still, the filter will need to work under concentration (>40-50x), to make its cost 

affordable. In Prototypes A and B it is proven the manufacturability of this type of filter (in the 

outdoor set-up we considered, this filter works at higher concentration levels than in the Fresnel 

RXI-RR concentrator). 
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First simpler prototype consisting of the spectrum-splitting (SS) stop-band coated prism 

and commercial concentration 3J and Si cells showed a +8.00% efficiency gain at ~100x 

(9.4W/cm2). The same prototype with next iteration filter (whose characteristics were closer to 

the designed one) showed a +10.56% efficiency gain at ~300x (24.4W/cm2). Another prototype 

containing the SS prism with external confining cavity marked 42.46% efficiency with the 

37.50% efficient 3J solar cell inside, i.e. a +13.01% efficiency gain relative to the 3J cell alone 

(shown in Table 3.5.1). 

 

Table 3.5.1 Resumed measured and expected efficiency results. 

 
Demonstrated relative efficiency gains are very promising. For instance, with a 3J 

commercial cell of 39.20% efficiency inside the Prototype B (filter coated RXI prism with external 

confining cavity), efficiencies of 44.30% could be achieved (actual 4J solar cell record is 44.70% 

[2]). Manufactured and characterized proof-of-concept prototypes described herein show an 

opened path to manufacturing of the Fresnel RXI-type secondary concentrator with spectrum 

splitting strategy. The equivalent receiver efficiencies higher than 46.00% and module 

efficiencies higher than 38.00% are achievable with this spectrum-splitting concentrator.  

At present, research efforts are focused on continuous improvement in solar cells 

design, quality of epitaxial layers and wafer fabrication processes. This strategy leads to 

constant increase in solar cells efficiencies and number of junctions. Systems like the one 

presented herein provide different means for reaching record efficiencies with commercial solar 

cells, by employing dichroic filters and optics designed for a particular solar cells combination. 
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Chapter 4   

Solid state lighting collimators                                                   
with color blending  

4.1 Introduction 

Light Emitting Diode (LED) lighting systems have already proved to be very effective in 

indicator applications, such as signal devices (traffic lights and exit signs) and some limited 

illumination applications (flashlights), where brightness, visibility and long-life are important. In 

the general illumination market LEDs are used for small-area lighting, decorative lighting, 

pathway and step marking, indoor downlights, outdoor parking lot and area lighting. As white 

LEDs become more efficacious, LEDs will be used in more general illumination applications. 

The use of Solid State Lighting (SSL) is increasing in a variety of lighting applications because it 

offers many benefits, including: 

 Long life - as LEDs do not “burn out” but get progressively dimmer over time, the LED 

life time is based on the number of operating hours until the LED is emitting 70 percent 

of its initial light output. LEDs can provide 50,000 hours or more of life, which can 

reduce maintenance costs. In comparison, an incandescent light bulb lasts 

approximately 1,000 hours, a comparable compact fluorescent lamp (CFL) lasts 8,000 

to 10,000 hours, and the best linear fluorescent lamps (LFL) can last more than 30,000 

hours.  

 Energy savings - the best commercial white LED lighting systems provide at least three 

times the luminous efficacy (lumens per watt) of incandescent lighting. Colored LEDs 

are especially advantageous for colored lighting applications because filters are 

not needed. 

 Better quality light output - LEDs have minimum ultraviolet and infrared radiation. 

 Intrinsically safe - LED systems are low voltage and generally cool to the touch. 

 Smaller, flexible light fixtures - the small size of LEDs makes them useful for lighting 

tight spaces and for creating unique applications. 

 Durable — LEDs have no filament to break and can withstand vibrations. 
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In SSL high flux and high CRI light engines may be achieved by grouping different color 

chips and/or phosphors in LED package and mixing the obtained light. Mixed LED sources have 

a higher theoretical maximum efficiency, potentially longer life, and allow for dynamic control of 

color. As these sources are nonhomogeneous when combined with luminaire optics they tend to 

produce undesirable artifacts such as spatial and angular non-uniformities and color separation 

(shadows, color fringes, variation of the white color temperature across the illuminance 

distribution, intensity artifacts or multiple shadows) (Figure 4.1.1).  

 

 
 

Figure 4.1.1 Undesirable results produced by using multi-die (and especially multi-color) packages with typical 
luminaires. 

 
In order to impede these effects, the light should be mixed taking into account both 

luminance and spectral considerations. Diffusers can perform light mixing and eliminate 

undesirable color artifacts, but they also have some significant drawbacks:  

 Efficiency of the resulting light engine will decrease since a considerable amount of light 

will be backscattered and absorbed (light output ratio of a diffuser is rarely over 80%), 

and  

 Reduction of the average brightness by the increase the apparent size of the source 

(increase of étendue) resulting in optical systems that are either larger (if the output 

beam angles have to be preserved) or have wider emission angles (if luminaire size is 

limiting).  

The apparent étendue increase with light diffusers can be easily understood by an 

example of pressure changes in liquids. When pressure decreases in some liquid (e.g. with 

mixer), its volume apparently increases because of the created foam. Density apparently 

decreases (while mass and temperature being constant). Actually, the volume of the liquid 
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remains the same, but the foam is apparently increasing it. We can make an analogy between 

the liquid density and luminance (invariant in geometrical optics), as well as between the 

volume of the liquid and the étendue. Because of the micro-rugosities of the diffuser, we create 

a phase space with lacunas. The real étendue of the light bundle does not increase with 

diffuser, but only the apparent one. Diffusers apparently decrease the luminance (i.e. brightness 

decreases).  

Another possible solution for color mixing includes mixing rods, but there are several 

disadvantages they carry: they need to be sufficiently long to properly mix the light, they are 

complex to assemble and they displace the light source relative to its original position. Some of 

them use the addition of ripples on their surface profile and this may reduce its length while 

performing acceptable color mixing. 

Structured optical surfaces, such as Fresnel lenses, TIR lenses, or Fresnel mirrors, are 

often used in nonimaging optical design. The system described in this chapter uses nonimaging 

free-form optical design and microstructured optical surfaces [1][2]. We want to obtain an 

efficient collimator with good color mixing property of several LED sources placed off-axis at the 

same distance from the central axis, as a common RGGB and/or RGBW package.  

Color mixing property of the parabolic mirror and RXI grooved design was underlined 

when compared with other rotationally symmetric collimator architectures [3]. This property of 

aforementioned two types of designs is the consequence of the image rotation paths with 

varying magnification. Even though there are many collimator architectures that have excellent 

performance (efficiency, compactness, beam width, intensity, color mixing, etc.), only few 

designs are commonly used in mass production: parabolic reflector, TIR lens, refractive and TIR 

Fresnel lens (Figure 4.1.2). More advanced designs show better optical performance, but until 

now more complex manufacturing, design and/or materials were a potential drawback. 

 

 

Figure 4.1.2 Shown some of the most common collimator optics. From left to right: reflector, TIR lens and refractive 
Fresnel lens (Image source: http://www.khatod.com/). 

   
Nowadays, diamond turning or high speed machining produce free-form optics that 

need little polishing. Free-form lenses are good at controlling light and at producing complex 

beam patterns, a trend followed at present to meet specific demands or particular applications.  
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Two free-form solid V-groove collimators are presented in this chapter. Both optical 

designs are originally designed using the Simultaneous Multiple Surface method in three 

dimensions (SMS3D). The secondary optically active surface is designed a posteriori as a 

grooved surface. Initial two mirror (XX) design is designed as a Proof-Of-Concept (POC). 

Second design, the RXI free-form design is comparable with existing RXI collimators; it is a 

compact highly efficient design made of polycarbonate (PC) performing very good color mixing 

of the RGGB LED sources placed off-axis (like in conventional LED packages).  

These two quasi-aplanatic free-form designs are created with a goal to improve color 

mixing property of the rotationally symmetric non-aplanatic RXI devices and the efficiency of the 

aplanatic ones.    

 

4.2 State-of-the-art 

One of the system proposals that includes previously mentioned diffusers and light 

guides to do color mixing and light projection of RGB LEDs is a color-tunable lamp composed of 

three parts: one short, straight, and high reflective lightpipe, a thin volume scattering diffuser, 

and a compact TIR collimating lens (Figure 4.2.1). Both light recycling and color mixing are 

produced in the cavity formed by a lightpipe and a diffuser. Light that is reflected back from the 

diffuser is recycled by the reflective walls of the light guide. A special TIR lens efficiently projects 

the light of a Lambertian source. 

 

 

Figure 4.2.1 Optical structure of the lamp proposed by Sun [4] for color mixing and light collimation. 

 
According to the criterion for color uniformity (CU) presented in ref. [5], light patterns 

produced with this system show good color mixing with uniformities larger than 50% (color 
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fringes are not noticed for CU greater than 70%). In this system the optical efficiency, that is 

defined as the ratio of the luminous flux of the multicolor LED collimating lamp with respect to 

the light flux of the multicolor LED, is lower than desirable. It is less than 60% for desired light 

pattern. Optical efficiency is 60% for color uniformity of 50%, the efficiency decreases to 54% 

for uniformities of around 70% (Figure 4.2.2) and to 40% for uniformities around 80%. 

 

 

Figure 4.2.2 Light pattern produced by projection lamp (Left) without diffuser, 
(Right) with diffuser. Sample figure adopted from [4]. 

 
Another solution for good color mixing employs the Köhler integration technique. It is a 

recently developed low-cost, plastic-injected optic “Shell Mixer” that mixes light from different 

color LED dies without a significant decrease in average brightness, simplifying luminaire 

design both optically and electronically [6][7]. The “Shell Mixer” is developed by the company 

LPI, LLC. This small optic with a diameter two to three times the overall LED size comprises 

mini-lenses arranged on both the outer and the inner surfaces of a thin hollow dome covering 

the source and forming Köhler channels [8] (Figure 4.2.3).  

 

 

Figure 4.2.3 (Left) LPI’s Shell Mixer prototype; (Right) shell mixer outer lenses at the center of the optic. Sample figure 
adopted from [7]. 
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These Köhler channels perform integration by both spatially and angularly mixing the 

light emitted from the integration zone near the dome's center (Figure 4.2.4). Placing the dome 

on top of a multi-die Lambertian light source forms a highly homogeneous virtual source, which 

appears to lie on the plane of the dies, so it does not severely decrease the average brightness.  

 

 

Figure 4.2.4 From left to right: RGGB LED source, Köhler channels in the Shell mixer, photograph of the RGGB images 
produced by the inner lenses on the outer lenses of the Shell Mixer. Sample figure adapted from [7]. 

 
Hence, adding the Shell Mixer to the original LED and secondary optics automatically 

changes the performance of the luminaire and it results in a homogeneous pattern without color 

separation (Figure 4.2.5). Experimental measurements of the first Shell Mixer prototypes have 

shown the device's optical efficiency to be above 94%, in good agreement with ray trace 

simulations. 

 

 
Figure 4.2.5 (Left) Schematic representation of the set-up; and (Right) a photograph of the far-field; (Up) Set-up and 
performance without Shell Mixer; (Down) Set-up and performance with Shell Mixer. Sample figure adapted from [7]. 

Integration zone 

Köhler channel Shell integrator 

RGGB LED 
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Another way to produce good color mixing is with the technique referred to as 

anomalous deflection [1][2]. An existing example that employs this technique is the 

microstructured color mixing V-groove RXI collimator with rotational symmetry designed with the 

SMS2D method [8][9]. This ultra-compact device changes the skewness of the rays. 

Consequently, for a point source placed off-axis, the projected far field image through any pin-

hole at the exit aperture has a ring-like shape [10][11]. In general, that ring is not centered on 

the optical axis and its radius also varies with the distance of the pin-hole to the optical axis. In 

such a general case, the far field for the full exit aperture is not rotationally symmetric with 

respect to the optical axis so the device is not producing far field color mixing pattern free of 

artifacts.   

Nevertheless, this device has good collimating properties and it is compatible with 

spotlight applications. The RXI is a well-known nonimaging device, very compact and high 

efficient [12]. The back mirror of the V-groove RXI device is designed to feature a set of free-

form grooves that bend the light by means of two total internal reflections (TIRs) and mix the 

light. As there are no metal coatings, injection-molding technology can mass manufacture the 

optic very inexpensively. 

As shown in Figure 4.2.6 (Right), this metal-less V-groove RXI collimator has a very 

shallow profile. Its front optical surface first bounces the light coming from the LED (after this 

light being refracted on the air cavity surface) toward a grooved back surface and later refracts 

the light coming from this grooved back surface (Figure 4.2.6 (Right)). 

 

 

Figure 4.2.6 (Left) Photograph of the metal-less V-groove rotationally symmetric RXI; (Right) Schematic side view of the 
V-groove RXI. It is an ultra-compact lens (its depth being one fourth of its diameter) with good collimation and mixing 
skills, making this device compatible with spotlight applications. The V-groove RXI does not need metal coatings 
because the light is bounced by two total internal reflections (TIRs) on the back surfaces. Sample figure adapted from 
[11]. 

 

In Figure 4.2.7 (Left) we can see the conventional rotationally symmetric RXI with a far-

field intensity pattern produced when using an RGGB LED as a light source, and in Figure 4.2.7 

(Right) the V-grooved metal-less rotational symmetric RXI collimator together with the far field 

intensity pattern where light mixing is performed with the same light source. 

 

Central lens 

Two TIRs 
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Figure 4.2.7 Two different versions of the RXI optic. (Left) The original RXI with mirror coatings and excellent collimation 
capabilities. Its far-field spot is an image of the light source. (Right) The V-groove RXI version has the same collimation 
features, and it produces a degree of mixing that excludes the necessity for LED chip binning.  

 

4.3 Problem statement 

Good light mixing is important not only for simplifying luminaire optical design but also 

for obviating die binning and it significantly simplifies dimming or color tuning electronics. The 

aim of the color mixing optics is to show that when a good optical light mixer is used, by simply 

switching off some of the dies in the array, the optics can achieve these two functions without 

affecting the emission pattern. Moreover, optical light mixing may reduce the total cost by 

avoiding pulse-width modulation and other patented electronic solutions for dimming and color 

tuning. 

Another argument for optical color mixing is that in contrast to electronic control, it may 

address color uniformity in three dimensions, i.e. not only uniformity across a plane, but also 

along a working distance. 

Light collimation together with the color mixing is a challenging task. Most collimators 

separate colors, and most color mixers spread the light beam (Figure 4.3.1). Color blending is 

difficult when collimator aperture is restricted (étendue limited). It is a bundle coupling and a 

prescribed illuminance nonimaging problem.  

 

 
Figure 4.3.1 Étendue constrained design problem. 

RGB chip 
Free-form collimator Desired pattern 
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Previously, we could witness the rotationally symmetric non-aplanatic high efficiency 

collimators with color mixing property to be improved [9] as well as rotationally symmetric 

aplanatic devices with good color mixing property and low efficiency to be increased.  

When the rotational RXI is aplanatic, the Abbe sine condition: f sin     is fulfilled, 

where f is the focal distance, and  is the angle formed by the light ray that abandons the on-

axis point source and illuminates the pin-hole at distance  to the optical axis (Figure 4.3.2).  

 

 
Figure 4.3.2 Aplanatic rotationally symmetric RXI. 

 
In this particular case, at first-order optics approximation, the far filed is rotationally 

symmetric since all the pin-hole projected rings are centered and have the same radius (which 

depends only on f and the distance of the point source to the optical axis). Such rotational 

symmetry of the far filed implies that several sources at the same distance from the optical axis 

(as RGGB chips) will produce overlapping ring, and color mixing will be achieved. However, 

aplanatic RXI designs cannot be highly efficient, because the   sinf mapping causes a 

significant blocking since the inactive part of the exit at   min (Figure 4.3.2) points to no light 

collection for  minarcsin( / f ) .  

Practical grooved rotational RXIs adopt a non-aplanatic mapping   ( )F  for which

0 minF( ) . This causes the RXI to have a kink on the front surface, and it helps not only to 

increase the efficiency but also to reduce or even avoid the front metallization. On the other 

hand, being non-aplanatic makes the projected far field of a point source to deviate from the 

rotational symmetry, and the color mixing for RGGB sources degrades [10]. 

We have designed a device based on free-form surfaces instead of rotationally 

symmetric ones, and we have added V-grooves on one reflector surface. Each one of these 

characteristics is explained with detail. Free-form designs we have explored, with a point source 

placed off-axis produce a constellation of point source images on the far field instead of a ring-

like shape far-field pattern (anomalous deflection in rotationally symmetric systems described in 

ref. [1][2]). This pattern can be also effectively used to produce color mixing, as we describe 

below with detail. 

min 

 

 

Light beam 

Light source 
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4.4 Free-form V-groove collimators for LED color mixing  

As previously announced, in this chapter we present two designs developed in order to 

address disadvantages of some of the prior art designs. We have designed multi-fold free-form 

V-groove solid XX and RXI devices, both achieving light collimation and light mixing at the same 

time (Figure 4.4.1). The XX device is exploited as the Proof-of-Concept (POC) and RXI is more 

practical device comparable with the commercial collimators.  

 

 

Figure 4.4.1 Schematic view of XX (left) and RXI (right) nonimaging devices. 

 

Both optical designs are originally designed using the SMS3D method [13]-[15]. The 

second optically active surface in both free-form devices is designed a posteriori as a grooved 

surface.  

First two mirror (XX) design (Figure 4.4.2) is done in order to illustrate design 

procedure, working principle and behavior of these devices (POC). The idea is to design one 

unit, and then to build a round-like device by a multi-fold construction. In continuation, we will 

show a design procedure and ray trace results of the XX design as it is simpler device. 

 

 

Figure 4.4.2 Multi-fold (8-fold) XX with grooves on the secondary surface. 
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Second design, the RXI free-form device (Figure 4.4.3) is a more practical device 

because of its compactness and high efficiency (possible to reach 85% efficiency inside ±10deg 

in air). Its characteristics are presented afterwards. The RXI V-groove collimator performs very 

good color mixing of the RGGB (or RGBW) LED sources placed off-axis like in conventional 

RGB LEDs.  

 

 
Figure 4.4.3 Multi-fold (8-fold) RXI with grooves on the back (X) surface. 

 

4.4.1.  XX free-form collimator optical design 

Both XX and RXI designs start with free-form optical surfaces calculation with the 

SMS3D method [13]-[17] described in detail in Chapter 1, Section 1.2.6. (page 11). After 

calculation of the free-form surfaces, the design of the collimator continues with free-form 

groove guiding lines calculation on the second optical surface (that was originally reflective) 

[10][11].  

 

4.4.1.1.  SMS3D calculation 

The SMS design procedure starts by defining the input data: the LED source 

dimensions, the angle of collimation (±β/2) and collimator’s material (polymethylmethacrylimide 

(PMMI) n~1.51) (Chapter 1, Section 1.2.6). LED is considered to be a perfect Lambertian 

source.  

 

The SMS chain 

The SMS2D design is the starting point of the 3D design, so initially we calculate the 

seed rib. We may deduce from the conservation of étendue theorem that the exit aperture of the 

device in planar geometry is (Figure 4.4.4): 

RGGB LED Grooved back surface Entrance cavity 



Chapter 4 

  200 
 

     
 

0 0, , / sin( / 2)P Q n L L  (4.4.1) 

, assuming Lambertian light source and not considering shading introduced by the front mirror.  

 

Figure 4.4.4 Illustration of the edge rays for input and output ray bundle for seed rib calculation. 

 
The SMS design problem to be solved belongs to the “bundle-coupling” problems. After 

defining the input data, a design continues with selection of starting points that belong to the 

POE and the SOE (points A and B, Figure 4.4.4) and with the OPL calculation. In this particular 

case with selection of these two points, we elect the collimator’s height and the front mirror 

shading. With the SMS2D procedure we calculate the seed curve while preserving the OPL. 

Points of the seed rib are calculated in 2D by coupling the edge rays of two pairs of spherical 

input bundles emitted by the extreme points of the LED (point sources placed in L-(-x0,0,0) and 

L+(x0,0,0), Figure 4.4.4) and output ray bundles as sets of parallel rays that make the chosen 

collimation angle ±β/2 to the optical axis and arise from the exiting strip P0Q0 (Figure 4.4.4). 

Figure 4.4.4 highlights the starting ray path of 2D XX design, where coordinates  of the point B 

are chosen with the primary mirror shading consideration (~xD).  

The SMS method in 2D ensures that two input and two output ray bundles are fully 

coupled by the optical system containing two curves in planar geometry (seed rib). In this 

particular example we illustrate, the output bundles are sets of parallel rays with directions ±β/2 

and the input bundles are their focal points (placed in L- and L+). A two-surface rotationally 

symmetric SMS design (i.e. obtained by rotating a SMS2D seed rib) is equivalent to an 

aplanatic design when the two off-axis design bundles of the SMS design converge to the on-

axis one. Thus, aplanatic designs can be viewed as particular cases of two-surface SMS2D 

designs [18][19].  

 

The SMS surfaces 

We will proceed with the 3D SMS calculation of two mirror free-form surfaces. With the 

SMS3D two optical surfaces are enough to perfectly couple two input and two output wavefronts 

and to couple partially another two. The OPL calculated for the SMS2D design is used for the 

SMS3D calculation as well. Input ray bundles for this SMS3D XX design are spherical 
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wavefronts placed in the extreme points of the LED in the yz-plane (perpendicular to the seed 

rib plane). Output bundles are plane wavefronts tilted in the yz-plane around the optical axis 

with the same collimation angle like in SMS2D design. For the SMS3D design procedure we 

adopt the same starting POE and SOE points A and B (Figure 4.4.4 and Figure 4.4.5). Once 

calculated design points, the interpolation by NURBS surfaces is carried out. After the 3D 

design is completed, we examine the aplanatic nature of the design in the vicinity of the seed-

rib, as its aplanatic behavior is of our interest. 

 

 
Figure 4.4.5 Illustration of two free-form mirrors obtained by the SMS3D method. Initial SMS points are A for the POE 
and B for the SOE. (Note: With the SMS3D method we obtain point clouds. Black and gray lines shown here are for 
illustration purpose. Front and back mirror surfaces are obtained by interpolation of previously calculated points. Lines 
shown here illustrate groove guiding lines calculated in next design phase, Subsection 4.4.1.2.). 

 
The aplanatic nature of the design 

Initial interest in designs described herein aroused after the revelation of the anomalous 

aplanatic rotationally symmetric systems. These systems produce centered ring-type spot at the 

target for an off-axis point source [2]. Consequently, for several light sources located at the 

same distance from the optical axis, a rotationally symmetric intensity pattern is created in the 

far field where the intensity of all sources coincides and they simply add.  

Aplanatic systems are axisymmetric optical designs free from spherical aberration and 

linear coma at the axial direction of all orders. An aplanatic system fulfills two conditions: 

stigmatic image in the axial direction and the Abbe sine condition [20]. The opposite statement 

is also true: a design forming stigmatic on-axis image and fulfilling the Abbe sine condition is 

aplanatic. Two-surface rotationally symmetric aplanatic designs are well-known through the 

work of Schwarzschild [21], Wassermann and Wolf [22], Welford [23], Korsch [24], Mertz 

[25][26], and others. Analytical expression of general two-mirror aplanats was derived by Lyden-
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Bell [27] and Willstrop [28]. Additionally, it was demonstrated the aplanatic version [29] of a 

classical 2D SMS design, the RXI.  

Aplanatism is a set of 2D design conditions since it can be imposed and checked using 

only meridional rays. Additionally, aplanatic systems are also free of linear coma for the sagittal 

rays near the axis. This fact is not taken into account during the design procedure, but it is just a 

fortunate consequence of the symmetry regardless of the design procedure being purely 2D. 

Exceptionally, a requirement imposed solely on cones of light corresponding to the on-axis 

points will affect the quality of imaging nearby off-axis points [30].  

As an aplanatic rotationally symmetric design needs two surfaces, we deduce that a 

free-form aplanatic design demands at least three optical surfaces in order to hold the aplanatic 

behavior in 3D. In ref. [31] two-surface free-form design is claimed to be an off-axis aplanatic 

system. We have at our disposal two optical surfaces, and our design is not an aplanatic 

design, but due to the aplanatic nature of the proximity of the seed rib we use in our design, we 

name it quasi-aplanatic.  

We analyze the fulfillment of Abbe sine condition in the seed rib vicinity of free-form 

designs we have developed in order to demonstrate its aplanatic nature. For this demonstration 

we use an on-axis point source placed at the origin O(x,y,z)=(0,0,0), with rays emitted in 

direction v=(p,q,r) (|v|=n, where n is the refractive index of the material surrounding the source). 

Spatial coordinates (x’,y’,z’) on the target are examined.  

For the illustration we use 5 discrete values for p phase space component assuming 

that p=const. and afterwards we perform the same examination with q component when 

q=const. Point source is placed inside the XX free-form device considered in this examination 

air filled (n=1). Considering a general case of the Abbe sine condition (i.e. k1≠0, k2≠0 (Appendix 

D)), it will be fulfilled that: if p=const., then x’=-fp+k1=const., as well as if q=const., then y’=-

fq+k2=const.. The f is the focal distance of the design, k1 and k2 are integration constants 

different than 0 in Abbe sine condition formula for a 3D SMS design mapping, where we have a 

shift between the primary and secondary optical element (Appendix D, Figure 4.4.7).  

As expected, light rays emitted with direction (p=const.,q,(1-p2-q2)1/2) and rays emitted 

with (p,q=const.,(1-p2-q2)1/2) are distributed on target plane with coordinates (x=const.,y’,z’) and 

(x’,y’=const.,z’), respectively. Illuminance pattern on the target plane is shown in Figure 4.4.6. 

General aplanatic lay is satisfied. This happens only in the vicinity of the seed rib. Therefore, 

this central part of the device is used in our further device construction. It is multiplied 2N-times 

as mirror images until closing the 360° solid.  
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Figure 4.4.6 Representation of the illuminance pattern when a point source is placed on-axis at origin O(0,0,0) emitting 
with a direction (p,q,r) and fulfilling condition: (Left) p=const. and  (Right) q=const.. The two horizontal axes are 
coordinates of the sensor (units in mm). 

 
Independently, we demonstrate the Abbe sine condition fulfillment by shifting the 

illuminated back mirror area (as k1≠0, k2≠0) towards the optical axis (i.e. we center it at point 

Oh(0,0,h)). This is illustrated in Figure 4.4.7 (shown the 8-fold case).  

Consequently, the circular envelope of the obtained closed area has the radius  that 

equals the aperture radius of an aplanatic design: =-fsin, where f is the focal distance, and  

is the angle with which the point source placed at origin illuminates the front primary mirror outer 

border (Figure 4.4.7 (Bottom)). Figure 4.4.7 illustrates this evidence: illuminated secondary back 

mirror areas are marked as dark blue projected nearly triangular areas. When centered, they 

form an area with the circular envelope fulfilling the Abbe sine condition (Figure 4.4.7 (Right)). 
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Figure 4.4.7 Illuminated area (dark blue) of the secondary mirror in the 8-fold XX design (light blue). Illuminated area is 
shifted towards the optical axis and it demonstrates that the circular envelope of the obtained area has the radius of

f sin    , f=-40mm, =40° (the general aplanatic condition). 

 
The 2N-fold devices perform better image forming when the number of units increases 

(i.e. folds, 2N), as the optically active area of each fold is shrinking towards the seed rib and 

aplanatic properties detach. We find that for 2N=8, image quality in the far field is sufficiently 

good for our requirements. Figure 4.4.8 (a) shows the intensity far field pattern for the point 

source placed off-axis inside the collimator without grooves. 

 

 

Figure 4.4.8 Far field intensity pattern when emitting point source is placed off-axis at (x,y,z)=(-1,0,0) for the multi-fold 
system (8-fold in this case) (a) without grooves and (b) with grooves on the secondary optical surface. The two 
horizontal axes are angular coordinates of the direction in degrees and centered at the direction normal at XX. 
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The projected far field through any pin-hole at the exit aperture of the 2N-fold free-form 

grooved design has N-images (2 images of each pair of folds overlap). This feature is 

emphasized in Figure 4.4.17 and Figure 4.4.18 (pages 212 and 213), and it is shown in Figure 

4.4.8 (b). We explain below with detail this particular behavior of our system (Subsection 

4.4.1.2.). Here we just want to denote our choice of 8-fold system. Thereupon, the 8-fold XX 

design is chosen as an example (Figure 4.4.9) because it was considered convenient to have 

N=4 images in the far field. In the far field we may appreciate rotoreflection effect that occurs 

with a 2N-fold rotation angle (by an angle of 180deg/N), and by the definition of rotoreflection 

we have the symmetry group of order 8 (2N). Further on, we calculate V-grooves on the 

secondary back mirror surface as our final objective is to apply microstructures to this quasi-

aplanatic device and achieve color mixing with designed collimator. 

 

 

Figure 4.4.9 3D Side View and 2D Top View of the XX 8-fold free-form design before placing grooves with emphasized 
RGGB LED position in the xy-plane. 

 

4.4.1.2.  Grooved surface calculation 

A “groove” is considered as a structure made of two surfaces partly facing each other in 

approximately V shape, so the light ray entering the open top of the V structure is being 

reflected off each surface of the groove and afterwards exiting through the open top of the 

structure (Figure 4.4.10).  
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Figure 4.4.10 The 3D representation of the V-groove together with the phase space coordinates of an incident and 
exiting ray. 

 
We want to point out that meanwhile a single reflector at z=0 only changes the sign of r 

component in a phase space; the groove reflector changes the sign of q as well (Figure 4.4.11). 

This is one of the key reasons for good color mixing feature that designs presented herein 

possess. 

 

 
 

Figure 4.4.11 (Left) A 2D representation of a single flat reflecting surface, together with the phase space representation 
of the ray before and after reflection; and (Right) a cross-section of the V-groove, together with the phase space 
representation of the incident ray (green point) and exit ray (red point). Note: While a single reflector at z=0 only 
changes the sign of r, the groove reflector also changes the sign of q. Both single and groove reflectors leave the p 
coordinate unchanged. 

If the groove edge line is parallel to x-axis, an incident ray with direction cosines (p, q, r) 

successively reflected at each side of the V-groove leaves as the ray (p,-q,-r), i.e. its 

components in y and z axis are retro-reflected (Figure 4.4.10). In comparison, for a flat reflector 

with normal in the z-direction the direction of the reflected ray would be (p, q,-r) or in case of the 

cube-corner retro-reflector any ray reflected by all three faces leaves completely retro-reflected, 

GGrroooovvee  eeddggee  lliinnee  
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i.e. with direction (-p,-q,-r). Both single and grooved reflectors leave the p-coordinate 

unchanged in this case. 

As described in Chapter 1, the problem of finding reflective or refractive surface that 

transforms any vector field into another vector field is the generalized Cartesian oval problem 

[16]. General solution for the calculation of the groove surfaces problem of coupling two 

arbitrary given wavefronts is calculated with a direct method that does not require numerical 

optimization algorithm and it is based on the SMS3D with no limitation about the groove size 

[10] (Figure 4.4.12). 

 

 

Figure 4.4.12 (Left) One free-form groove: At the groove line both reflections occurs at the same point. (Right) Free form 
thin dielectric sheet that acts as TIR reflector (Image source: [10][11]). 

 

Hence, grooves used in our design theoretically should comprise two free-form surfaces 

joined along the groove edge line. As explained in ref. [32][33] designs with grooved surface 

work sufficiently good when groove’s cross-section is approximated as flat if the groove size is 

small compared to the receiver or source sizes. We may confirm this with the ray trace analysis 

performed for our designs. 

Both XX and RXI collimator are intended to be solid devices. Hence, the groove is made 

of a dielectric material (glass or plastic). It is of our interest that most of the rays entering the V-

groove suffer TIR on both groove faces (Figure 4.4.11(b)). In this way potentially high efficiency 

is provided as long as reflecting faces are highly smooth. So, the angle between the incident ray 

(p,q,r) and the normal at the points of reflection on the sides of the V-groove should be greater 

than the critical angle c=arcsin(1/n) where n is the refractive index of the dielectric.  

We are replacing one mirror reflection with two total internal reflections. Grooves that 

are placed on free-form edge lines (calculated as general Cartesian ovals) are flat V-grooves 

with a merely 90° cross section [9]. The intention is to have grooves with identical cross 

sections, due to easier tooling than in case of a varying cross section grooves. 
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Once calculated free-form SMS3D surfaces of the XX and RXI devices, we want to 

replace mirrored back surface with a grooved surface. So, we calculate groove guiding lines. 

Grooves are placed on the secondary back surface (X) as it is illuminated with narrower incident 

ray bundles than the primary front surface. Groove guiding lines are calculated by coupling rays 

of the sphere wavefront (WF1i) whose center is placed at the origin O(0,0,0) (i.e. in the center of 

the future LED package) after being reflected on the front mirror surface (WF1’i) with the exiting 

ray bundle (WF1r) obtained after one more reflection of WF1’i on previously calculated SMS3D 

smooth secondary back mirror. When considering one ray vector vi that belongs to the input 

bundle WF1’i and one reflected vector vr of the reflected ray bundle WF1r (Figure 4.4.13), the 

two reflection law on the groove edge for these rays may be written as: 

     2( ) 2( )
r i i i

v v n v n s v s  (4.4.2) 

, where n is the unit normal vector in the point of reflection of the smooth back surface X 

calculated previously, and s is the vector perpendicular both to the groove’s axis of linear 

symmetry and to n.  

 

 

Figure 4.4.13 Linear V-groove reflector groove edge line. Incident and reflected unit vector are shown.  

 

This reflection law establishes that the ray vector components along the vectors n and s 

change in sign after reflection while remaining component, along the groove (t), keeps its sign 

and magnitude. Making an analogy with the reflection law in a conventional reflector with a 

normal vector n:   2( )r i iv v n v n , only the component of the ray vector in the n direction 

changes its sign. The two remaining components keep their original sign and magnitude. 

If consider that t is the unit tangent vector along the groove, we have an orthogonal 

system formed by the vectors n, s and t (       0s t n t s n ). If we consider that we may write: 

     ( ) ( ) ( )i i i iv n v n s v s t v t , then the Eq. (4.4.2) may be written as: 

   2( )r i iv v t v t  (4.4.3) 
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In Eq. (4.4.3) we see that vector i rv v  is parallel to t, and this is the condition we use 

in calculation of the groove guiding lines whose initial point belongs to the previously calculated 

SMS back mirror surface. 

Once we have calculated groove guiding lines, we are constructing 90° V-grooves on 

the surface. The design procedure does not ensure that the rays that impinge on the grooved 

surface will undergo two TIRs at the grooved reflector. After the surface has been calculated 

this condition should be checked, so most likely scenario is that some points of the grooved 

surface will fulfill the condition and others will not. 

The condition that should be fulfilled for an incident ray (p, q, r) to undergo TIR at each 

of two sides of the groove is that the angle with normal vectors at the points of reflection be 

greater than the critical angle c. As direction cosines fulfill   2 2 2 2p q r n , the (p,q) 

components should be inside the circle  2 2 2p q n . Figure 4.4.14 represents in white the (p, q) 

components of rays that fulfill the TIR condition on both sides of the flat 90° groove.  

 

 

Figure 4.4.14 (Left) Linear groove reflector. (Right) Phase space representation of rays fulfilling TIR condition at each 
side of V-groove. Limits between two areas are schematic and approximate. 

 
The shaded part represents values for (p, q) for which two TIR reflections at each 

groove side don’t occur. For p=0 (rays contained in planes normal to the groove guiding line) 

the range of values for q is the narrowest: q component should be inside the region ±{(n2-1)½-

1}/2½. This implies that n must be greater than 2½=1.414 for a non-null range of q (tangential 

rays, when p=0) meanwhile for sagittal rays (p≠0) two total internal reflections are achieved in 

wider range of q [11][34]. Groove edge rounding and surface roughness add to losses in 

practical device. We may say that TIR grooves are best used for ray deflections from 90° (when 

a single TIR comes close to the critical angle) to 180°, and for small cone angles impinging on 

them. 
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Size of the grooves’ cross section edges changes (the orthogonal system formed by the 

vectors t, n and s changes along the edge line) and for the aperture size of XX design shown in 

Figure 4.4.7 the size of grooves in Figure 4.4.15 vary from 0.3mm to 1mm. We may notice that 

groove edge line propagation direction is very close to parallel to the x-axis in optically active 

area of the back mirror illustrated in Figure 4.4.15. 

 

 
Figure 4.4.15 Detail of grooves on one fold of the XX 8-fold free-form design with grooves. 

 
Shift between the primary and secondary mirrors (Figure 4.4.16) in free-form XX device 

causes guiding lines of the grooves to be no longer contained in radial planes passing through 

the optical z-axis, as occurred in rotational case [9]. Guiding lines in the free-form design are 

rather contained in parallel planes (Figure 4.4.15, Figure 4.4.16), and this feature has a strong 

impact on the far field light intensity pattern. Each fold will generate an image of the source in 

the far field: the rotational sweep of the rotational designs is transformed into rotoreflection of 

degree 2N (angle of rotation: 180°/N), so we have N far field images in the 2N-fold free-form 

designs.  
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Figure 4.4.16 Illustration of the groove guiding lines geometry (orange color: POE front mirror, turquoise: SOE back 

mirror). 

 
There is a correspondence between points that belong to one fold of the front mirror 

(POE) and points of its back mirror pair (SOE) shown in Eq.(4.4.4) and illustrated in Figure 

4.4.16. 
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 (4.4.4) 

If there is one known pair of points on POE and SOE (for instance, P0 and S0, 

respectively, where light is sent from the P0 to S0), we can deduce the geometry of rest of 

groove guiding lines by calculating the distance a, i.e. the coordinates of the center of an arc 

where all projected groove guiding lines intersect (Figure 4.4.16). Parameter m is used in the 

calculation of the distance a (Figure 4.4.16, Eq.(4.4.5) and Eq.(4.4.6)). 

  a F b m ,  (4.4.5) 

   
 

1

1

m ba
a a b m

 (4.4.6) 

By simple proportion shown in Eq. (4.4.6) we calculate the distance a, i.e. the 

coordinates of the point where all projected groove guiding lines meet. By choosing one point 

on POE (P (xP,yP)), we can calculate its corresponding initial point of the groove on the SOE 

(Eq. (4.4.4)) by knowing A(-a,0). In case of rotationally symmetric RXI, a=0 (Figure 4.4.18 

(Left)).  

Figure 4.4.17 illustrates the behavior of the free-form V-grooved collimator. We consider 

that directions of the groove guiding lines projections for each 2 folds (illustrated in pairs in 

Figure 4.4.17) are situated in closely parallel planes. The phase space transformations 

produced by linear reflector that we take into account for this illustration are shown in Figure 

4.4.11 (Right) (page 206).  
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Figure 4.4.17 Illustration of the far field image generation of the point source placed off-axis inside the free-form 8-fold 
V-groove collimator. (Bottom) Phase space transformations made in case of illuminated two folds with parallel projected 
directions of groove guiding lines. Light red point: image of the point source produced by the smooth reflector. Red 
point: image of the point source produced by the free-form grooved surface. 

 
We saw that in case of linear groove with its linear axis parallel to the x-axis, an incident 

ray with direction cosines (p,q,r) reflects at each of the two sides of the reflector, and ends up 

with direction cosines (p,-q,-r), i.e. its components in the y and z axis are reflected back. In our 

configuration each 2 folds generate one rotoreflected far field image of the point source placed 

off-axis. Hence, the algorithm shown in this figure is inherited from the linear reflector behavior 

(as alleged above, xy-projections of groove guiding lines of each two folds placed one in front of 

the other are almost parallel and phase space component along this direction doesn’t change) 

(Figure 4.4.17).  

Final far field image obtained by free-form 8-fold V-groove collimator is shown in Figure 

4.4.8 (Right) (page 204) next to the far field image of the SMS3D XX free-form collimator with 

smooth back mirror (i.e. without grooves). Its creation is illustrated step by step in Figure 4.4.17.  

As previously indicated, far field intensity pattern of the off-axis point source in free-form 

collimator is formed by making mirror images along the propagation direction of the groove 

guiding lines of the far field image created by flat reflector. For a rotationally symmetric V-groove 

collimator guiding lines projected on xy-plane are radial, they intersect at point Oh(0,0), so point 

A marked in Figure 4.4.16 is placed at Oh(0,0). Hence, for illuminated fictitious two folds of the 

rotationally symmetric grooved collimator, the far field intensity pattern of an off-axis point 

source will be an arc of circumference π/2 represented in Figure 4.4.18 (a). When entire 
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rotationally symmetric grooved collimator is illuminated, far field pattern is a circle (Nπ/2=2π). In 

case of radial grooves for a point source placed off-axis, the projected far field through any pin-

hole at the exit aperture has a ring-like shape (centred in case of an aplanatic design).  

 

 

Figure 4.4.18 Illustration of the far field pattern obtained by 8-fold V-groove collimators. Phase space representations of 

the far field produced by an off-axis point source placed inside V-groove collimators. Far field image is formed by mirror 

images of the far field image of point source in flat reflector around the groove axis direction. Shown two illuminated 

folds of the 8-fold design whose groove axis directions coincide; Light red point: far field image of the point source 

placed off-axis in flat reflector. Red arc and red point: illustrated far field intensity pattern for the V-groove collimator.  

(a) Rotationally symmetric V-groove collimator: illuminated 2 fictitious folds occupying π/4 each and far field pattern is 
an arc of π/2; 

(b) One fold of 8-fold V-groove collimator is shown for clarity reasons in continuation (actually 2 folds form the pattern of 

this type). It is shown an example of V-groove collimator with a≠0 and a≠∞. Illustrated intensity pattern produced in the 

far field: an arc of circumference 2  for the fold whose groove axis directions occupy angularly; 

(c) Illustration of our case (a→∞): near parallel groove guiding lines of each fold form in the far field a rotoreflected 

image of the point source image formed by flat reflector.  

 
 

Figure 4.4.18 (b) illustrates the case when groove guiding lines projection on xy-plane is 

between the radial and parallel (|a|~|b|, Figure 4.4.16). Far field intensity pattern for the point 

source placed off-axis is an arc. Figure 4.4.18 (b) shows one fold whose groove guiding lines 

form a maximum angle θ, and its far field image in form of an arc of the circumference 2θ (target 

phase space). For the 8-fold (2N-fold) collimator, through any pin-hole at the exit aperture 4 (N) 

arcs are projected in the far field. 
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As already indicated, in our designs, groove guiding lines that belong to one fold are 

nearly parallel, so the condition a>>b (Figure 4.4.16) is fulfilled. Hence, the far field pattern of 

the off-axis point source is a rotoreflected image of the source image formed by flat reflector 

around the direction of the corresponding groove guiding lines. For one fold, through any pin-

hole at the exit aperture, the far field image of the point source placed off-axis is nearly a point 

(Figure 4.4.8 (Right), page 204, and illustrated in Figure 4.4.18 (c)). For 2N-fold design, through 

we have N point source images. 

 

4.4.1.3.  Results of ray trace analysis 

In this subsection results of the ray trace analysis of the free-form 8-fold V-groove XX 

solid device are shown. This device is made of PMMI, n~1.51. The analysis is done in Light 

Tools® commercial software [34]. In this subsection it is used as a source one red LED whose 

size is 1x1 in arbitrary units placed off-axis: its center is placed at (x, y, z)= (0.6,0.6,0). This LED 

emulates a part of the RGGB package where only red LED is turned on. It is modeled as a 

perfect Lambertian source.  

Figure 4.4.19 (Left) shows a true color far field intensity pattern for red LED placed 

inside the 8-fold XX solid free-form device with both optical surfaces being smooth mirrors 

(device without grooves). In Figure 4.4.19 (Middle) red LED is placed inside the 8-fold XX solid 

free-form device with grooved secondary back mirror surface. Far field pattern of the red LED 

placed inside the 8-fold XX solid free-form device with grooves placed on both primary and 

secondary surface is shown in Figure 4.4.19 (Right). Conventional XX design without grooves is 

performing very well image forming for bigger LEDs, so we can confirm that our design works 

well for extended sources (far from the point source approximation).  

 

 

Figure 4.4.19 The LightTools® [35] ray trace analysis of collimators. True color far field intensity pattern for different XX 
design configurations: (Left) without grooves, (Middle) with grooves on the secondary mirror, (Right) with grooves on 
both primary and secondary mirror. The two horizontal axes are angular coordinates of the direction in degrees and 
centered at the direction normal at XX.  

XX design 
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Resulting intensity pattern shown in Figure 4.4.19 (Middle) is the original red chip image 

being multiplied and mirrored around 4 different axes in the case of XX 8-fold V-grooved 

collimator. Figure 4.4.19 (Right) demonstrates that, in a solid XX collimator with grooves on both 

front and back mirror surfaces, the rotation effect on both grooved elements is canceling the 

effect of changing the sign of q-coordinate in the phase space by performing it twice. 

Consequently, we obtain once again one original image of the red LED in the far field.  

 

4.4.1.4.  Color mixing property. Results of ray trace analysis 

The goal of free-form V-groove collimators design described herein was the 

improvement of the color mixing property of existing collimators, so we will examine this feature 

of the XX device first. For demonstrating color mixing properties of free-form V-groove designs, 

we use RGGB LEDs whose spatial distribution, size and optical properties are similar to the 

conventional RGB LEDs. The LEDs are modeled as perfect Lambertian sources emitting in 

different wavelengths. We add a Gaussian scattering (σ=2deg) on the plane exit surface in case 

of XX solid free-form V-groove design. Additional faceting or diffusion is rather common practice 

in collimators for beam shaping and improved mixing. 

Figure 4.4.20 represents the far field intensity pattern of our free-form XX V-groove 

design. By increasing the parameter σ of the Gaussian scattering of the exit plane surface we 

can obtain far field image of more circular shape, or vice versa, if we want squarer image for 

some applications, σ should be decreased. This XX free-form design with grooves has full-width 

half-maximum (FWHM) angle of 4.5°. 

 

 

Figure 4.4.20 The LightTools® [35] ray trace analysis of collimators.  True color far field intensity pattern of the RGGB 
LED source placed inside the XX solid V-groove collimator +2deg Gaussian diffuser (Left) 15x15deg, (Right) 10x10deg 
far field intensity pattern. 

XX design 
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As already shown in Figure 4.2.7 (page 196), the conventional RXI designs perform 

good image forming of the source. Consequently, in the far-field we have replicas of the source 

image. We have made a comparison of the true color far field pattern for the conventional RXI 

(Figure 4.4.21 (Left)), our XX free-form V-groove design without scattering on the front surface 

in Figure 4.4.21 (Middle) and our XX free-form V-groove design with 2deg Gaussian scattering 

on the front surface (Figure 4.4.21 (Right)). Apparently, color mixing obtained in our collimator is 

excellent. 

 

 
Figure 4.4.21  The LightTools® [35] ray trace analysis of collimators. Color mixing property of the conventional RXI 
(Left), 8-fold XX solid free-form V-groove collimator (Middle) and 8-fold XX solid free-form V-groove collimator+2 deg 
Gaussian diffuser (Right), true color far field pattern.  

 

4.4.2.  RXI free-form collimator optical design 

Design procedure and properties of the RXI nonimaging device are already described in 

Chapter 2, Section 2.4. It is a compact and high efficient optical device that can be implemented 

as a single dielectric piece without the metallization. Like the XX collimator, the RXI collimator 

has also two optical surfaces to be designed but its front surface is used twice, so the SMS3D 

design procedure of the RXI is different. 

Figure 4.3.2 (page 197) shows a cross-section of the air-gap RXIR (Refraction refleXion 

Internal reflection Refraction) device that is of our interest in this chapter and that has three 

optical surfaces: aperture (both refracting surface (R) and totally internally reflecting surface (I)), 

back reflector (X) and a dome (R) (proposed by Muñoz and Benítez [36]). 

The classical RXI design presented for CPV applications in Chapter 2 has an exit plane 

at the solar cell (in illumination it would be an entrance plane for the LED light). In that case LED 

should be glued to the RXI device with a silicone in order to avoid the air gap between them. 

This makes that device less practical and quite more complicated for manufacturing. The RXIR 

device may be classified as an RXI device (even though used as a source collimator it is more 

correct to name it an RIXR or IXR device by reversing the order of the optical surfaces). When 

used as a collimator element, the source (LED) is placed inside the dome (cavity). The light 

emitted by the source is refracted at the dome surface (R) and sent towards the aperture where 
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the light is reflected (I) (TIR for all the points of the aperture except for the points of an inner 

circle where the impinging angle on the aperture is too steep for TIR). In general, this circle is 

covered by a metal layer (e.g. aluminum or silver) to get a metallic reflector. The light reflected 

by the front surface is sent towards the back reflector (X) where it is reflected again and sent to 

the front surface where it is refracted (R) and where it exits the RXI.  

If properly designed all three optical surfaces, the device can result in an excellent 

collimator (a high collimation from a wide spreading source such as LED) and in very compact 

device. A drawback that can be patched to these devices is the additional cost introduced by 

metal coatings on surfaces. Specular reflection on these surfaces can be substituted by a 

grooved reflector working by TIR allowing metallization process to be eliminated [34][11]. 

The existence of a dome in RXIR brings some benefits. Grooved reflector on the back 

RXI surface does not contain any point on the axis. This is an advantage because the density of 

the grooves would theoretically increase to infinity when approaching the axis. So, the losses 

due to rounding of the corners of the grooves would also increase towards the axis. However, 

this advantage is not present for the small central area of the first surface which extends to the 

axis. Hence, it is preferred to design an RXI without the need of the inner circle reflectors. 

This can be achieved either by prescribing the dome with a cusp such that almost all 

light coming from the dome refracts away from the center of the front surface at angles at which 

it satisfies TIR conditions on it and then to design the front and back surfaces (Figure 4.4.1 

(Right)), or by replacing the inner mirror with a lens (Figure 4.2.6 (Right))) [9]. In case of inner 

mirror replacement by a lens the collimation is not as good as in the previous RXI device, but 

this is not necessarily a disadvantage for some applications. In the air-gap RXI V-groove 

collimator presented here, the prescribed cavity with a cusp is used. Front metallization is 

reduced due to the prescribed cavity shape and due to the final lens shape. Back reflector 

surface is replaced by a grooved reflector. 

We have chosen 8-fold design from the same reason explained in Section 4.4.1. Figure 

4.4.3 (page 199) shows a 3D view of the RXI free-form collimator with grooves on the back 

surface. 

 

4.4.2.1.  SMS3D calculation 

Detailed SMS3D RXI design procedure [16][17] is described in Chapter 2, Section 2.6.1, 

where RXI device is described as the solar concentrator and solar cell is glued to the RXI SOE. 

Herein we have the inverse problem, so the source takes place of the receiver and the goal is to 

produce certain distribution of radiation on the target. We design a free-form RXI with SMS3D 

method, and the design procedure is similar to the solar RXI design procedure. We are going to 

emphasize some differences when compare to the previous design, and set the initial conditions 

for the collimator design. We need to define a light source (e.g. LED), the angle of collimation β 

and collimator’s material like in case of the XX collimator. The LED is considered as a perfect 
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Lambertian source. We have chosen polycarbonate (PC) for the collimator’s material. As we 

already saw in Chapter 2, the SMS3D method allows designing two free-forms to control very 

well extended sources via three wavefronts. 

We define the input and output edge-ray bundles to be coupled. Two pairs of input and 

output wave fronts are going to be coupled in order to calculate two free-form surfaces, where 

one of them passes through one prescribed curve and it may be consistent with normal vectors 

of this curve (seed rib). In our RXI designs, normal vectors at the points of the SMS curve are 

close to the normal vectors of the SMS surface, so we achieve to partially couple third pair of 

wavefronts (due to wavefront selection already described in Chapter 2, Subsection 2.4.1.). 

Since the LED is considered as a perfect Lambertian source, the set of the edge rays of the 

input bundle is defined by the rays coming from the extreme LED points (Subsection 4.4.1.1. ).  

The only difference regarding previous RXI design done for solar applications is the 

existence of the air-filled cavity surrounding the LED chip. Design procedure for this collimator 

starts with prescribing the cavity surface and defining a point P together with its normal vector 

(nP). Point P is placed on the front RI surface and it is a starting point of the SMS2D procedure 

(Figure 4.4.22). The normal vector at this point should be chosen with care: rays reflected off 

the front surface should not strike the cavity before reaching the back mirror surface but they 

should pass close enough in order to illuminate sufficiently big area of the back mirror and 

conserve étendue along the system. The seed rib is calculated with the SMS2D method for two 

pairs of input and output normal congruencies (WF1i/WF1o and WF3i/WF3o). The WF1o is the 

spherical output wavefront (point source) originated at bottom corner L-(-x0, -y0, 0) and WF3o its 

counterpart on upper corner of the chip L+ (-x0, y0, 0). Rays of the input plane wavefronts WF1i 

and WF3i that arise from the strip P0Q0 make an angle ±β/2 with the z-optical axis (Figure 

4.4.22). 

 

 
Figure 4.4.22 Definition of the normal congruencies used in the 2D calculation of the “seed” curve of the RIXR device 
together with the starting point of the SMS2D design.  

WF1i WF3i 

WF3o WF1o 
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Constant optical path length (OPL) condition is imposed. As illustrated in Figure 4.4.22 

calculation of the “seed” curve starts with the ray belonging to one point source placed at LED 

extreme point that is refracted through the cavity, then reflected on the known point P of the RI 

surface and with the condition of constant OPL one point of the back mirror is calculated. With 

SMS2D procedure seed rib calculation continues by calculating point by point simultaneously.   

For defining behavior of the device in a perpendicular direction, we continue with the 

design procedure like in RXI design described in Chapter 2. We will use one of the previous 

pairs of normal congruencies (WF1i/WF1o) and define one new pair of normal congruencies 

(WF2i/WF2o) in a direction perpendicular to the “seed” curve. The OPL is previously calculated 

and fixed, so we may proceed with the SMS3D calculation.  

For the RXI calculation, the iteration procedure described in Chapter 2, Section 2.4.1, is 

used. As we iterate around the “seed” curve that is contained in the front RI surface, for the 

initial front refractive surface (R0) is chosen a surface obtained by extruding the “seed” curve in 

the xz-direction. We are considering the RXI device a three surface device during the 3D 

calculation. The SMS3D design proceeds with calculation of the SMS points that may be 

organized in chains perpendicular to the “seed” curve. These SMS chains are perfectly coupling 

normal congruence WF1i and WF2i with WF1o and WF2o, respectively, while maintaining the 

OPL constant. Once points are calculated, the resulting ribs are interpolated by means of Non-

Uniform Rational B-Spline (NURBS) surfaces that can be further analyzed through ray tracing. 

The TIR of the rays coming from the cavity to the front surface is checked. When vary the 

normal vector of the starting point P (Figure 4.4.22) we change the shape of the lens, so we 

directly influence TIR. For instance, if the y-component of the normal vector in P increases, lens 

becomes more oblique and there are more rays fulfilling the TIR condition so smaller front area 

needs to be metallized. After having one Köhler array unit designed, our final design is made by 

making 8 mirror images until the 360° solid is closed.  

 

4.4.2.2.  Grooved surface calculation 

Once designed air-filled RXI (or more precisely RIXR), next step is substituting the back 

mirrored surface by a properly calculated grooved reflector. Since the dome surface together 

with the front surface are known, we are able to calculate wavefronts that reach the mirrored 

surface and are reflected on it (like in Subsection 4.4.1.2). Spherical wavefront centred in origin 

O(0,0,0) is coupled with the normal incidence plane wavefront and groove guiding line is 

calculated as generalized Cartesian oval. 

We denote as a WF’in  a wavefront obtained by refraction of the spherical wavefront 

placed in the centre of the LED chip at the entrance dome surface and reflection (TIR) at the 

front RI surface, and wavefront WF’out the one obtained by refraction of the normal incidence 

plane wavefront (rays parallel to the optical axis (β=0)) at the front RI surface. Then, groove 
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guiding lines of the V-groove back reflector are constructed by coupling these two wavefronts 

using the same procedure explained in the previous Subsection 4.4.1.2. , page 205. Design 

procedure is illustrated in Figure 4.4.23.  

 

 

Figure 4.4.23 Scheme of the groove edge line calculation. WF’in is obtained by refraction at the dome of the spherical 
wavefront placed in the center of the LED package and TIR at the front RI surface; WF’out is obtained by refracting the 
output normal incidence plane wavefront at the front RI surface. Groove edge line is calculated as generalized Cartesian 
oval by coupling these two wavefronts. 

 
Once more, a flat V-groove approximation is used [10]. As indicated in Subsection 

4.4.1.2. , a flat groove has a free-form edge-line, but its cross section (the plane perpendicular 

to the edge-line) has a V-shape with a merely 90° corner.  

Ultimately, the free-form RXI V-groove collimator has been calculated. As shown in the 

Figure 4.4.23 a ray emerging from a light source (LED) refracts first at the dome surface, then it 

suffers TIR at the front surface and it reaches the back surface. Now, on the back surface the 

ray is reflected twice by TIR at each groove side, and it is redirected once more towards the 

front surface where it is refracted. Looking at the ray path from the source (in this case a LED), 

each ray suffers five deflections: a refraction, three total internal reflections (or some rays will 

suffer one metallic reflection and two TIRs), and again refraction. Thus, regarding the SMS 

standard nomenclature, this design can be named SMS RI3R free-form collimator. Hence, one 

fold of the multi-fold RXI free-form design is calculated. Subsection 4.4.1.2 describes with detail 

the multi-fold XX and RXI devices creation. 

 

4.4.2.3.  Results of ray trace analysis 

The analysis of the free-form multi-fold V-groove RXI collimator is done by performing 

ray trace simulations with the LightTools® commercial software [34]. The emitter size is 1x1 in 

arbitrary units, and the aperture diameter is 29 in these units. We show the intensity pattern 

when the emitter is placed off-axis so its centre is at (x,y,z)=(0.6,0.6,0.0). The vertical axis is the 

OO((00,,00))  
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intensity in candles per lumen emitted by the emitter. The two horizontal axes are angular 

coordinates of the direction normal to the RXI.  

 

 

Figure 4.4.24 The LightTools® [35] ray trace analysis of collimators. True color far field intensity pattern for the RXI free-
form collimator: (Left) without grooves, (Right) with grooves on back surface. The two horizontal axes are angular 
coordinates of the direction in degrees and centered at the direction normal at RXI. 

 
In case of the RXI collimator, the lower quality of image forming in case of extended 

light sources is noticed, as saw on the example of the RGGB package when only red LED is on 

(Figure 4.4.24). 

 

4.4.2.4.  Color mixing property. Results of ray trace analysis. 

Ray trace analysis of the RXI free-form design with V-grooves is performed using the 

RGGB package described in Subsection 4.4.1.4. We add Gaussian scattering (σ=2deg) on the 

front RI surface. Gaussian scattering applied on the front surface is equivalent to the use of the 

faceted dome surrounding the RGGB. As already said, this is a common procedure in 

commercial collimators for beam shaping and improved mixing [3].  

The true color far field intensity pattern of the 8-fold V-groove RXI free-form design is 

shown in Figure 4.4.25. High uniformity in the 10ºx10º pattern can be appreciated. The light with 

relative luminance values above 10% (normalized to the maximum value) is concentrated there. 

Analyzing a bit wider light pattern, inside the 15ºx15º angular range, for instance, we may notice 

some angular non-uniformities.  

 

 

RXI design 
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Figure 4.4.25 The LightTools® [35] ray trace analysis of collimators.  Free-form multi-fold V-groove RXI true color far 
field intensity pattern for two different solid angle values. (Left) Inside 10ºx10º square; (Right) Inside 15ºx15º square. We 
may notice a presence of angular nonuniformities.  

 
These non-uniformities are the consequence of not perfect image forming in the RXI 

device, as well as of the behavior of some rays that do not suffer TIR on both sides of the V-

groove. We could expect this as we are approximating free-form grooves by flat V-grooves. 

Further analysis of the color mixing quality of the overall intensity pattern evidences the 

importance of these non-uniformities. The full-width half-maximum (FWHM) angle of this device 

is 4.6°. Most of the power has reached the far field receiver within the 10°x10° square (Figure 

4.4.25). Simulated efficiency is about 81.8%. It can be improved to reach up to 85.0% by 

redesigning the outer part of the grooved device where ~3-5% of rays are lost.  

Far field pattern these collimators produce may be used to homogenize the irradiance 

pattern on the receiver (solar cell in solar applications) when RXI is used as concentrator 

instead of collimator. As described in Chapter 2, the conventional RXI creates a hot spot on the 

solar cell, so utilization of either Köhler integrator arrays described previously or a grooved 

reflector described herein can make the irradiance on the solar cell more uniform without 

significant degrading the acceptance angle or the efficiency. 

 

4.4.3.  Color consistency analysis (color difference) 

We perform two types of analysis of the color consistency of the far field true color 

intensity pattern produced by both XX and RXI. These two types of analysis correspond to the 

criteria used in commercial lighting companies for evaluating the acceptable color difference in 

color mixing systems. 

 

 

RXI design 
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4.4.3.1.  First criterion (du'v' analysis) 

One of the criteria is that the color difference value (du'v') should be less than 0.006 

measured on the part of the light pattern where the relative luminance values are above 10% of 

the maximum luminance value.  

Free-form XX V-groove design du'v' fulfills this criterion (Figure 4.4.26 and Figure 

4.4.27). Mean value of color difference (inside the range where relative luminance is higher than 

10% of maximum value) is du’v’avr=0.0024. The true color far filed intensity pattern is shown in 

Figure 4.4.26 (Left). In Figure 4.4.26 (Right) du’v’ values are displayed over the entire area of 

the pattern where relative luminance exceeds 10% of the maximum value. 

 

 

Figure 4.4.26 Free-form multi-fold V-groove XX: (Left) True color far field intensity pattern; (Right) Color difference 
diagram (du’v’) over the entire area of the pattern where relative luminance exceeds 10% of the maximum value. In 
yellow are indicated 4 different intersections of the far field pattern used to emphasize du’v’ values in the pattern. 

 
Figure 4.4.27 highlights du’v’ values over four different sections (0º, 45º, 90º and 135º) 

marked in yellow in Figure 4.4.26 (Right), together with their average value and with the relative 

luminance distribution. 

 

dduu’’vv’’  
0° 

90° 

45° 

135° 

XX design 
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Figure 4.4.27 Free-form multi-fold V-groove XX: Color distribution analysis du’v’ analyzed in 4 different sections of the 
true color intensity pattern together with the relative luminance diagram for the XX free-form collimator. 

 
In case of the free-form multifold RXI with V-grooves, the same criterion was applied as 

well. Obtained results are shown in Figure 4.4.28 and Figure 4.4.29.  

 

 

Figure 4.4.28 Free-form multi-fold V-groove RXI: (Left) True color far field intensity pattern; (Right) Color difference 
diagram (du’v’) over the entire area of the pattern where relative luminance exceeds 10% of the maximum value. In 
yellow are indicated 4 different intersections of the far field pattern used to emphasize du’v’ values in the pattern. 

 

The true color far filed intensity pattern is shown in Figure 4.4.28 (Left). Figure 4.4.28 

(Right) shows du’v’ values over the entire area of the pattern where relative luminance exceeds 

10% of the maximum value. Figure 4.4.29 shows du’v’ values for 0°, 45°, 90° and 135° sections 

of the far field pattern (where relative luminance is higher than 10% of maximum value) together 

with the relative luminance of the RXI V-groove collimator.  

RXI design 

XX design 
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Figure 4.4.29 Free-form multi-fold V-groove RXI: Color distribution analysis du’v’ analyzed in 4 different 
sections of the true color intensity pattern together with the relative luminance diagram. 

 

Regarding this criteria, we may conclude that almost all sections but one meet the 

criteria in case of the RXI. The average value is below 0.006, so the color mixing feature is 

sufficiently good for certain applications, even though for more strict applications the system is 

not performing sufficiently good as there is one section of the pattern where du’v’ exceeds 

marked limit of 0.006. 

 
4.4.3.2.  Second criterion (du'v'w analysis) 

Second criterion evaluates the weighted color difference (du’v’w) where color difference 

is weighted by the normalized luminance in order to give less importance to the color difference 

in periphery of the light pattern. This type of analysis demands removal of the noise in ray 

tracing results (by removing values that correspond to the values of the normalized luminance 

below 5% of the maximum relative luminance value). Most likely values of du’v’w should be 

below 0.002, and acceptable values are under 0.004. 

Regarding color mixing quality of the free-form XX V-groove collimator, we may say that 

this second criterion is successfully met as well. As shown below, weighted color difference is 

far below 0.002 (Figure 4.4.30 and Figure 4.4.31). Regarding this second criterion the XX 

system has excellent color mixing performance. 

 

RXI design 
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Figure 4.4.30 Free-form multi-fold V-groove XX: True color intensity pattern together with the du’v’w distribution over the 
entire area of the pattern where relative luminance exceeds 10% of the maximum value. In yellow are indicated 4 
different intersections of the far field pattern used to emphasize du’v’ values in the pattern. 

 

 
Figure 4.4.31 Free-form multi-fold V-groove XX: Color distribution analysis du’v’w analyzed in 4 different 

sections of the true color intensity pattern together with the relative luminance diagram. 

 
The color mixing quality of the free-form RXI V-groove collimator is successfully meeting 

second criterion. As shown above, weighted color difference is below 0.002 in all but one 

section and in this worst case reaches values near 0.002 (Figure 4.4.32 and Figure 4.4.33). 

Concluding, both systems have excellent color mixing performance regarding second criterion. 
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Figure 4.4.32 Free-form multi-fold V-groove RXI: True color intensity pattern together with the du’v’w distribution over the 
entire area of the pattern where relative luminance exceeds 10% of the maximum value. In yellow are indicated 4 
different intersections of the far field pattern used to emphasize du’v’ values in the pattern. 

 

 

Figure 4.4.33 Free-form multi-fold V-groove RXI: Color distribution analysis du’v’w analyzed in 4 different 
sections of the true color intensity pattern together with the relative luminance diagram. 

 

In absence of the definitive criteria relating human vision system with the illumination 

pattern produced by the color mixing devices, and due to the impossibility to establish one 

number to quantify it, many authors suggest that subjective feeling of the observer is of great 

importance. 

 

RXI design 

RXI design 
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4.4.4.  Manufacturability of free-form RXI 

In order to demonstrate the free-form SMS3D RXI optical surfaces manufacturability, 

Figure 4.4.34 shows first release of SMS3D RXI automotive headlamps [37] whose design is 

Köhler design described in Chapter 2, Section 2.2.  

 

 

Figure 4.4.34 Free-form RXI SMS3D optical devices manufactured by Acura (Jewel Eye™ LED headlamps of 
the 2014 Acura RLX) 

 

Illumination (nonimaging optics) benefits more from advances in free-form tooling as it 

has less stringent requirements (on surface accuracy and finishing) in comparison with imaging 

optics. For dielectric grooved reflectors lower price is achieved due to possibility of massive 

production using injection molding machines.  

 

4.5 Conclusions 

Light collimation together with the color mixing is a challenging task, and it can be 

classified as both bundle coupling and prescribed illuminance nonimaging problem. Color 

blending is hard when collimator aperture is restricted (étendue limited). Grooved SMS3D free-

form multi-fold devices provide a new solution. The SMS3D method allows designing two free-

forms to control very well extended sources. We have presented two SMS3D free-form multi-

fold V-grooved devices that perform very good color mixing. One of them, free-form XX V-

groove, is presented as the proof-of-concept and the second one, free-form RXI V-groove, as 

compact and high efficient device comparable with the state-of-the-art collimators. 

Analysis done by ray trace software [35] demonstrates excellent quality of the far field 

intensity pattern obtained with color mixing feature of these designs. Figure 4.5.1 shows an 
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outlook of the far field intensity patterns for the conventional RXI that performs good image 

formation in the far field, rotationally symmetric metal-less V-groove RXI and freefrom V-groove 

RXI collimator. In comparison with the rotationally symmetric metal-less V-groove RXI, our 

design shows superior color mixing property. It enhances the device's blending capabilities by 

adding aplanatic features to its symmetric counterpart with no loss in efficiency (shown an 

example of the RGGB source package in Figure 4.5.1).  

 

 

Figure 4.5.1 Comparison of true color far field intensity pattern of (Left) the conventional metallized RXI; (Middle) 
Rotationally symmetric metal-less V-groove RXI; (Right) Free-form metal-less V-groove collimator with 2deg Gaussian 
scattering on the front surface. It enhances the device's blending capabilities by adding aplanatic features to its 
symmetric counterpart with no loss in efficiency.  

 

Ref. [39] indicates that the tolerance range in CCT of ±60K and Duv of ±0.001 is 

adequate for all possible lighting applications (it corresponds approximately to an area of 2x 

SDCM ellipse, Chapter 1, Subsection 1.5.4) meanwhile a range of ±100K and Duv of ±0.002 

corresponds to approximately 4x SDCM ellipse and limits the applications due to color 

consistency errors for illuminating a visually complex, multicolored scene.   

Our color mixing devices perform sufficiently well for this second type of applications. 

According to both criteria used at present in commercial lighting companies, color mixing 

collimators described herein show quite good color mixing features. Obtained average color 

difference (du’v’) is below 0.006 in almost all illuminated area, and the weighted color difference 

(du’v’w) is below or close 0.002 (permitted up to 0.004). 

As mentioned, the importance of good light mixing may have numerous benefits like 

simplifying luminaire optical design, avoiding die binning, and finally it may dramatically simplify 

dimming or color tuning electronics. In case that a good optical light mixer is used, simply 

switching off some of the dies in the array can achieve these two functions without affecting the 

emission pattern. Accordingly, optical light mixing may reduce cost by avoiding pulse-width 

modulation and other patented electronic solutions for dimming and color tuning.  

Further improvements in light mixing property of these devices are being investigated. 

Main goal is to increase the average radiance of the mixed light while keeping a high mixing 
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quality (resembling to illumination patterns shown in Figure 4.4.20 (page 215) and in Figure 

4.5.1 (Right)), and, in order to keep the cost of optics low, avoiding the use of dichroic 

(interferential) mirrors.  

We can make a correspondence of the color mixing problem with the solar concentrator 

design problem. In illumination, a light source is placed inside the integration region and our 

objective is to mix the light with a determined pattern (near field or far field). In CPV we have the 

identical problem where solar angular extension is inside the acceptance angle cone of the 

optical design (analog to the integration region) and we want to use this light and illuminate the 

solar cell that is in our near field. 
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Conclusions 

The major part of this thesis is dedicated to nonimaging optical design performed with 

the Simultaneous Multiple Surface method in three-dimensions (SMS3D). Several designs were 

generated in order to illustrate the numerous advantages of the SMS method which is at present 

the most powerful direct design method for free-form surfaces. At the moment, concentrating 

photovoltaics (CPV) and solid state lighting (SSL) are two main fields of applications of designs 

presented herein. Efficient CPV designs together with the color blending collimator design 

exemplify well both bundle coupling and prescribed irradiance nonimaging design problems.  

The absence of the restriction of symmetry in free-form surfaces allows us to design 

more efficient systems with fewer surfaces fulfilling complex beam pattern requirements. 

Two different architectures of high concentration photovoltaics (HCPV) optical designs 

have been developed and presented in Chapter 2, both with high concentration levels and with 

Köhler integration implemented between two optical components. We have used the 

bidirectional integration that can confine the output light within a rectangle of irradiance or 

intensity and to create perfectly uniform pattern on the solar cell. As mentioned in Chapter 2, 

spectral non-homogeneities of the irradiance distribution (chromatic aberrations) over the cell 

produce significant losses in the fill-factor due to local current mismatch between top and middle 

cells, mainly linked to the series resistance and lateral resistance between junctions. The 

sensitivity of modern multi-junction solar cells to the spectral dependence of the irradiance 

distribution is expected to increase in the future, when four or even more junctions are used. 

Both XXR and FRXI Köhler HCPV concentrators shown in Chapter 2 are academic 

examples of very high concentration systems (more than 2,000x meanwhile conventional 

systems nowadays have maximum 1,000x). Proposed systems are prepared for the near future 

N-junction (N>3) solar cells that will probably require higher concentrations and higher spectral 

irradiance uniformity on the cell in order to have efficient and cost-effective terrestrial CPV 

systems. Practical benefits of these concentrators with high CAP value (in case of the FRXI 

CAP=0.85) are good chromatic balance and large acceptance angles (±1º) that relax the 

tracking tolerances of the system. 
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Although surfaces including Köhler integration behave optically quite different, they can 

be manufactured with the same techniques as classical design optics (typically plastic injection 

molding or glass molding) and their production cost is essentially the same as non-free-form 

elements. Glass molded mirrored SOEs are already being used in commercial CPV products 

(Cassegrain-type systems). The reflector piece can be mechanically fixed to the dielectric body 

by gluing (or coinjecting RXI and reflector film) even though higher reflectivity may be achieved 

by a small air gap between the RXI dielectric bulk and the reflector film. Up to date, designs of 

similar complexity like FRXI are not capturing too much interest in the photovoltaic industry, 

most probably due to the expense and incertitude of its performance (mirror coatings durability, 

etc.). Simpler FK concentrator (FK: Fresnel lens with refractive secondary) from the same family 

of HCPV Kohler integrator systems has been manufactured and it showed an outstanding 

performance reflected in its high mono-module (one cell module) efficiency of 36.00%. It equals 

to the 4 cells module world record efficiency of 35.90% reported by Amonix and confirmed by 

NREL. 

The XXR Köhler concentrator reports simulated optical efficiency of 78% (including 

cover losses, whose transmission is 0.91) meanwhile the FRXI concentrators is around 82% 

efficient with the possibility of these numbers being improved in both cases (more than 2% 

absolute) if using AR coating on the SOE.  

The irradiance uniformity obtained by the FRXI concentrator is excellent, without the 

chromatic aberration typical for other Fresnel concentrators. The CAP value of the FRXI 

concentrator outperforms significantly the conventional Fresnel-based HCPV concentrators (RXI 

without front metallization: 0.73 and RXI with front metallization: 0.85). This high CAP budget 

can be inverted in other advanced features of the RXI secondary.  

The external light confinement and spectrum splitting concept may be integrated in RXI-

type secondary (Chapter 2 and Chapter 3). When leaving out one half of the Fresnel lens and 

replacing one half of the RXI SOE with the external confining cavity, we may obtain a 2-fold 

device with external recycling of the light reflected by the grid lines and semiconductor surface. 

In case of the 2-fold FRXI device with grid line density optimized for its particular concentration 

level (e.g. Cg=1,800x, =±0.7º, shadowing factor fs≈10%), relative efficiency gain of around 

10% may be achieved in comparison with the 2-fold FRXI without cavity, what is an amazing 

improvement. These results encourage higher concentration CPV designs to be developed, as 

well as utilization of integrating external confinement cavities whose potential gain increases 

with the Cg. 

Another advanced feature of the RXI-type secondary in CPV is presented in Chapter 3. 

The spectrum-splitting (SS) optical design that uses commercially available 3J and silicon (Si) 

solar cells is explored. It creates a concentrator design of unparalleled distinction and 

performance in the current CPV field. Novel high-concentration Köhler SOE concept with 

integrated dichroic flat filter for coplanar commercial 3J cell and BPC Si cells is shown, with 

expected equivalent SS receiver efficiency higher than 46.00% obtained from 39.2% 3J 
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commercial solar cells (+17% gain) and module efficiencies higher than 38.00%. Future 

efficiency over 50% could be attainable with custom designs 3J (with better Ge sub-cells) and Si 

cells (with better IR response).  

A mathematical model emulating the optical and electrical characteristics of the design 

together with the working conditions was developed. The optimum performance can be 

achieved if the filter(s) and the grid line pitch are designed to make the photocurrents of the 

middle, bottom and the exterior silicon junctions equal, while the top junction current is equal to 

the others (or slightly greater than the others to allow tolerance for variations in the short-

wavelength content of the incoming light).  

First simpler prototype (Prototype A) consisting of SS stop-band coated prism with 3J 

and Si cells showed a +8.00% efficiency gain at ~100x (9.4W/cm2), while the same prototype 

with next iteration filter (whose characteristics were closer to the theoretical one) showed a 

+10.56% efficiency gain at ~300x (24.4W/cm2). Another prototype containing the SS prism with 

recycling external confining cavity (Prototype B) marked 42.46% efficiency with 37.50% 

efficiency 3J solar cell inside, i.e. a +13.01% efficiency gain relative to the 3J cell alone. 

The obtained relative efficiency gains are very promising. For instance, with a 3J 

commercial cell of 39.2% efficiency inside the Prototype B (filter coated RXI prism with external 

confining cavity), efficiencies of 44.4% could be achieved (actual 4J solar cell record is 44.7%). 

Manufactured and characterized proof-of-concept prototypes described herein demonstrate 

feasibility of the Fresnel RXI-type secondary concentrator with spectrum splitting strategy.  

There are several practical aspects of RXI-RR design that help reducing the added 

complexity of the beam splitting systems: the filter, the SOE for the BPC Si cell (i.e. the RR) and 

the SOE for the 3J cell (i.e. the RXI) form a single piece of dielectric, which simplifies its 

mounting; both cells are located on the same plane, so the heat management and wiring is 

simplified; there are no optical surfaces in contact with the cell rim, what makes the 

encapsulation of the cells much easier and more robust, since there is no threat of light loss due 

to meniscus effects by the optical encapsulate, and they are therefore more suitable for high-

yield in mass production. 

The existing 3J cells may be used in this device, rather than requiring a specially 

designed 3J cells. With customized metal grid lines even higher efficiency boost by recycling the 

light reflected from the 3J cell surface would be accomplished (optimum case would be fs~8%, 

50W/cm2).  

The band-pass filter in the RXI-RR SOE is designed to minimize its cost and guarantee 

its performance. So, it is selected a flat filter working under concentration (>40-50x) to make its 

cost affordable. Even having dozens of layers, the filter can be manufactured cost-effectively in 

large flat plates which are diced afterwards. The manufacturability of this type of filter is proven 

in proof-of-concept prototypes (in the outdoor set-up we considered, filter works at higher 

concentration levels than it would work in the F-RXI-RR concentrator). 
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Two free-form multi-fold V-groove collimators that perform color mixing are presented in 

Chapter 4. Light collimation together with the color mixing is a challenging task. We have 

presented two SMS3D free-form multi-fold V-grooved devices that perform very good color 

mixing. One of them, free-form XX V-groove, is presented as the proof-of-concept and the 

second one, free-form RXI V-groove, as compact and high efficient device being comparable 

with commercial collimator devices. Free-form V-groove collimators enhance blending 

capabilities of no-aplanatic devices by adding aplanatic features to its symmetric counterpart 

with no loss in efficiency. 

Analysis done by ray tracing software shows excellent quality of the far field true color 

intensity pattern obtained with color mixing feature of these devices. The RXI design shows 

superior color mixing property by enhancing the device's blending capabilities when adding 

aplanatic features to its symmetric counterpart with no loss in efficiency. Figure C.1 illustrates 

the comparison of the far field image of our 8-fold free-form V-groove collimator (Figure C. 1 

(Right)) when RGB chip placed off-axis is used as the light source with the conventional RXI 

that performs good image formation in the far field (Figure C. 1 (Left)), with the rotationally 

symmetric metal-less V-groove RXI Figure C. 1 (Middle). 

 

 

Figure C. 1 Comparison of true color far field intensity pattern of (Left) the conventional metallized RXI; (Middle) 
Rotationally symmetric metal-less V-groove RXI; (Right) Free-form metal-less V-groove collimator with 2deg Gaussian 
scattering on the front surface that further enhances the device's blending capabilities by adding aplanatic features to its 
symmetric counterpart with no loss in efficiency. 

 

According to both criteria currently used in commercial lighting companies, our color 

mixing collimators show quite good color mixing feature. Its average color difference (du’v’) is 

below the 0.006 in almost all illuminated area, and the weighted color difference (du’v’w) is 

below or close to 0.002 (permitted up to 0.004). 

As mentioned, good light mixing is important not only for simplifying luminaire optical 

design but also for avoiding die binning. It dramatically simplifies dimming or color tuning 

electronics. In case that a good optical light mixer is used, simply switching off some of the dies 

in the array can achieve these two functions without affecting the emission pattern. Additionally, 
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optical light mixing may reduce the cost by avoiding pulse-width modulation and other patented 

electronic solutions for dimming and color tuning.  

Further improvements in light mixing property of these devices are being investigated. 

Main goal is to increase the average radiance of the mixed light while keeping a high mixing 

quality (like the one shown in Figure C. 1(Right) for the free-form V-groove RXI), and, in order to 

keep the cost of optics low, avoiding the use of dichroic (interferential) mirrors. The lower price 

of the dielectric grooved reflectors is achieved due to possibility of massive production using 

injection molding machines.   
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Future work and lines of investigation 

Regarding the XXR optical design presented in Chapter 2, there is another possible 

variation of the same concentrator architecture - the intermediate mirror (that is in our case 

rotationally symmetric) can be free-form, and the primary and intermediate mirrors designed 

using the SMS 3D method. Thereafter, for the secondary lens design, the input and output 

wavefront bundles may be prescribed in the way that four ray-bundles forming the cone size of 

acceptance angle at the primary mirror rim, are approximately focused on four points of the 

secondary rim of its corresponding fold in 3D geometry.   

Another possible architecture of the XXR concentrator is to make a unique solid piece 

of the intermediate and secondary element. Hence, the intermediate optical surface may not be 

a mirror but a lens with metalized back surface. Following the ray trajectory we will have an XRX 

device (both primary and secondary Köhler integrating surfaces work by reflection). One part of 

this solid secondary may work with TIR, so we may have a XRI device.  

Regarding FRXI design described in Chapter 2, another possible variation in design is 

possible by generalizing the design procedure and modifying the input wavefront bundles. 

Hence, for calculation of the RXI secondary element instead of using plane wavefronts as input 

wavefronts (and emulating large Fresnel lens f-number, i.e. very dip design), we may use 

spherical wavefronts coming from the central point and rim point of the quarter of the Fresnel 

lens, and couple them to the spherical wavefronts on corresponding rim points of the cell. In this 

way, we may adapt our RXI secondary design to Fresnel lens with lower f-numbers, leading to a 

more compact design. 

Regarding spectrum-splitting Fresnel RXI-RR (or RXI-RI2 or some similar secondary 

element architecture that contains dichroic filter), next step could be the redesign and tolerance 

analysis as the first step towards the manufacturing. Results we have obtained in the outdoor 

measurements of the proof-of-concept prototypes are more than promising. Important issues 

that make manufacturing of this design viable are proven flat dichroic filter manufacturability has 

and recycling capability of the external cavity.  
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One of the next steps can be manufacturing of the 2-fold HCPV FRXI with external 

confining cavity. The proof-of-concept CFK (Cavity Fresnel Köhler) concentrator with lower 

concentration levels (18.45W/cm2) experimentally demonstrated 4-6% relative gain in both 

short-circuit current and electrical efficiency, using commercial triple-junction solar cells (i.e. 

metal grid lines are not optimized for the particular case). As already mentioned, with the 

geometrical concentration of Cg=1,800x and acceptance angle =±0.7º, 2-fold FRXI device with 

external confining cavity may achieve relative efficiency gain of up to 10% in comparison with 

the 2-fold FRXI without the cavity. 

One important future work line regarding secondary optical elements in HCPV 

concentrators composed of free-form surfaces is the detailed study of their manufacturability 

and tolerances. Another important issue is how to arouse interest in industry for propelling this 

type of devices forward. Molding machines for this type of surfaces already exist. 

For the free-form RXI collimator next step would be its redesign (eventually, slight 

changes in prescribed cavity geometry would be sufficient) in order to have metal-less device 

that is more attractive for manufacturing. Its rotationally symmetric predecessor was 

manufactured by injection molding and performance results are quite satisfactory.  

An inviting advancement would be a design of an aplanatic free-form collimator to 

perform color blending. 

Another interesting issue is finding new applications of devices presented herein. 
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Appendix A 

Optical properties of used materials 

Optical properties of materials used in previous calculations/ray tracing analysis:  

A.1. Schott B270 glass transmittance 

Material used for the secondary lenses in Chapter 2.  

 

Figure A. 1 Transmittance T(λ) of the Schott B270 glass used for the secondary optics. 

 

A.2. Schott F2 glass transmittance 
Material used for the prism in Chapter 3 and for spectrum splitting RXI-type secondary. 

 

Figure A. 2 Transmittance T(λ) of the F2 glass used for the secondary optics. 

Schott F2 Transmittance (25mm) 

Schott B270 Transmittance (10mm) 
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A.3. Silicone encapsulant transmittance 
Material used as the encapsulant (for the 3J cell-prism and prism-cavity interfaces) in 

the Proof-Of-Concept prototypes of Chapter 3.  

 

 

Figure A. 3 Transmittance of the silicone encapsulant used in prototypes A and B. 

 

A.4. AR coating transmittance 
Uncoated glass has 4-8% reflection from the surface. By applying few layers anti-

reflective coating this can be reduced to about 1% reflection. 

 

 

Figure A. 4 Transmittance of the AR coating. 

AR coating Transmittance 

Silicone Transmittance (0.25mm) 
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A.5. Poly(methyl methacrylate) (PMMA) transmittance 

Material used for the primary Fresnel lenses in Chapter 2.  

 

 

Figure A. 5 Transmittance of the PMMA material used for Fresnel lenses in Chapter 2. 

 

A.6. Silicone-On-Glass (SOG) transmittance 
Material used for the primary Fresnel lenses in Chapter 3.  

 

 

Figure A. 6 Relative transmission curve of the typical SOG lens (used for Fresnel lens in Chapter 3) 

 

SOG Relative Transmission (5mm) 

PMMA Transmittance (5mm) 
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Appendix B  

Probability density function                                  
for a tilted flat dichroic filter  

The probability density function (pdf) that weights F() at each incident angle and makes 

an average Favg() function for the filter is calculated. It takes into account the projection of the 

circular-base ray cone entering system (Figure B. 1(Left)). The projection in the pq-plane of the 

filter is an ellipse with values for semi-axes shown in the Figure B. 1 (Right). 

 

 

Figure B. 1 (Left) Input beam at the entrance of the filter in the xyz- plane (Right) Projection of the incident ray beam in 

the pq-plane at the filter entrance. 

 

Equation shown below describe the calculation procedure illustrated in Figure B. 1: 
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From the previous Eq. (B.1) and Eq. (B.2): 

              2 2 2 2 2 2 2cos 2cos sin cos sin sin cos 0F F F F F F Fp q p  (B.3) 

This equation is illustrated in Figure B. 2. 

 

 

Figure B. 2 Phase space on the filter. 

 

Weight function ( )Fw (or probability density function) is calculated as differential of flux 

(dP) over the angular differential (dF). 
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Let’s calculate 0(F): 
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 (B.5) 

From Eq. (B.3) and Eq.(B.5): 

                 2 2 2 2 2 2 2 2cos sin 2cos sin cos sin sin cos 0F F F F F F F Fp p p  (B.6) 

After grouping coefficients, we have: 

Projected as an ellipse in 
filter’s p-q plane 
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                  2 2 2 2 2 2 2sin 2cos sin cos sin sin sin cos 0F F F F F F F Fp p  (B.7) 

This is the second grade equation for p. The positive solution is greater than 1, so it is 

discarded. We use the root p<1. We obtaine 0(F): 

  
 

 


 
 
 
 

2 2sin ( )
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F F
o F

F

p
p

  (B.7) 

Now we have all equation members expressed by F. The probability density function 

(pdf) ( )Fw  is shown in Figure B. 3 for an example where the mean angle of incidence is 

βF=25deg, and the angular spread of the lightF=5deg with respect to that mean direction. 

 

 

Figure B. 3 POC1 weight function for mean filter incident angle βF =25º and angular spread αF =5º with respect to that 
mean direction. 

 

  

Weight function 
(Probability 
density function) 

Incidence angle F(deg) 



Appendix B 

248 
 

 



249 
 

Appendix C 

Geometry of the 3J grid line profile                                 
for linear Lambertian scattering                

Model in 2D for the linear Lambertian scattering of the triple-junction grid lines is 

presented. It is valid only for the normal incidence light. Two-dimensional geometry of the 

problem is shown in Figure C. 1. 

 

 

Figure C. 1 Geometry of the problem. 

 
This problem is analyzed and solved in 2D. Final 3D model has linear symmetry so grid 

lines are obtained by extruding the 2D profile calculated here. The input light irradiance is 

marked as E(x) and reflected radiant intensity as I(), so we may write Eq.(C.1):  

  ( ) ( )E x dx I d  (C.1) 

, where  is the angle between incident and reflected light ray. For constant magnitude of the 

incident irradiance (E(x)=E0) and Lambertian intensity distribution (I(θ)=I0cos(θ)), we may write: 

  0 0 cosE dx I d  (C.2) 

After integrating the Eq.(C.2), we obtain: 

-d 

-dx 

 

x 
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   0 0 cosE dx I d  (C.3) 

  0

0

sin
I

x K
E

 (C.4) 

Integration constant K is calculated by imposing next condition: 

     ( 0) 0 0x K  (C.5) 

That corresponds to the geometry shown in Figure C. 1. If we denote c=I0/E0, then: 

  sinx c  (C.6) 

From the geometry in Figure C. 1, we may write:  

 
 tan

2

dy
dx

 (C.7) 

Using tangent half-angle formula: tan(θ/2)=sinθ/(1+cosθ), Eq.(C.7) is written as: 

 




 

   2 2

sin

1 cos 1 1

dy c x
dx c x

 (C.8) 

We integrate it and obtain desired formula for y(x) (Eq.(C.10)). 

 


 
  2 21 1

c xdy dx
c x

 (C.9) 

     2 2 2 21
(ln(1 1 ) 1 )y c x c x

c
 (C.10) 

As we want to have shading factor consistent with performed indoor measurements and 

model provided by the manufacturer, the base of our gridline will be 8μm. If we consider the 

coordinate system shown in Figure C. 1, at x=4 is a gridline cusp (θ=π/2). Hence, 

c=sin(π/2)/4=0.25. For this c value, in Figure C. 2 is shown desired gridline profile. 

 

 

Figure C. 2 Calculated 3J cell gridline profile for the normal incidence rays with Lambertian linear scattering. 
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Appendix D 

Derivation of the Abbe sine condition 

Designs whose aplanatic nature we examine in Chapter 4 are free-form SMS3D 

designs, so correct analysis of these systems should be done in 3D. As free-form lenses we 

have designed are not aplanatic (but quasi-aplanatic), we perform a 2D analysis and comment a 

3D case at the end. Regarding a traditional SMS design, it can attain substantially perfect 

imaging of a single point (stigmatic condition) and almost perfect for points near it (aplanatic 

design). This condition is obtained for a single wavelength (monochromatic design) and it is 

nearly obtained over a band of wavelengths (achromatic design). 

In 3D we would have reference input plane xy-plane and reference output plane x’y’-

plane, each perpendicular to the optical axis of the system. Without loss of generality, we define 

the optical axis so that it coincides with the z-axis at a fixed coordinate system. In 2D a light ray 

enters the system when the ray crosses the input plane at distance x from the optical axis while 

traveling in a direction p (that makes an angle  with the optical axis). Some distance further 

along, the ray crosses the output plane, at distance x’ from the optical axis and with direction p’ 

(making an angle ’) (Figure D. 1). We may switch to xp-plane and x’p’-plane for our further 

analysis. 

 

 

Figure D. 1 Coordinate system at source and target side together with the phase space coordinates on both sides. 

 
We may write: 

x' 
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' ( , )

' ( , )

x F x p
p G x p

 (D.1) 

We choose that for the point P0 (x=0,p=0), the exit plane coordinates are P0’ (x’=0,p’=0), 
so we have: 

 




(0,0) 0

(0,0) 0

F
G

 (D.2) 

 
Paraxial optics  

The polynomial expansion of both F and G functions with respect to variables x and p 

around the point P0(0,0): 

 
   

   

00 10 01

00 10 01

' ...

' ...

x a a x a p
p b b x b p

 (D.3) 

where the symbol “…” denotes the terms with order higher than 1. The First Order Optics 

neighborhood will correspond to the linear approximation in variables x and p around the point 

P0(0,0). 

From the Eq. (D.2) we have that:  00 00 0a b . Hence, we may write: 

 
    

     
    

10 01

10 01

'

'

a ax x
b bp p

 (D.4) 

where 
 
 
 

10 01

10 01

a a
b b

 is well-known ray transfer matrix, the  
 
 

A B
C D

 matrix, which represents the 

optical system between two reference planes. 

 
Small object 

For a small object (  0x ) near x=0 we do the expansion with respect to x: 

 
   

   

2

0 1 2

2

0 1 2

' ( ) ( ) ( ) ...

' ( ) ( ) ( ) ...

x a p a p x a p x

p b p b p x b p x
 (D.5) 

where the symbol “…” denotes the terms with order higher than 2. 

 
Stigmatism 

By definition, stigmatism implies that for       00 ' 0 ( ) ( ) 0x p p b p  we have: 

  1' ( ) ...p b p x  (D.6) 

Hence, for a point source we have a set of parallel rays at the exit and that is the case 

of Cartesian oval. 
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Aplanatism 

Aplanatism is by definition:  1
1( ) .b p const f . So, we may write:   

  ' ...
xp
f

 (D.7) 

In order to find the coefficients in F and G, we will apply the étendue conservation 

theorem for one parametric ray bundles [1] : 

 ' 'dx dp dxdp  (D.8) 

We have that: 

  
' '

' '
' '

x p

x p

F F
dx dp dxdp dxdp

G G
 (D.9) 

where F’x, F’p and G’x, G’p are first derivatives of functions F and G with respect to x and p, 

respectively. It is valid: 
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' ' ' ' 1
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(For the paraxial approximation:  1
A B
C D

.) For the aplanatic: 
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When we apply the Eq. (D.10), we have next expression: 

        
           

 

' 2 ' '

1 2 2 0 1 2

1
( ) 2 ( ) ... ( ) ... ( ) ( ) ... 2 ( ) ... 1a p a p x b p x a p a p x b p x

f
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From the Eq. (D.12) we may deduce: 

           ' '

0 0 0

1
( ) 1 ( ) ( )a p a p f a p f p k

f
 (D.13) 

Hence, we have: 

      1' ( ) ...x f p k a p x  (D.14) 

Initially we have chosen that   (0,0) 0 0F k . In a more general case, like for 

example the SMS design case, this integration constant is not necessary 0. So, in the case 

shown here we have: 
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      2

1 2' ( ) ( ) ...x f p a p x a p x  (D.15) 

For x=0   'x f p  what is the Abbe sine condition. 

 

 

Figure D. 2 Schematic representation of the aplanatic system mapping. 

 
In general, in 3D we have (Figure D. 3): 
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2

'

'

x f p k
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where k k 
1 2

0, 0 . 

 

 

Figure D. 3 Illustration of the general Abbe sine condition fulfillment in 3D case  
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