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Nonimaging concentrators in optical wireless communications

Jin Wei, Zhang H aitao, Gong Mali, Yan Ping, Yang Xin, Zhang K ai, Jiang Feng

( Department of Precision Instruments, Tsinghua University, Beijing, 100084)

Abstract: In the field of optical wireless links, concentrators that are designed by the tools of nonimaging optics can
be used to collect the light radiation and are more compact and have higher collection efficiencies than imaging
concentrators. Hemispherical concentrators are studied by ray tracing, then for several normal nonimaging concentrators:
hemispherical concentrators, compound parabolic concentrators ( CPC) , dielectric totally internally reflecting concentrators
( DTIRC), simultaneous multiple surfaces concentrators ( SMS) and inhomogeneous media concentrators ( Posson
bracket), the design methods and the performances e. g. the gain and the field of view ( FOV) are compared as well as the
application suggestion.
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Table 1 The notation of glossary
Introduction .
glossary notation
A wireless Optical com munication link can have directed transmitter: narrow- beam radiation pattem
. . . . . lirected receiver: narrow field of vie
different link configurations. If we adopt the notation divected (oo Treaver natow e of view:
directed link: consist of a directed transmitter and a
such as Table 1, we can summarize six possible link directed receiver
Configurat ions, as illustrated in Flg 1. norr dired ed transmitter: broad beam radiation pattem
directed hybrid nondirected " 1 norr directed receiver: wide field of view
e — O norr direct e
% ‘% m norr directed link: comnsist of a directed transmitter
line-of- 'C;;._’ ':._"-._' ,:._......-......:.\..‘.... and a directed receiver
sight - S . : . .
T &Y hybrid link: consist of either a directed transmitter
o w ey hybrid and  nomrdirected  receiver or  nomdirected
gg—g}g}?te ~ —/” /’ T /// ' ',"’ ~ ‘,"' transmitter and a directed receiver
77 i . ,fdlffuse) LOS unobstructed line of sight path  between the
‘g é TEriY RY i transmiter and receiver
Fig. 1 Configuration for wireless optical links nor LOS dbetrucied lineof sight  path  between the
transm itter and receiver
In the six link configurations, there must be
L1978 1 suitable optical devices to collect signal rays. In the

optical wireless links, concentrators are used to collect
12003 01- 23; : 2003 03- 04 light radiation. The radiation of a source is required
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to be transferred with as high efficiency as possible
onto agiven target''". The request can be met in the
concentrator before a photodiode, which is designed
by the tools of nonimaging optics. Nonimaging corr
centrators may be more compact and have more high
collection efficiency than the imaging concentrators.
In this paper, for several normal nonimaging corr
CPC,
DTIRC, SMS concentrators and Poisson bracket comr

centrators:  hemispherical  concentrators,
centrators, the design methods and the performances
e.g. the gain and FOV are compared as well as the
application suggestion. In general, hemispherical corr
centrators have the largest FOV but its gain is the
lowest, and the SMS concentrators have the highest
gain but its FOV is the smallest. They are applied to
diffusing wireless optical indoor communication and
directed line of sight wireless optical communication

respectively.
1 Nonimaging concentrators

According to optical path, the concentrators can
be divided into refractive ones, e. g. hemispherical
concentrators, refractive reflective ones, e. g. CPC,
DTIRC and SMS 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 two important evalua
tion indicators. For an ideal, passive three dimensional
concentrator, the thermodynamic limited signal gain,
defined to be the maximum achievable increase of
irradiance between the imput and the output, is given
by[2~ i

C = (Nsin6,/sin6;) * (1)
where 0, and 0; are the acceptance angles at the out-
put and input apertures respectively, and N= n/ niis
the ratio of output and input refractive indices. As the
input is generally in the air, i e., ni= 1, N can be
simplified as the refractive index of the concentrator.
The angle 0; is the FOV of the concentrator.

According to different applications, different de
signs are adopted. In what follows, the design meth

ods and properties of several concentrators are stated.

1.1 Hemispherical concentrator

Hem ispherical concentrator as shown in Fig. 2 is
mainly used in diffusing wireless optical indoor com-
munication system. T his concentrator has a halF FOV
of 90° and an omnidirectional optical gain of approxr

2 . . 3,5
mately n”( n is refractive lndex)[ ]

, as long as its
radius is sufficiently large compared to the detector

radius.

Fig. 2 Cross sectional view of hemispherical concentrator, the angle 0,

is truncated angle

We can study the gain and FOV of the hemr
sphere concentrator by ray tracing. Supposing a light
beam radiates the concentrator uniformly at the angle
WY( see Fig. 2) , there are N pieces of rays covering on
the concentrator. T here are No( W) pieces of rays
reaching the detector without the concentrator, and
there are V(W) pieces of rays reaching the detector
with the concentrator. Then the gain can be stated:

G(Y) = Ni(W)/No ¥ (2)

If we defined function:
1 (x2+ y2 < r2)
0 (x2+ y2 > rz)

Then No( W) and Ni( W) in function(2) may
be got from the follow:

(3)

cire(x, y, r) =

+m  +m

Ni(¥) = _Z_Zcirc{[xlz( W it, ji/ cos W)+

iI=—m=-m

ylz( W it, jt/ cos W)]/rz,’

[(it)2+ (it/cos‘l’)z]
2
.

+m  +m

No( W) = D, Xcire

i=—mj=-m

(4)
in the function(4), x1 and y are the coordinates at
which rays reach the detector, ¢ and ¢/ cos W are the
light density ( light number on the unit length) 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 shows the optical path of light incidence
on the concentrator. The light( position vector £1) err
ter the hemisphere concentrator at point P, the inci
dence angle is T, the normal position vector of the
concentrator’ s surface at the point P is o, and the re
fractive angle is Tl We can consider the incidence light
cluster(£1= (0, cos W, sin W) ) in plane y-z or para
lleling to plane y-z for the concentrator’ s isotropy,
then we can get the light function in arbitrary plane.
T he light cluster’ s function is shown as follows:

y= ztan W+ mt/cos W, x = mat (5)
i is the light density on the direction x and y, | m; |
(i= 1,2)( SR/t) is integer.

T he position vector of point P may be written
(Rcosa, RcosB, RcosY). The normal position vector
h=

(cosa, cos B, cosY). So we can get position vector

:)

cosd = cos[ /2 - arcsin( m2t/R)]

m
R sin

(6)

The coordinate of point P is R ( cosa, cosB,

. . .o omii mit
COS[3 = sm(1|: sin wcos[arcst—sina + cos wR%inﬂ]
. 1l
sin W

. . mit
cos Y = sina| cos Weos| arcsin =

Rsina

cos ¥). The position vector of incidence light %1 and

refractive light %> are respectively (0, cos W, sin W)

and (cosd , cosB , cos Y/)( see Fig. 3) . So we can get:
e ki= cosll
Aeka= cosll (7)
Bieka= cos(N- 1)

Then we can get the position vector of %2:

cosd = cos{arcsin| cosasin(N— T )/sinTj)

cosB = sind sin{ W £ arccos| cos( M- 1'f)/sin(l/]}

cosY = sind cos{ W+ arccos| cos( N— 1'f)/ sin(l/]}

(8)

when mi> 0, £ is“+ 7, and when m1< 0,“ X" is
“— 7. We can get the refractive light function from

the point P and position vector %»:

x— Rcosa  y— RcosB  z- Rcosy
7 = g = 7 (9)
cosa CoSs cos ¥

So we can get the point P" at which the refrac
tive light enters the detector(see Fig. 3) :

4
R cos Ycosa
/

(x1,¥1,21) = | Reosa— cos Y ,
RcosB— M,o] (10)
cosY

T hen we can get the gain of the hemisphere corr

centrator from the function(2),(4) and (10).

90
gain 4
§ angle fromPIN
3kA sullit:a)ce normal

(R R B B
power(normalization)

Fig. 4 Receiving power curve with concentrator, receiving pow er curve

without concentrator, and their ratio versus incident angles,

n= 1.8 a—unfixed concentrator ~b—fixed concentrator

¢—gain curve with angle

On the view of the final function of gain, the
gain of the concentrator is the function of the incr
dence angle, the refractive index and the r/R. The
receiving power of detector with concentrator, and
without concentractor and the gain values versus the
incident angles are plotted in Fig. 4 and denoted as
curve a and ¢, which is normalized by the maximum
receiving power without concentrator. As shown in
Fig. 4, the gain is almost constant at different angles
and is almost n” (n= 1. 8) . From the gain curve of
Fig. 4, we can know the half FOV of the hemisphere
is 90°.

The ratio of the integration of the power at dif
ferent incident angles with concentrator and that
without concentrator is defined as the total gain. T he
total gain is almost n”as r/ R> 1/ n, and the curves
for n= 1.3, 1.5 and 1. 78 can be observed n Fig. 5.
When we choose the hemisphere concentrator, we
should ensure r/R > 1/ n and we can get the good to
tal gain.
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total gain curve of optical with /R
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00707 0% 03 To
ratio of /R

Fig. 5 Total gain curve of concentrator with r/ R and n

.2 CPC

T he generatrix of CPC is a section of a parabola
and a straight(see Fig. 6)!?. As shown in Fig. 6, the
incidence rays at the angle 01 are focused on point Fr
after reflecting from paraboloid Py, others are reflec
ted on paraboloid S, and exit from the concentrator at
the angle 02, Though some of the incidence rays at
angle 0; focus on Fg point, and the others exit from
the circle surface at angle 0, whose diameter is FrFy,,
according to edge ray principle, the incidence rays at
the angle smaller than 01 can exit from FrFL suiface.
T he angle 0; is the maximum incident angle and 05 is
the maximum exit angle. According to Eq. (1), the
ideal gain is 2
Cital, 30im( 01, 02) = (nsin0x/sin®y) > (11)

v
rays

YL WA

xtreme
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/
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)
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€

Fig. 6 Sketch of CPC
that is, FOV of CPC is ;. The value of ideal gain i
crease with n and 0, and decrease is with 0;. In fact,
we can get the FOV less than 90 and the gain less
than ( n/sinf) 2,
T here are several concentrators similar to CPC
such as CEC ( compound elliptic concentrator) and

CHC (compound hy perbola concentrator), whose de

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

A DTIRC consists of three parts: the front sur
face that may be curved; the totally internally refle
cting sidew all( profile); and the exit aperture. Only
rays within the design acceptance angle( DTIRC’ s
FOV) can reach the exit aperture; many rays incident
on the front surface beyond the acceptance angle will
finally exit from the side profile. In design, rays incr

dent at the acceptance angle is extreme rays, and they
determine the side profile of DTIRC.

Fig. 7 shows an example of a DTIRC. The ex
treme rays hitting the portion P1P2 converge into
P35, and the rays hitting the portion P2 P3 can exit at
whatever angle barely satisfies TIR (the maximum
concentration method, rays is totally nternally reflect
ed on P2P3) or in parallel ( the phase conserving
method). Now that rays incident on the front surface
at the acceptance angle can exit from P3P3 , accordt
ing to edge ray principle ® 7 the rays within the de

. . /
sign acceptance angle also can exit from P3P3 .
P - - ///
<= p_ -2
v»,7

Py

P

Fig. 7 Side view of a DTIRC(the maximum concentration method, rays

& totally internally reflected on P,P3)

Fig. 8 shows the phase conserving method. As
shown in Fig. 8, typical optical path consists of four
parts: l1, 2, I3 and [4. For rays converging at the
bottom left-hand corner, the portion is zero. A ccording
to Fermat’ s principle the total optical path length is a
constant for every ray connecting the initial with final
wavefront. So we have the basic formula of the phase

conserving method*!:
jnds = li+ n(la+ I3+ l4) = const (12)
Deigning DT IRC is similar to CPC in geometry.
Rays in DT IR C is totally internal reflected on the side
profile observing Fermat’ s principle, while in CPC,

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

coated with the reflection coating, Thus DTIRC .and
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CPC are similar in shape, gain and FOV. Their gains
are not very high, and their FOV are not very wide.

] initial wavefront

exit

aperture final aperture

Fig. 8 Cross section 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 firstly introduced the sequential mirrors and
dioptrics as tools in the nonimaging optical desig .
SM'S concentrators transfer the rays emitted by the
source to the receiver by means of a certain number of
sequential incidences. In general, the rays suffer
refraction, a metallic reflection and a totally internal
reflection when they go from the source to the
receiver.

In SMS design, the following symbols will be
used: R= refraction, X = sequential reflection, Xr =
norrsequential reflection, Ir = norrsequential total
internal reflection( the subindex F means the surface

o . NN
coincides with a flow lme)[ I

mirror

RV

x,f'ﬂ=77o
Fig.9 Crosssection of an RX concentrator
Fig. 9 shows aoss section of an RX concentrator, in
which incident rays are refracted on the first surface,
then reflected on the second surface( with reflection
coating) and eventually focused on the receiver. The

device is refractive reflective concentrator. When -the

refractive index is 1. 5, and the acceptance angle is &
3, 95%
achieved. The half rim angle 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

of the maximum concentration can be

more than 100) and very small acceptance angle( less
than one degree or several degree), the devices are
suitable for LOS wireless optical communication sys
tem while not fit to diffusing wireless optical indoor
communication system.
1.5 Poisson bracket concentrator

In a Poisson bracket concent rator, inhomogeneous mer
dia’ s refractive indexes are variable, with appropriate
media and refractive index distribution rays can be
merged into receiver. Poisson Bracket method ™ '!
provides the refractive index distribution and the re
flector surface needed for the concentrator. T here are
no reflectors in Poisson Bracket concentrator and just
media with variable refractive index. If the reflector is

allowed, the design will be simpler.

Fig. 10 Refractive index dstribution for an inhomogeneous media corr

centrator with acceptance angle 30 and gain 9
Fig. 10 shows the refractiveindex distribution
for an inhomogeneous media concentrator. Though
the method is very complex and obtaining concentra

tor may be impractical at present because of the varr

able refractive index and high cost, their existence is
itselfl important from the theoretical point of view.
1. 6 Comparisons

From above, we have introduced the structures
and the design methods of five nonimaging concentra
tors: hemispherical concentrators, CPC, DTIRC, SMS
concentrator and Poisson bracket concentrator. Table
2 shows the comparison of several concentrators’
FOVs and gains. In comparison, hemispherical corr
centrator has the widest half FOV of 90°, while its
gain (n?) is the smallest. It is suitable to hybrid
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Table 2 FOVs and gains of several concentrators(n= 1.5)
half FOV
concentrator optical track 0:) gain
hemispherical . N
refractive 90 2.25
concentrator
refractive . . N
CPC ) less than 90 (n/sinB;)
reflective
refractive
DT IRC ) about 20° about 20
reflective
SMS reflective 0.7~ % about 114
concentrator
Poisson bracket . o
refractive about 30 about 9

concentrator

and norr directed wireless optical link for wide FOV.
A single CPC has high gain and small FOV, and its
gain is correlation to its FOV. It is fit for directed
wireless optical link. A CPC combined with inverted
parabolic hollow CPC can achieve FOV of 90° while
reducing the gain to n2, so its application is similar to
hemispherical concentrator. DTIRC and Poisson
bracket concentrator have small FOV and high gain,
and they are fit for directed nomr LOS link or hybrid
wireless optical link(such as basestation cell com mur
nication) . SM'S concentrator has very high gain and
very small FOV, so it is fit for directed LOS wireless
optical link.

2 Conclusion

Five nonimaging concentrators are revised: hemr
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 we have com-
pared their FOV and gains, and given the application
suggestion for five concentrators. Hemispherical corr
centrator and CPC are very fit for diffusing wireless
optical indoor communication system, CPC, DTIRC
and Poisson Bracket concentrator are fit for basesta
tion cell communication system, and SMS concentra
tor is fit for directed LOS wireless optical communica
tion. They are more compact and have more high gain

than the imaging concentrators.
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