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New Simplified Design Procedures for
Prism Light Guide Luminaires

Lorne A. Whitehead

A prism light guide luminaire is an illumination
system in which light from a localized source is guided
and emitted along the length of a prism light guide. Such
devices are made in a wide variety of sizes and shapes,
and can exhibit a large range of photometric
characteristics. There are several standard ways to predict
the resultant photometric performance of prism light
guide luminaires, such as photometric testing of optical
mock-ups, or Monte Carlo ray tracing. These methods
work well, but require considerable effort, and they do
not provide much guidance in creating an initial design
for testing. Persons new to the field may find it
particularly difficult to devise an initial design as a
starting point for subsequent investigation.

In view of this problem, the purpose of this paper is to
provide a simple, widely applicable procedure for
making an initial design for a prism light guide
luminaire. The intention is that the resultant design
should be a good starting point for developing an
optimized design, and should be sufficiently close to the
fully optimized design that it will be useful in initially
establishing the feasibility of a proposed light guide
luminaire for a proposed application.

The paper begins by reviewing the concept of prism
light guide luminaires and characterizing the design
problem. Several useful approximations are then
presented which make the problem amenable to
analytic solution, yielding useful design relationships.
Two examples are then provided which show the role of
these relationships in devising actual prism light guide
luminaire designs.

Figure 1— Prism light guide cross section and isometric view.

Author’s affiliation: Department of Physics, and Astronomy, University
of British Columbia, Vancouver, BC, Canada

Background

Prism light guide luminaires are based on the
principal of the prism light guide,"* a simple version of
which is shown in Figure 1. In essence, the prism light
guide is a hollow pipe made of transparent material in
which one or more of the surfaces of the pipe contain
longitudinal prisms which cause the light in the inner air
space to be reflected by total internal reflection at the
outside surfaces of the guide walls such that they are
returned to the inner air space for further propagation.
In most prism light guides the inner surface of the guide
is smooth, and the cross sectional shape of the prisms
running on the outside parallel to the guide axis is that
of an isosceles right angle triangle. Generally such guides
are formed of a flexible prismatic sheet,’ and the guide
itself is housed within a protective outer structure to keep it
clean and to prevent abrasion of the optical quality surfaces.

Prism light guides can be made with a wide variety of
cross section sizes and shapes, all of which can efficiently
guide incident light rays whose angular deviation, 6,
from the guide axis is less than a value 6., where 6,
depends on the refractive index n, of the pipe material,
in the following manner:

6. = arcsin /(3 - 2/2)(m2- 1) (1)

The basic idea of a prism light guide luminaire** is to
collimate the light from a lamp such that most of the
emitted rays lie within the acceptance angle of a prism
light guide, to then direct this light into a prism light
guide so that it is guided along the length of the guide,
and to introduce into the guide some kind of escape
mechanism® which causes the light to be emitted from the
guide fairly evenly along its length. The device that sends
partially collimated light into the prism light guide is
known as the light injector” and the mechanism that
causes such light to escape is known as the light extractor.”

The light extractor often consists of a light scattering
material which deflects light rays to directions outside
the angular transport range for the guide. The key to
achieving a relatively uniform output is to have the
density of the extraction material increase with distance
from the source, in order to compensate for the
decreasing light intensity caused by the induced escape.
In essence we want the product of the extraction rate
and luminous flux in the guide to remain constant,
which is a difficult nonlinear design problem.
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In addition to this general concept, there are other
constraints which affect overall design. First, it is
generally desired to achieve a certain luminance,
luminous exitance, or luminous flux per unit length from
the guide. Next there are constraints on the guide length.
If the guide is too short, it serves no useful purpose
relative to conventional lighting methods. If it is too long,
it is impossible to achieve sufficient uniformity.
Additionally, there are usually other constraints regarding
available sources and other allowable dimensions. What
we seek is a general method of dealing with all these
factors, to select the number and types of lamps to use, the
dimensions for the guide, and to work out approximately
how the amount of extractor should increase with length.

General characterization of the prism light guide
luminaire design problem

Figure 2 is a pictorial representation of a general
prism light guide luminaire. In this case the light injector
is a reflector lamp, but it could equally well be a
non-reflector lamp mounted in a separate reflector. The
characteristics of the light injector can usually be
adequately summarized by two numbers, ®in, the
luminous flux directed into the prism light guide by the
light injector, and 6, /5, the off axis angle at which the
luminous intensity of the lamp output has dropped to
one half of its value in the axial direction. In the case of
reflector lamps, these values are the two most commonly
stated values in the lamp catalogues. For injectors with
discrete reflectors, it may be necessary to measure or
estimate these values, but generally this is not difficult.

As shown, the prism light guide has an arbitrary cross
section shape, and a specified length, L. A portion of the
cover of the light guide is generally composed of opaque,
reflective material which causes light to leave from the

end m irro>

prism light guide

reflective cover

light injector

Figure 2— Prism light guide luminaire.
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selected escape region having width W,. The area, A, of
this region should be at least 25 percent of the overall
guide surface area, to allow efficient escape of light. As
depicted in the figure, the cross sectional shape of the
guide is not critical. The key defining feature of the cross
section is the minimum cross section width, labeled Wg.
In a circular guide this is the diameter. In an elliptical
guide, it is the minor axis, and in a rectangular guide, it
is the smaller edge length.

The ratio of the length L, to the minimum cross
sectional width, %, is known as the aspect ratio, AR:

L
== (2)
We
A common error in making general statements about
prism light guides is to try to characterize them by their
length, L, or their aspect ratio, AR. Neither of these are
useful in the sense that light guide systems having similar
lengths or aspect ratios can behave very differently.
Fortunately, there is a simple non-dimensional value that
is useful for characterization, which we believe is
introduced in the literature here for the first time. This
parameter, N, is the approximate number of times an
average light ray would reflect off the wall of the prism
light guide in traveling from the light injector to the
opposite end in the absence of any extraction. This is a
useful parameter because it relates directly to the role of
the prism light guide wall material in efficiently
reflecting light. Roughly speaking if N is smaller than
about 3, a prism light guide is not needed because
conventional reflective materials could guide the light
reasonably well, and if Nis greater than 30, the intrinsic
loss per reflection of even the best prism light guide films
would cause prohibitive loss of light. However, if N is
between roughly 3 and 30, the prism light guide is
the best solution.
The precise value of N, is rather difficult to work out,
but for the purposes of this paper a suitable estimate is
provided by the following formula:

O L

M=o W, )
where 0, 5 is measured in degrees. The value of N, is of
central importance in the rest of this paper, but
fortunately none of the results depend critically on this
value, so that it is not unreasonable to use this simple
estimate. A more accurate measure of N, would be
obtained by determining the average tangent of the off
axis angle of the light distribution (6, ,5/50 is an estimate
of this), then multiplying by the average inverse cross
sectional width (1/ W, is an estimate of this) and
multiplying by the length. Our experience is that the
estimate represented in Equation 3 is quite adequate for
practical light guides.
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As already mentioned, the key to achieving uniform
light emission is to have the correct amount of light
extractor as a function of length. The light extractor
can take a variety of forms, the most common of which
involves the application of a diffusing sheet on a
portion of the interior of the non-emitting portion of
the prism light guide. The extractor may consist of
various materials, and can even be incorporated into
the prism light guide film. It can consist of one strip,
or multiple strips or patches.

Figure 3 shows a general way of specifying the mag-
nitude of the extractor as a function of length. We
introduce here a non-dimensional length fraction, x,
which is defined to be the fraction of the distance from
the light injector to the end of the guide. In some cases
the light injector will direct light in two directions from
the center of a length of a prism light guide, in which
case x is 0 at the injector and it is 1 at either end. In
other cases a single length of a prism light guide will
have a light injector at each end. In this case, xis 0 at
the injector and is 1 at the center. In all cases, x
represents the fraction of the total distance the light
must travel in the prism light guide.

We also introduce a non-dimensional extractor
magnitude, E(x), which is equal to the width of the
extractor at a given point divided by the perimeter
length of the rear half of the guide. In other words,
E(x)=1 when the entire rear half of the guide is covered
with scattering material. In the case where the prism
light guide has a wide rectangular cross section, as is
often the case in signs, E(x)=1 corresponds to the entire
back of the sign being covered. In a circular guide, this
would represent the rear 180 degrees of the guide being
covered. Generally, E(x) should vary between 0 and 1.

With these definitions, we can now work out the
extractor profile in completely general terms.

Design of the light extractor

The best extractor design will depend on many details
of design, as well as the detailed preferences of the user
in terms of the trade-off between the level of uniformity,
level of efficiency, and manufacturing cost. However, the
procedure outlined below will provide a design which is
sufficiently similar to the best design to allow feasibility
estimates, and to initiate the process of finding the best
design. In some cases, where the design is not too
critical, this first design will be sufficient.

We present here an approximate treatment for deter-
mining the extraction value E as a function of x, for any
given value of the parameter N,. A key initial approxi-
mation is to assume that the relative amount of flux in
the guide, F(x), will decrease linearly from its maximum
value F(0)=1 to a minimum value F(1)=0.25. Although
somewhat arbitrary, it is highly desirable that about 25

23

prism light

cut-away
to show
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Figure 3— Fractional extrator width E(x) versus fractional length, x.

percent of the light reach the end of the guide, where it
is not lost, but instead reflects an end mirror and heads
back toward the injector. If (1) is substantially less than
0.25, it has been found to be very difficult to achieve
extraction with sufficient control, intensity, and efficiency
to maintain reasonable uniformity. On the other hand,
if F(1) is much greater than 0.25, the average
light ray reflects more times than necessary, which
increases absorption loss, and also some of the light
reflected by the end mirror will return all the way to the
light injector where it is mainly lost. The reason we can
expect the flux level to drop linearly with distance is that
with a good design the light will be extracted at a
uniform rate by the extractor. To summarize, we have that:

Fx) =1-(0.75)x (4)

The following calculation treats only the light
coming directly from the injector and ignores the light
reflected off the end mirror. This ignored light tends to
preferentially brighten the far end of the prism light
guide relative to this calculation. On the other hand,
another effect, namely the enhanced escape rate of
large angle rays, tends to dim the far end relative to this
calculation, and so these two minor effects largely
cancel. Any small residual error is of the same order as
many other detailed effects which will influence the
final precise design, but are not a concern at the
accuracy level of this basic calculation.

As mentioned earlier, in the absence of extraction, a
light ray would reflect approximately N, times in
traveling the length of the guide. In terms of the
dimensionless distance measure x introduced above, in
which the guide has unity length, we can say that the

JOURNAL of the Illuminating Engineering Society Summer 1998
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Table 1— E(x) values for various ranges of N,.

Ngrangexvalues>> 0.00 025 05 0.75 1.00

3t06 0.27 0.35 0.48 0.71 1.00
6to 12 0.11 0.15 0.21 0.32 0.61
12t0 18 0.04 0.06 0.10 0.17 0.34
18 to 24 0.01 0.03 005 0.10 0.23
24 to 30 0.00 0.01 0.03 0.07 0.16

number of reflections per unit distance is

dn
=N, (5)
If we define F, to be the average fraction of flux lost
per reflection, this will be given by
=220 Ry ©)
where the denominator of 2 results from our definition of
E{x) in which a value of 1 corresponds to half of the inte-
rior being covered. F is an intrinsic loss rate associated
with defects in the film, and typically has a value of about
0.03 in actual light guides, although it can be as low as 0.02
in guides which are assembled with utmost care.
Differentiating Equation 4, we obtain the rate of loss
of flux per unit length:
) - 075 ™
dx
Now this loss rate should be the product of the
fractional loss per reflection, the amount of flux at the
point in question, and the number of reflections per unit
distance: I
A - FyF) 22 ®)

Substituting Equations 4 — 7 into 8, we obtain:

075 =- (EgZ + FO) [1- (0.75) €N, 9)

solving for E(x), and using a typical value of 0.025 for
F, , we obtain:

E(%) EU%Q—XW 0.05 (10)

Equation 10 has general applicability and is simple to
use. It is interesting to recall that the value of E(x) should
lie between 0 and 1 for all values of x between 0 and 1.
This implies that N, must be greater than approximately
6 (otherwise the value of E(I) needs to be greater than 1,
which means that light will be lost by traveling back to the
light injector), and Nmust be less than 24, (otherwise the
value of £(0) must be less than 0, which means that good
uniformity cannot be achieved). Of course values just
outside the 6-24 range will not be too bad, and it may not
be unreasonable to have N values in the range 3-6 or
24-30, as long as the shortcomings are taken into
account. In terms of extractor design in these cases,

Summer 1998 JOURNAL of the Illuminating Engineering Society

simply set E(x)=0 if the formula gives a negative value,
and similarly set E(x)=1 if the formula gives a value in
excess of 1.

Although the formula gives values E(x) which form
a smooth curve, it is possible to approximate this
curve sufficiently accurately by straight lines. For this
purpose, Table 1 shows values for E(x) at x=0, 0.25,
0.50, 0.75, and 1.00. These are calculated using values
for N, at the center of the five N, ranges shown in the
table. To use the table, determine the Ng value for the
design in question, and use the values for E(x) from
the appropriate row in Table 1.

In making the extractor, the x values must be
translated into actual distance from the light injector
by multiplying by the light guide length, L, and the
values E(x) must be translated into actual extractor
widths by multiplying by one half of the perimeter of
the interior of the guide, or by the distance between
strips, if multiple extractor strips are used. Once this
has been done, one can determine the intermediate
widths by simply connecting with straight lines.

Other design considerations

Generally, the performance requirement for a prism
light guide luminaire will be expressed in terms of its
total flux output, its flux output per unit length, or the
luminance or luminous exitance of the light emitting
area. We begin by defining the efficiency of the prism
light guide by the following relations:

O
out (11)

D =Py, or Dy,= 0]

where @, is the flux exiting from the guide and ®;, is
the flux injected into the guide. Often there is only one
source, but in some cases there may be more. Generally,
let there be N, source, each injecting flux @, so that
®,=N®,. For Iluminance, assuming the usual
approximately Lambertian output angular distribution,
these relations require that:

Ls%ﬁs or Np= nﬁA (12)

where A is the area of emission of the light guide.
For luminous exitance, we have that:

E= %‘DS or N(DSEET]A; (13)

Although the precise value of © can only be

determined by detailed modelling, if the guidelines in

this paper are followed, and reasonably efficient optical

components are used, the value will usually be in the

0.5-0.7 range. For the purposes of rough design, a
value of 0.6 is a reasonable approximation.
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In working out a specific design, generally one
begins with certain desirable design parameters, and
works out a self-consistent solution for the others. Two
examples will be given here to help elucidate this
approach.

Example 1

Consider as a first example an indoor illumination
situation in which the prism light guide luminaire must
be 15 m long, and there is a requirement that the guide
emit a total luminous flux of 45,000 Im.

Using Equation 11 we determine that the required
flux from the light injector is 75,000 Im for the estimated
efficiency value of 0.6. There are no reflector lamps with
this magnitude of output, so a separate reflector will be
required to partially collimate the output of a non-reflec-
tor lamp. The efficiency of the reflector will likely be of
order 0.8, implying that the lamp used must produce
about 94,000 Im. The best candidate for this would be a
1000 W metal halide lamp, having an arc length, [,
about 80 mm.

Unless other special requirements exist, it is generally
least expensive to make the guide circular in cross section
as this achieves the largest value of W, with the least
amount of material. Again, to minimize material cost, we
would normally make W, as small as possible while avoid-
ing having N, too large, so it is reasonable to make N,
approximately 24. According to Equation 3 N, depends
inversely with W, but it turns out that W, also has an effect
on N, in another way—the half angle of the reflector light
output is larger for smaller reflector diameters. Roughly, a
good reflector design will have an output half angle,
measured in degrees, given by:

50L
0,,= a 13
nE = (13)

where L, is the length of the lamp arc tube, and D is the
reflector diameter, which for a circular cross section
system will be the same as W, Substituting this in
Equation 3 we get:

50La)
N=D 7/ L _LL_LL (14)
€50 W, DW, W2

solving for W and setting L, = 80 mm, L = 15 m, and
Ng=24, we obtain

L,,L (0.08m) (15m)
/ —@n — - =022m (15)

Typically we would select a slightly larger diameter
which is a conventional tubing size, for example 0.25 m.
To design the extractor, we will use the “N= 18 to 24”
row of Table 1. We must convert the x values into actual

25

distances down the guide by multiplying by 15 m, and we
must convert the extractor values to actual extractor
widths by multiplying by one half the circumference, 393
mm. The resultant values are shown in Table 2. A fixture
of this type would provide much the same quality of light
as would a row of two-tube fluorescent fixtures.

Example 2

In a second example, consider a backlighted display
which is to have an emitting surface 1 m wide by 2 m
long, and it is to consist of a prism light guide
propagating light in the direction of the 2 m length. The
desired luminance of the surface, L, is roughly 1000
cd/m? The guide should have a minimum possible cross
sectional width, W, and should be illuminated with 50 W
quartz halogen MR16 reflector lamps having 50 mm
diameter, and output flux of 1000 lm. We must
determine the prism light guide depth, W,, the number
of lamps required to produce the desired luminance,
and the design for the extractor.

Using Equation 12, and estimating the efficiency to be
about 0.6, we obtain the following estimate for the
required light injector light input:

N(D_n:LVA_TCLVA_
5 s M - n
JR 2g. 2
mlm *cd 100(())c6d°m 2m° - 105001m  (16)

Since each lamp injects 1000 lm into the guide, the
desired luminance could be obtained by equally spacing
11 lamps along the 1 m input cross section of the guide.

Since we know the value of 8, and L, we can
determine from Equation 3 the necessary value of
W, to obtain a desired value of N. Solving Equation 3
for W,, we obtain

Y1n 1
e= o 17

Z| =

For the maximum desirable N value of 24, we would
obtain:

N

m

W, = —é% % =0.033 m (18)
Table 2— Extractor widths for Example 1.
Distance Width
0.00 m 4 mm
3.75 m 12 mm
7.50 m 20 mm
11.25m 39 mm
15.00 m 90 mm

JOURNAL of the llluminating Engineering Society Summer 1998
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This means that ngust be at least 33 mm.
For a minimum desirable Ng value of 6, we obtain:

~ 20 2m
50 6

This means W must also be less than 133 mm, so that
W must be in the 33-133 mm range. There is no advan-
tage in making W larger than necessary, but it must be at
least as large as the diameter of the lamps, so 50 mm will
be used. This yields a value of N, given by Equation 3 of:

W, -0133m (18)

N=8rl2 2 . (19)

The front emitting surface of the cover will be
diffusely transmissive so that the extractor pattern on the
back surface will be diffused. In order for the diffusion to
be sufficient that the luminance of the emitting surface
will appear uniform, the extractor strips should be
separated by no more than about one half the distance
from the extractor to the front surface. Since in this case
that distance is 50 mm, the extractor strips should be
placed on 25 mm centers, so that there will be 40
equally spaced extractor strips on the back of the guide.

To design the extractor, we will use the “N=12 to 18”
row of Table 1. We must convert the x values into actual
distances down the guide by multiplying by 2000 mm,
and we must convert the extractor values to actual
extractor widths by multiplying by the extractor strips’
center-to-center spacing of 25 mm. The resultant values

Table 3— Extractor widths for Example 2.

Distance Width
0 mm 1.0 mm
500 mm 1.5 mm
1000 mm 2.5 mm
1500 mm 4.3 mm
2000 mm 8.5 mm

are shown in Table 3.

In other examples, other combinations of parameters
may be specified, but the general approach is much the
same. In some cases, it may be found that no self-
consistent solution is possible with available light sources.
In such cases, it is often possible to reconfigure the
problem into one that is easier to solve, e.g., by reducing
the required length of the light guides, or reducing the
required output flux by increasing the number of guides
in a lighting system. In almost all cases, a selfconsistent
design based on the above approach should be a good
starting point.

The above design approach can be facilitated by the

Summer 1998 JOURNAL of the Illuminating Engineering Society

use of a simple computer program to keep track of the
various simultaneous relations which must be satisfied.
Such a program is freely available on the World Wide
Web for this purpose.®

Conclusions

This paper provides a simple method for creating a
first design for a prism light guide luminaire. It will be
a rare situation where such a design is the best that can
be made, but in most cases it will be close enough to
such an ideal design that it should be fairly simple to
iterate to that best design in a quick and simple
manner. Depending on the size and complexity of the
system, it may be best to carry out such iteration by
means of computer Monte-Carlo ray tracing or by
constructing optical mock-ups. In any case, it is
expected that the differences between the resultant
final design and the initial design will be small enough
that the initial design can be safely used for initial
feasibility estimates for performance and cost.
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Appendix

Glossary of symbols used in this paper length of the
prism light guide luminaire
0 angle between light guide axis and light ray

direction

6,  maximum value of € for which prism light guide
carries all rays
luminous flux injected into prism light guide
luminous flux emitted along length of prism light
guide
visible luminance of the light emitting surface
efficiency of prism light guide luminare
number of sources emitting light into prism light
guide
luminous flux injected by each source
the angle at which the light injectors intensity has
dropped to half
the length of the prism light guide luminare
width of luminaire emitting region
prism light guide luminaire emitting area
minimum cross sectional width of prism
light guide
aspect ratio of prism light guide
dimensionless fractional distance down prism

& &
2

)
s
=
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light guide
W, width of light guide extractor material
W,  width of rear half of the perimeter of prism light

guide cross section

E(x) dimensionless ratio of extractor width to rear half
perimeter

F(x) fraction of initial flux reaching point x

F,  intrinsic loss per reflection of prism light guide
wall material

L, length of light emitting portion of lamp

D diameter of lamp reflector
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Discussion

We were very pleased with this paper. It proves to be
very useful as a tool to create the first iteration in a prism
light guide design.

‘We have one question about Equation 6. This equation
defines F,, the fraction of flux lost per reflection to be

= EL;) + Fy

This implies that all of the light that encounters the
extractor at x is lost. However, the guide can guide a
significant portion of the light that reflects off of the
extractor. That is, some of the light that reflects off the
extractor makes an angle with the axis of the guide that
is less than the value of 0, given by Equation 1. We would
like to know if the author has considered this fact. If not,
does he think that it would significantly improve his
model? As well, does he think that it could be easily
incorporated into his model?

B. York and M. Donaldson
TIR Systems Ltd.

27

This paper fills a need. The design procedures are
clear, easy to understand, and will be useful to the novice
designer. The examples will be helpful. Limitations are
pointed out by the authors.

Only one design method, the diffusing extractor, is
presented. Are there any plans for the authors to present
other design methods, such as the prismatic extractor?

D.A. MacLennan
FusionLighting Inc.

Author’s response

To B. York and M. Donaldson ‘

Itis true that in general some of the light scattered by the
extractor will have a direction within the acceptance range
of the guide. For an isotropic radiator, this fraction is about
13 percent for a prism light guide having a refractive index
of about 1.6 and a resultant acceptance angle of about 30
degrees. However, the light scattered from the extractor is
not isotropic. Typically it has the directional distribution of
a Lambertian radiator, with its peak intensity in the
direction perpendicular to the guide axis. This reduces the
fraction of this scattered light that is subsequently guided to
about 2 percent, which we suggest is negligible at the level
of approximation presented in this paper.

To D. MacLennan

Although diffuse extractors are most common, and
are therefore used in the two examples given, the results
of this paper are not restricted to such extractors. The
extraction width W, can generally be interpreted as the
“equivalent width” of the extraction mechanism.

For example, if the extraction mechanism were holes
in the prismatic film, W,, would represent of the area of
holes per unit length of guide, which could vary as a
function of distance down the guide.
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