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Nonimaging concentrators in optical wireless communications
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Abstract: I n the field of optical wir eless links, concentrators t hat are designed by the tools o f nonimaging opt ics can

be used to collect the light radiation and ar e more compact and have higher collection efficiencies than imag ing

concentr ators.Hemispher ical concentrators are studied by ray tracing , t hen for several normal nonimaging concentrators:

hemispherical concentrators, compound parabolic concentrator s ( CPC) , dielectr ic totally internally reflecting concentrators

( DT IRC ) , simultaneous multiple surfaces concentr ators ( SMS ) and inhomogeneous media concentrato rs ( Po isson

bracket) , the design methods and the performances e. g. the gain and the field of v iew ( FOV) are compared as w ell as the

application suggestion.
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无线光通信中的非成像集中器
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摘要: 在无线光通信领域,利用非成像光学设计的集中器能够聚集光辐射能量, 而且相对于成像性集中器具

有更紧凑的结构和更高的增益。利用光线追迹法对半球形集中器的性质进行了分析与研究。对好几种非成像集

中器 :半球形集中器, 复合抛物线形集中器,介质内部全反射集中器 ,多表面集中器,多相介质集中器,从设计原理、

增益和视场进行比较,并分析其应用场合。

关键词: 非成像集中器;增益; 光线追迹;视场; 无线光通信

中图分类号: TN929�1 � � � 文献标识码: A

� � 作者简介: 金 � 伟, 男, 1978 年 1 月出生。硕士。从事

无线光通信方面研究工作。

收稿日期: 2003�01�23;收到修改稿日期: 2003�03�04

Introduction

A w ireless opt ical communication link can have

different link conf igurat ions. If w e adopt the notation

such as Table 1, w e can summarize six possible link

conf igurat ions, as illustrated in Fig. 1.

Fig. 1 � Conf igurat ion for w ireless optical links

T able 1 � The notat ion of glossary

glossary notation

directed

directed t ransmit ter: narrow�beam radiat ion pat tern

directed receiver: narrow f ield of view

directed link: consist of a directed t ransmit ter and a

directed receiver

non�directed

non�directed transmitter: broad�beam radiat ion pattern

non�directed receiver: w ide field of view

non�directed lin k: consist of a directed t ransmit ter

and a directed receiver

hybrid

hybrid link: consist of either a directed t ransmit ter

and non�directed receiver or non�directed

transm it ter and a directed receiver

LOS
unobst ructed line�of�sight path betw een the

transm it ter and receiver

non�LOS
obst ructed line�of�sight path betw een the

transm it ter and receiver

In the six link configurat ions, there must be

suitable opt ical devices to collect signal rays. In the

opt ical w ireless links, concentrators are used to collect

lig ht radiat ion. The radiat ion of a source is required
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to be t ransferred with as high ef ficiency as possible

onto a g iven target [ 1] . The request can be met in the

concentrator before a photodiode, w hich is designed

by the tools of nonimaging opt ics. Nonimaging con�
centrators may be more compact and have more high

collection eff iciency than the imaging concentrators.

In this paper, for several normal nonimaging con�
centrators: hemispherical concentrators, CPC,

DTIRC, SMS concentrators and Poisson bracket con�
centrators, the design methods and the performances

e. g. the gain and FOV are compared as well as the

application suggestion. In general, hemispherical con�
centrators have the largest FOV but its gain is the

low est, and the SMS concentrators have the highest

g ain but its FOV is the smallest. They are applied to

diffusing wireless opt ical indoor communicat ion and

directed line�of�sight w ireless opt ical communication

respectively.

1 � Nonimaging concentrators

According to opt ical path, the concentrators can

be divided into ref ract ive ones, e. g. hemispherical

concentrators, ref ract ive�reflect ive ones, e. g. CPC,

DTIRC and SM S concentrator, and variable refractive

index concentrator, e. g. Poisson bracket concentrator. They

have different design methods and characteristic

according to the division.

Signal gain and FOV are tw o important evalua�
t ion indicators. For an ideal, passive three�dimensional

concentrator, the thermodynamic�limited signal gain,

def ined to be the max imum achievable increase of

irradiance betw een the input and the output, is g iven

by[ 2~ 4] :

C = ( N sin�o / sin�i)
2 ( 1)

w here �o and �i are the acceptance angles at the out�
put and input apertures respect ively, and N = n o/ n i is

the rat io of output and input refractive indices. As the

input is g enerally in the air, i. e. , n i = 1, N can be

simplif ied as the ref ract ive index of the concentrator.

T he angle �i is the FOV of the concentrator.

According to different applicat ions, different de�
signs are adopted. In what follows, the design meth�
ods and properties of several concentrators are stated.

1. 1 � Hemispherical concentrator

Hemispherical concentrator as shown in Fig . 2 is

mainly used in diffusing w ireless optical indoor com�
municat ion system. T his concentrator has a half�FOV

of 90� and an omnidirectional opt ical g ain of approxi�
mately n

2
( n is refract ive index )

[ 3, 5]
, as long as it s

radius is suff icient ly larg e compared to the detector

radius.

Fig. 2 � Cross�sect ional view of hemispherical concent rator, the angle �t

is truncated angle

We can study the gain and FOV of the hemi�
sphere concentrator by ray t racing. Supposing a light

beam radiates the concentrator uniformly at the ang le

� ( see Fig. 2) , there are N pieces of rays covering on

the concentrator. T here are N 0 ( � ) pieces of rays

reaching the detector without the concentrator, and

there are N 1( � ) pieces of rays reaching the detector

w ith the concentrator. Then the gain can be stated:

G ( � ) = N 1( � ) / N 0( � ) (2)

� � If w e def ined funct ion:

circ( x , y , r ) =
1 � ( x

2
+ y

2  r
2
)

0 � ( x
2
+ y

2
> r

2)
( 3)

� � Then N 0( � ) and N 1( � ) in funct ion( 2) may

be got f rom the follow :

N 1( � ) = !
+ m

i= - m
!
+ m

j = - m

circ{ [ x 1
2
( � , it , j t / cos � ) +

y 1
2
( � , i t , j t / cos � ) ] / r

2
}

N 0( � ) = !
+ m

i= - m
!
+ m

j = - m

circ
( it )

2
+ ( it / cos � ) 2

r
2

( 4)

in the funct ion ( 4) , x 1 and y 1 are the coordinates at

w hich rays reach the detector, t and t / cos � are the

light density ( light number on the unit leng th ) on

direction x and y on plane x�y , and r is the radius of

the detector.
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Fig. 3 � The optical path of light

Fig . 3 show s the opt ical path of light incidence

on the concentrator. The light( posit ion vector k̂ 1) en�
ter the hemisphere concentrator at point P , the inci�
dence angle is  , the normal posit ion vector of the

concentrator∀ s surface at the point P is n̂ , and the re�
f ract ive angle is  . We can consider the incidence light

cluster( k̂ 1= ( 0, cos � , sin � ) ) in plane y�z or para�
lleling to plane y�z for the concentrator∀ s isot ropy,

then w e can get the light funct ion in arbit rary plane.

T he light cluster∀ s funct ion is show n as follow s:

y = z tan � + m 1 t / cos � , x = m 2 t ( 5)

t is the light density on the direction x and y , | m i |

( i = 1, 2) (  R / t ) is integ er.

T he posit ion vector of point P may be w rit ten

( R cos!, R cos∀, R cos#) . The normal posit ion vector

n̂= ( cos!, cos∀, cos#) . So we can get posit ion vector

n̂:

cos!= cos[∃/ 2 - arcsin( m 2 t / R ) ]

cos∀= sin! sin � cos arcsin
m 1 t

R sin!
+ cos �

m 1 t

R sin!

cos#= sin! cos � cos arcsin
m 1 t

R sin!
- sin �

m 1 t

R sin!

( 6)

� � The coordinate of point P is R ( cos!, cos∀,

cos#) . The posit ion vector of incidence light k̂ 1 and

refract ive light k̂2 are respectively ( 0, cos � , s in � )

and ( cos!#, cos∀#, cos##) ( see Fig. 3) . So we can get:

n̂ ∃ k̂ 1 = cos 

n̂ ∃ k̂ 2 = cos #

k̂ 1 ∃ k̂ 2 = cos(  -  #)

( 7)

� � T hen w e can get the posit ion vector of k̂ 2:

cos!# = cos{ arcsin[ cos!sin(  -  #) / sin ] }

cos∀# = sin!#sin{ � % arccos[ cos(  -  #) / sin!#] }

cos## = sin!#cos{ � + arccos[ cos(  -  #) / sin!#] }
( 8)

w hen m 1> 0, & % ∋ is & + ∋, and when m 1< 0, & % ∋ is

& - ∋. We can get the refract ive light funct ion f rom

the point P and posit ion vector k̂ 2:

x - R cos!
cos!# =

y - R cos∀
cos∀# =

z - R cosy
cos## (9)

� � So w e can get the point P# at w hich the refrac�
t ive light enters the detector( see Fig. 3) :

( x 1, y 1, z 1) = R cos!-
R cos#cos!#

cos## ,

R cos∀-
R cos#cos∀#

cos## , 0 ( 10)

� � T hen w e can get the gain of the hemisphere con�
centrator from the function( 2) , ( 4) and ( 10) .

Fig. 4 � Receiving pow er curve w ith concent rator, receiving pow er curve

w ithout concent rator, an d th eir rat io versus incident angles,

n= 1. 8 � a( unfixed concentrator � b ( f ixed concent rator �

c ( gain curve with angle

On the view of the final funct ion of gain, the

gain of the concentrator is the function of the inci�
dence ang le, the refract ive index and the r / R . T he

receiving power of detector w ith concentrator, and

w ithout concentractor and the gain values versus the

incident ang les are plotted in Fig. 4 and denoted as

curve a and c, which is normalized by the max imum

receiving power w ithout concentrator. As shown in

Fig. 4, the gain is almost constant at different ang les

and is almost n
2 ( n = 1. 8) . From the gain curve of

F ig. 4, we can know the half FOV of the hemisphere

is 90�.
The rat io of the integrat ion of the pow er at dif�

ferent incident angles w ith concentrator and that

w ithout concentrator is defined as the total gain. T he

total gain is almost n
2 as r / R> 1/ n, and the curves

for n= 1. 3, 1. 5 and 1. 78 can be observed in Fig . 5.

When w e choose the hem isphere concentrator, we

should ensure r / R > 1/ n and w e can get the good to�
tal gain.
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Fig. 5 � Total gain curve of concentrator w ith r / R an d n

1. 2 � CPC

T he generatrix of CPC is a sect ion of a parabola

and a st raight ( see Fig. 6) [ 2] . As show n in Fig. 6, the

incidence rays at the ang le �1 are focused on point FR

after ref lect ing from paraboloid Pr, others are reflec�
ted on paraboloid S r and exit f rom the concentrator at

the angle �2, Though some of the incidence rays at

ang le �1 focus on FR point, and the others ex it from

the circle surface at angle �2 whose diameter is FRFL ,

according to edge ray principle, the incidence rays at

the angle smaller than �1 can exit from FRFL surface.

T he angle �1 is the max imum incident angle and �2 is

the maximum exit angle. According to Eq. ( 1) , the

ideal g ain is
[ 2]

:

C ideal, 3dim( �1, �2) = ( nsin�2/ sin�1)
2 ( 11)

Fig. 6 � Sketch of CPC

that is, FOV of CPC is �1. The value of ideal gain in�
crease with n and �2, and decrease is w ith �1. In fact ,

w e can get the FOV less than 90� and the gain less

than ( n/ sin�i)
2
.

T here are several concentrators similar to CPC

such as CEC ( compound ellipt ic concentrator ) and

CHC ( compound hyperbola concentrator) , w hose de�

signs, FOV and gains are similar to those of CPC.

1. 3 � DTIRC

A DTIRC consists of three parts: the f ront sur�
face that may be curved; the totally internally refle�
ct ing sidew all ( prof ile) ; and the exit aperture. Only

rays w ithin the design acceptance angle ( DT IRC∀ s

FOV) can reach the ex it aperture; many rays incident

on the front surface beyond the acceptance angle w ill

f inally ex it from the side prof ile. In design, rays inci�
dent at the acceptance angle is ext reme rays, and they

determine the side prof ile of DTIRC.

Fig. 7 shows an example of a DTIRC. The ex�
t reme rays hitt ing the port ion P1P2 converge into

P 3#, and the rays hit ting the port ion P2P3 can exit at

w hatever angle barely satisfies TIR ( the max imum

concentration method, rays is totally internally ref lect�
ed on P2P3 ) or in parallel ( the phase�conserving
method) . Now that rays incident on the f ront surface

at the acceptance ang le can ex it from P3P3#, accord�

ing to edge ray principle[ 6, 7] the rays w ithin the de�
sign acceptance angle also can exit from P 3P 3#.

Fig. 7 � Side view of a DTIRC( the maximum concent rat ion method, rays

is totally internally reflected on P 2P 3)

Fig. 8 shows the phase�conserving method. As

shown in Fig. 8, typical opt ical path consists of four

parts: l 1, l 2, l 3 and l 4. For rays converging at the

bot tom lef t�hand corner, the port ion is zero. According

to Fermat∀ s principle the total opt ical path length is a

constant for every ray connect ing the initial w ith final

w avefront . So we have the basic formula of the phase�
conserving method[ 4] :

)n ds = l 1 + n ( l 2 + l 3 + l 4) = const ( 12)

� � Deigning DT IRC is similar to CPC in geometry.

Rays in DT IRC is totally internal reflected on the side

profile observing Fermat ∀ s principle, w hile in CPC,

rays is reflected on the side profile w hich is metallic or

coated w ith the ref lect ion coating. Thus DTIRC and
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CPC are sim ilar in shape, gain and FOV. Their g ains

are not very high, and their FOV are not very wide.

Fig. 8 � Cross� sect ion of a DT IRC( the phase�conseving method, rays exit

from the exit aperture in parallel)

1. 4 � SMS concentrator

SM S design method appeared in the early 90∀ s

and first ly int roduced the sequent ial m irrors and

dioptrics as tools in the nonimaging opt ical design
[ 8]

.

SM S concentrators transfer the rays emitted by the

source to the receiver by means of a certain number of

sequent ial incidences. In general, the rays suf fer

refract ion, a metallic ref lect ion and a totally internal

reflection w hen they go from the source to the

receiver.

In SMS design, the follow ing symbols w ill be

used: R= refract ion, X = sequent ial reflect ion, XF =

non�sequent ial ref lect ion, IF = non�sequent ial total

internal reflection( the subindex F means the surface

coincides with a flow line)
[ 8]

.

Fig. 9 � Cross sect ion of an RX concent rator

Fig. 9 shows cross section of an RX concentrator, in

w hich incident rays are ref racted on the first surface,

then reflected on the second surface( w ith reflection

coat ing) and eventually focused on the receiver. The

device is ref ract ive�reflect ive concentrator. When the

ref ract ive index is 1. 5, and the acceptance ang le is %

3, 95% of the max imum concentration can be

achieved. The half�rim ang le of illumination of the re�
ceiver is 77�, and the image�side NA = 1. 46.

The SM S concentratos have high gain( able to be

more than 100) and very small acceptance ang le( less

than one degree or several degree) , the devices are

suitable for LOS w ireless optical communicat ion sys�
tem while not f it to diffusing wireless optical indoor

communication system .

1. 5 � Poisson bracket concentrator

In a Poisson bracket concentrator, inhomogeneous me�
dia∀ s ref ract ive indexes are variable, w ith appropriate

media and refractive index dist ribution rays can be

merged into receiver. Poisson Bracket method[ 9, 10]

provides the refractive index distribut ion and the re�
flector surface needed for the concentrator. T here are

no ref lectors in Poisson Bracket concentrator and just

media with variable ref ract ive index. If the reflector is

allowed, the design w ill be simpler.

Fig. 10 � Refractive�index dist ribut ion for an inhomogeneous media con�

cent rator w ith acceptance angle 30� and gain 9

Fig. 10 show s the refractive�index dist ribut ion

for an inhomogeneous media concentrator. Though

the method is very complex and obtaining concentra�
tor may be impractical at present because of the vari�
able ref ract ive index and high cost , their existence is

itself important from the theoretical point of view .

1. 6 � Comparisons

From above, w e have introduced the structures

and the design methods of f ive nonimag ing concentra�
tors: hem ispherical concentrators, CPC, DTIRC, SMS

concentrator and Po isson bracket concentrator. Table

2 shows the comparison of several concentrators ∀
FOVs and gains. In comparison, hemispherical con�
centrator has the w idest half FOV of 90�, w hile it s

gain ( n 2 ) is the smallest . It is suitable to hybrid

� � � �
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T able 2 � FOVs and gains of several concentrators( n= 1. 5)

concentrator optical t rack
half FOV

(�i)
gain

hemispherical

concentrator
ref ract ive 90� 2. 25

CPC
refractive�

reflective
less than 90� ( n / sin�i)

2

DT IRC
refractive�

reflective
about 20� about 20

SMS

concentrator
reflective 0. 75�~ 3� about 114

Poisson bracket

concentrator
ref ract ive about 30� about 9

and non�directed w ireless optical link for w ide FOV.

A single CPC has high gain and small FOV, and its

g ain is correlat ion to its FOV. It is f it for directed

w ireless optical link. A CPC combined with inverted

parabolic hollow CPC can achieve FOV of 90� while

reducing the gain to n
2
, so it s applicat ion is similar to

hem ispherical concentrator. DT IRC and Poisson

bracket concentrator have small FOV and high gain,

and they are fit for directed non�LOS link or hybrid

w ireless optical link( such as base�stat ion cell commu�
nicat ion) . SM S concentrator has very high gain and

very small FOV, so it is f it for directed LOS wireless

optical link.

2 � Conclusion

Five nonimaging concentrators are revised: hemi�
spherical concentrator, CPC, DTIRC, SM S concentra�
tor and Poisson bracket concentrator. Hemisphere

concentrator has been analy zed in details by ray racing

and the design principle is given. Then w e have com�
pared their FOV and gains, and given the applicat ion

suggestion for f ive concentrators. Hemispherical con�
centrator and CPC are very fit for diffusing w ireless

opt ical indoor communicat ion system, CPC, DTIRC

and Po isson Bracket concentrator are fit for base�sta�
t ion cell communicat ion system, and SMS concentra�
tor is fit for directed LOS w ireless opt ical communica�
t ion. They are more compact and have more high gain

than the imaging concentrators.
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