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The optical system for a projection display 
based  on  three  miniature reflective spatial light 
modulators (SLMs) is described.  The total 
projection display light throughput is a 
function not only  of  the optical system 
efficiency but also  of the light-collection and 
light-coupling efficiency  referred to here  as 
the lamp-SLM  coupling.  The optical system 
efficiency is the  transmission  of  the optical 
components in the projection display.  These 
are  examined in detail through  measurements 
and  estimates  of  the  components in the 
system.  The  various optical components 
include UV-IR filtering,  illumination  optics, 
polarization  optics, color separation  and 
recombination  optics, SLM efficiency,  and 
projection optics. The Iamp-SLM  coupling, 
which is the  amount  of  usable light that can 
be  collected from a particular lamp  coupled to 

the projection optical system, is determined 
by  the light-source luminance, the efficiency 
of the light-collection optics,  and  the optical 
system  efendue.  For  small  SLMs,  less  than 
50 mm  diagonal, for example, the  Iamp-SLM 
coupling  efficiency falls off rapidly with SLM 
size  and optical system  f-number.  The 
dependence of this coupling  efficiency  on SLM 
size is determined from measurements  of the 
light-collection efficiency as a function of 
aperture size,  where the apertures  are  used 
to simulate  SLMs  of  the  same  dimensions. 
A variety  of  arc  lamps  were  investigated for 
use in the projection display  based  on  IBM 
reflective SLM  devices.  The  Iamp-SLM 
coupling  dependence  on  arc  gap  was 
determined.  The  measurements  are  used to 
compare  various  lamps  and to estimate 
directly the  throughput for the  complete 
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projection system.  The SLMs used  in  the 
projection display are liquid  crystal  devices 
which utilize only  one  polarization of  light 
while  discarding the second.  Converting the 
discarded  polarization  into  useful  light  can 
in principle  double the throughput of the 
projector. However, polarization  conversion 
results  in  doubling of the size of the light 
source  and  thus  produces  less  efficient 
Iamp-SLM coupling,  particularly  for long-arc- 
gap  lamps. Measurements and  analysis of 
throughput enhancement by polarization 
conversion are presented,  and the dependence 
on arc gap and  optical  system  etendue  is 
discussed. 

Introduction 
The total light output of projection displays employing a 
light source  that  illuminates  spatial light modulators 
(SLMs) is a  function of the efficiency not only of the 
projection  optical system but also of the light collection 
and light coupling. In  projectors using large  spatial light 
modulators,  the  emphasis  on  projector  throughput 
analysis and  throughput  enhancement  has  been  on  the 
transmission efficiency of the  optical  components.  The 
total system throughput  also  includes  the light-coupling 
efficiency. For  a small SLM  diagonal (DSLM),’ for example 
less than 50 mm in length,  the efficiency of coupling  the 
lamp light to  the SLM (referred  to as the lamp-SLM 
coupling efficiency) falls off rapidly  with light-source  arc 
length  and  projection  optics  f-number,  where  the  f-number 
is the  customary expression of the  ratio of the focal length 
of a  lens  to  the  diameter of the incoming beam.  Recent 
advances in SLM technology  have resulted in  high- 
resolution  spatial light modulators with D,,, in the 
0.5-1.3-in. range,’ where  the smallest DsLM are 
predominantly  based  on crystalline silicon devices  such  as 
the IBM liquid  crystal  SLM  devices described in  this 
issue, the Texas Instruments digital mirror devices 
(DMDs) [l],  and  the  Pioneer liquid  crystal  SLM  devices 
[2]. For  projectors using  such  devices, the lamp-SLM 
coupling efficiency can  become  the  dominant  factor 
limiting the light output. 

Transmission liquid  crystal  SLMs using polysilicon 
device  technology are also in the 1.3-in. D,,, range  and 
possess  similar throughput limitations, though  they  are 
not as severe.  Projectors using  transmissive  devices  can 
operate  at  smaller  f-numbers, allowing greater light- 
collection efficiency. Extension of the p-Si technology to 
smaller,  higher-resolution SLMs (Le., having greater pixel 

’ T h e  size of a spatial light modulator (SLM) is descrihed by thc lcngth of i t?  
diagonal. 
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density) is limited because of the diminishing area 
available per pixel for a clear  aperture  required  for 
light transmission.  Thus,  high-resolution  projectors will 
rely on crystalline  silicon  device technologies, which are 
predominantly reflective  devices. As described below, 
optical  projection systems based  on reflective  SLMs 
require limited optical system acceptance angles (or 
f-numbers),  thus limiting  light-collection efficiency. This 
paper  concentrates  on  an analysis of light throughput of 
projectors using  reflective SLM devices. In addition to 
analysis of  the  optical system efficiency, the lamp-SLM 
coupling efficiency is studied as a  function of light-source 
arc  gap  and  optical system acceptance  angle.  The 
dependence of the  total system throughput on the 
key optical  and  lamp  parameters is discussed, and 
requirements  for  optimum  performance  are  established. 

Optical  throughput of the projection system 
The  total  projector light throughput is the  amount of light 
delivered by the  optical  projection system to  the viewing 
screen  and is measured as the  total light flux, F ,  in units 
of lumens.  Three  parameters  contribute  to limiting the 
total light flux. The first, the  optical transmission factor 
( T o S ) ,  results  from losses introduced by all of the  optical 
components in the  total system light path, including 
polarization  and  spectral filtering  losses. Another is the 
brightness of the light source,  or its luminance BS, which 
is measured in units of lumensisr-m’ (or cdim’). Finally, 
the light flux is restricted by the  product of the light- 
acceptance solid  angle and  the  area of the limiting 
aperture in the  projection  optical system. This  quantity 
is known as the itendue ( E ) ,  or  “optical  extent,” of the 
system and is measured in units of sr-m2.  For typical 
projection systems using  small  SLMs, the limiting aperture 
is the size of the  SLM,  and  the solid acceptance  angle is 
derived from  the  f-number.  The  projection system’s light 
flux Fp, in lumens, is given [3] by 

FP = B q * E  * Tu>. ( 1 )  

For  our specific application of projection systems, an 
arc  lamp typically encased in an integral  parabolic  or 
ellipsoidal  reflector currently available from  vendors 
is used to provide maximum arc/reflector  alignment 
efficiency. For  convenience in the analysis of the 
projection system throughput,  the  luminance B s  of the 
light source is assumed  to  include brightness-limiting 
effects due to the  lamp reflector as well as the  arc 
lamp itself. This allows the  separation of lamp-related 
contributions  from optical-system contributions.  Thus,  for 
a specific lamp,  the effective  light-source luminance is a 
function of the  arc-lamp  properties  (lamp  power,  arc 
size, luminous efficacy, and  distortion  due  to  the bulb 
envelope)  and  the  reflector  properties  (geometric 
efficiency of the  reflector,  optical  coatings efficiency of 
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the reflector, and  distortion  due  to  the  optical quality of 
the  reflector).  These  factors  together define the effective 
light-source  luminance, Blamp, which includes the 
lampireflector Ctendue. For  a system  designed for 
maximum efficiency, this etendue  should  match  the 
Ctendue of the  projection system. 

In  the case of projectors using  small  SLMs, the  aperture 
limiting the  optical system is the size of the  SLM.  The 
acceptance solid angle is proportional  to  the  square of the 
numerical  aperture (NA) '  of the  optical system, where 
N A  = n sin 0 = 1/2(f-number) and n(air) = 1 is 
assumed. In terms of D,,,, rather  than SLM area,  the 
Ctendue is proportional  to (D,,, The  product 
(LIS,, N A )  is a  measure of the optics-SLM system 
acceptance, which determines  the  projector's final 
throughput of light. To  increase  the  throughput (by 
increasing the system's acceptance),  the  NA must be 
increased  and/or  the  SLM size  must be  increased. 
However, the  trend is to  decrease  the size of the SLM 
in order  to lower  cost. The  numerical  aperture  can  be 
increased  to  some  extent,  but  not  without  a penalty. 
Reflective  SLM operation  demands  stringent  requirements 
of the  optical system for  color  separationirecombination 
and  for  polarization  control of the incoming and exiting 
light bundles.  The difficulty in meeting  these  requirements 
increases dramatically at high NA. The liquid  crystal (LC) 
contrast  ratio  can also degrade  at high NA, depending on 
the  LC  mode of operation. Specific values of NA  and 
SLM  size and  their  impact  on  throughput  are discussed 
below. A  projector employing  reflective  SLMs  must 
therefore be optimized  for  NA,  SLM size, and  light-source 
luminance. 

To simplify the analysis of projection  optical systems, 
the  lamp  parameters  are  separated  from  the optical-system 
parameters.  The light-source luminance is replaced by the 
effective lamp  luminance, Blamp, which includes brightness- 
limiting factors  due  to  the  reflector  (geometrical 
efficiency, reflectivity, and  optical  aberrations). Rewriting 
Equation (1) in terms of lamp  and  NA  parameters gives 

- 

The effective lamp  luminance, Blamp, and  the optics- 
SLM  acceptance, (LIS,, * N A ) 2 ,  determine  the  total 
usable lumens  collected  from  a specific lamp by an optical 
system with a specified NA  and SLM size. This  usable 
light, Flamp ,  is a  measure of the lamp-SLM coupling 
efficiency, and is given by 

Flamp can  be  measured directly for  each  lamp as a  function 
of N A  and DSLM, thereby allowing a  direct  lamp-to-lamp 
comparison of the final projector  output. Implicit in 

Equation (3) is that  the Ctendue is limited by the  optical 
system-the point  at which the light collected is much less 
than  the  total  lamp  output; i.e., Fl,,mp << F,,,. However, 
as (NA . DSLM)* becomes  large  compared  to  the 
lampireflector Ctendue, the  total  lamp  output, F,,,, is 
collected by the  optical system. Between these two limits, 
the  collected light is a  function of both N A  * DsLM and  the 
lampireflector Ctendue E,. These  three  regions  are 

' l a m p  c( (NA * ~ s , , ) '  for  small ( N A  *Ds,,); (4a) 

Flamp = F [ ( N A  *DSLM), E,,] for  intermediate-size 
( N A  * DsLM); (4b) 

'lamp = ' m u  for  large ( N A  .Ds,,). (4c) 

An  approximate  general expression for Flamp, based  on  a 
model of the  lampireflector  etendue-limiting  parameters, 
is derived  in [4]: 

where F,,, is the  total  arc  lampireflector light flux which 
includes the  reflector  coating  and  geometric efficiencies. 
L is a  function of the  arc  diameter (D,,)  and  length 
(ZJ, arc intensity distribution f ,  and  the  parameter d,  
which depends  on  the  optical system  Ctendue, an  ideal 
(cylindrical) arc Ctendue, and  a  parameter  corresponding 
to  the reflector aberrations. Specifically, d is proportional 
to  the  ratio of the  optical system Ctendue to  the light- 
beam  etendue  E,; i.e., d ( N A  * D,LM)2/E,l. The  algebraic 
derivation  obtained  from this model  does  not lead to 
a closed  analytical solution; it requires  a specific 
lampireflector  model  and it has several approximations, 
but it is useful if the  arc  and reflector parameters  are 
known. In  general, however, this  information is not 
available for every lampireflector  combination.  In  the limit 
of optical system Ctendue >> lampireflector Ctendue, the 
value of Flamp given by Equation (5) becomes  a  constant 

Fm,,. 
For each  lamp,  the final projector  output, F p ,  is 

determined by the  product of the  optical system efficiency 
and  the usable light flux collected by the system, and is 
given by 

= lamp-SLM  coupling x optical efficiency. 

This analysis separates  the  lamp-related  parameters 
from  the  optical-system  transmission. For a specific 
lampireflector  combination (with constant E,), the 
dependence of Fldmp on N A  and D,,, can  be  measured 
directly. This allows measurement of the  total  number of 
usable  lumens  from any lampireflector, for all  values of 
D,,, * NA.  The following sections  describe in detail  the 
prototype  projection display based  on  IBM reflection 
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UV-IR filter 
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Condenser 

Optical  system of high-resolution  projection  display  using 
reflective SLMs. 

SLM technology, the  measurements of the  optical system 
efficiency, and  the  measurements  and  modeling  of  the 
lamp-SLM coupling. 

Prototype  high-resolution  projection  display 
A prototype  high-resolution  desktop  projection display 
with data,  graphics,  and  video capability was designed, 
built,  and  evaluated [SI. A schematic drawing of the 
projection display  using three liquid  crystal  reflective 
SLMs is shown in Figure 1 (see  papers in this  issue for 
further  details).  The  SLM used in the  prototype system 
has a  1.94-in. diagonal,  and  the  array  contains 2048 X 

2048 square-shaped  mirrors on a 17-pm pitch. The 
illumination system  consists of an  arc  lamp in a parabolic 
reflector. After  UV  (ultraviolet)  and  IR  (infrared) 
filtering, the white-light source is focused  into a  light 
tunnel  to  homogenize  the light. The  uniform  output of the 
light tunnel is collected  and imaged onto  the  three SLMs 
through  the  polarization  and  color  separation  optical 

390 assembly. This  optical assembly  consists of a  polarizing 

beam-splitter  (PBS)  cube  and a three-prism  color-splitting 
assembly. The polarizing cube  directs  one  polarization 
(S) toward  the SLMs and  discards  the  opposite (P) 
polarization.  The  color  three-prism assembly separates 
white  light into  red  (R),  green (G), and  blue (B) 
components  and  directs  each  component  to  its  respective 
SLM. The  SLMs  function by selectively rotating  the 
incoming polarization  from S- to  P-polarization  on a pixel- 
by-pixel level and reflecting the light back  to  the  color 
prism  assembly. The light retraces  its  path  through  the 
color  prism assembly,  which recombines  the R, G, and 
B light into  the  composite  white light. The PBS then 
discards  the  S-polarized light by reflecting  it  back toward 
the illurnination and  directs  the  P-polarized image-forming 
light to  the  projection lens, which magnifies and images 
the full-color composite  image  onto  the  screen. 

resolution  rear-projection  monitor.  The  image size on  the 
screen is 20 in. X 20 in.  At  this magnification, the pixel 
size on  the  screen is 0.25 mm.  The  resulting  screen 
resolution is -100 pixelsiin. over  the  entire 28-in.-diagonal 
image of the >4-megapixel display. The  measured  screen 
luminance  from  the 100-W arc-lamp  illumination  source is 
about 100 cd/m2. 

Efficiency of the  optical  system 
The  optical system efficiency, or transmission  factor (To,), 
is examined in detail  from  measurements  and  estimates 
of all optical  components in the  projection system. The 
optical  components  include UV-IR  filtering, illumination 
optics,  polarization  optics,  color  separation  optics,  SLM 
efficiency, color  recombination  optics,  and  projection 
optics. The system also  includes  contrast  and/or  color- 
enhancement  components,  and a screen  for  rear-projection 
displays. 

The  overall  throughput of the  prototype system was 
limited by the design NA and  the efficiencies of the 
optical  components.  In designing the  prototype  projector 
depicted in Figure 1, the  optical system f-number was f/5 
(0.10 NA). Several factors  contributed  to  this choice, 
including the  performance of the polarizing beam- 
splitter  coating  and  dichroic  color-splitting coatings, and 
compound-angle  depolarization  effects.  Spectral filtering 
was accomplished in several stages: by two UV-IR  filters, 
two dichroic  coatings  at  the  interfaces of the  three-prism 
color assembly  used  in double-pass  mode  for  splitting  and 
combining, and  absorbing  color filters at  the SLMs. These 
were  adopted  to  provide  saturated  and  balanced colors. 
The  illumination system is based  on a light-tunnel 
homogenizer comprising  a  hollow mirror  tunnel  fabricated 
using aluminum  mirrors.  The  illumination system  also 
included  several  optical  elements  and  aluminum  turning 
mirrors limiting the  overall efficiency. Table 1 presents a 
summary of the  optical  components in the  prototype 

The final embodiment of the  prototype system is a  high- 
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system and  their  measured  or  estimated efficiencies. The 
optical  components  are divided into six subsystems of the 
overall  projection system: 1) ultraviolet  and  infrared 
filters, 2) illumination optics, 3) polarization  optics, 4) 
spectral filtering optics, 5) projection  optics,  and 6) SLMs. 

As shown  in Table 1, the final optical system efficiency 
is -2.5%. Using 3600 lumens as the  total usable lumens 
collected  from  the  lamp  (see below),  this optical efficiency 
results in 90 lumens  incident  on  the  screen.  The  prototype 
system is set  up as  a rear-projection  monitor.  Surface- 
diffusing screens with a low gain (of order 1.5-2) were 
selected  to provide  wide viewing angles and  maintain high 
resolution  on  the  screen.  For  additional  discrimination 
against  room light,  a  gray (absorbing)  screen with  a  gain 
of 2 was favored.  The  resulting  net  rear-projection system 
screen  luminance was 115 cdim'. 

Table 1 also  shows that  the  estimated optical-system 
efficiency that could be realized  in an  improved system 
is in the 9-10% range.  This -4X gain in optical 
transmission is not  the  result of a  single specific 
improvement. As  shown in Table 1, improvements in each 
of the six subsystems are necessary to  realize  this  optimum 
transmission efficiency. Measurements  and  estimates 
were  conducted  to analyze the losses and  determine  the 
potential gain  in  all six subsystems  listed  in Table 1. For 
example,  the  greatest gain can  be realized by improving 
the  spectral efficiency of the  total  optical system. This 
is clearly illustrated in Figure 2, which shows the  input 
lamp  spectrum  and  the  spectrum of the  projector  output 
measured  at  the  screen.  Substantial losses  in  most 
subsystems at  the  extremes of the  spectrum limited the 
total  spectral efficiency, particularly losses  in the  blue.  An 
attenuation (-40%) of the  green  channel was required  for 
a balanced white point. 

Experimental  measurements of IampSLM 
coupling 
As  described above and given in Equations (3)-(S), the 
lamp-SLM coupling efficiency Flamp is a function of NA, 
D,,,, and  lampireflector  etendue (E") ,  and  determines 
the  amount of usable light that is collected  from a lamp. 
For a specific lampireflector (with fixed E o ) ,  the  amount 
of usable light flux can  be  determined directly from 
measurements of the light throughput  through  an 
aperture.  The  measurement  apparatus is shown  in 
Figure 3. For  lamps in parabolic  reflectors,  the UV and IR 
are first filtered from  the light output.  The light is then 
typically focused by a condenser  lens  at 0.25 NA  into 
a variable  aperture. A second fixed aperture  at  the 
condenser lens is used to  provide a  well-defined NA. 
The  total  optical power transmitted  through  the  variable 
aperture is then  recorded as  a function of aperture size. 
For  lamps provided  with  an  ellipsoidal  reflector, the light 
is usually collimated  and  then  measured using the  same 

~ output 

Red (without  trim 

400 500 600 700 

I Wavelength (nm) 

Input lamp spectrum and the output spectra from  the three 
1 individual R, G, B channels. The  red output  spectrum  is  shown 1 with and without a trim filter used  to obtain  proper  color  balance. 
1 

Table 1 Optical  transmission efficiency of the subsystems 
of the  prototype  projection display. 

Prototype Improved 
system efJiciency 

UV-IR filter 
Hot mirror* 
Cold mirror' 

Illuminator 
Homogenizer 
Lenses 
Mirrors 

Polarization 
Pre-polarizer 
P B S ~  (two-pass) 
XI4 (contrast  filter) 

Spectral efficiency 
Color prisms: 

Color filtering: 
Dichroicsisurfaces 

Filter (yellow) 
Color  balance 

Projection system 
Lens 
Turning mirror 

SLM 

Optical system transmission 
efficiency (To,) 

0.9 
0.95 

0.85 
0.94 
0.81 

0.42 
0.88 
0.98 

0.75 

0.85 
0.6 

0.9 
0.9 

0.86 

0.65 

0.36 

0.38 

0.81 

0.40 

0.025 

0.90 

0.85 

0.38 

0.6-0.7 

0.90 

0.55-0.6 

0.081-0.10 

'Hot  mirror is IR-transmltting/vlsible-reBrcting. 
'Cold mirror I S  visible-reflectingIIR-transmitting 
'PPBS is the polarizing  beam-splitter  cube. 

system. In  addition  to  the above data,  the  total power 
emitted by the  lampireflector is measured by replacing  the 
condenser with a  high-NA lens  and focusing the light into 391 
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reflector UV-IR 0.25-NA power  meter 
filter lens 

1 Schematic of lamp measurement apparatus.  The visible output of a 
J lamp/reflector is first filtered of UV-IR light and then focused at 1 1 0.25 NA into variable apertures. The apertures are rectangular, 
f with a length ratio of 3:4, simulating the SLM aspect ratio.  The 
2 energy transmitted by the apertures is detected using a  power 1 meter. 

a  detector.  This  measurement provides the maximum  light 
flux that  can  be  collected  from  the  lampireflector (F,,,). 

The  recorded power is then  corrected  for  component 
losses  (UV-IR  filter and  lenses).  The light  power is 
measured using a power meter in units of W.  Spectral 
analysis of the light transmitted  through  the UV-IR  filters 
leads to  a conversion factor  from W  to lumens. For example, 
the conversion factor is determined  as 300 lumens/W 
for  the Philips UHP-100W  lamp [6] and 230 IumensiW 
for  the  ILC  Cermax  Xe  arc  lamp [7]. For  direct 
comparison  to SLMs, the  experimental  apertures used to 
simulate SLMs are typically rectangular, with 3:4 length 
ratio,  and  are  designated by their  diagonal  length, D,,,. 

The  direct  measurement gives the  amount of usable 
light flux as  a  function of  D,,, at 0.25 NA.  Though 
collected at 0.25 NA, the  data  can  be  used to determine 
the  expected light flux at any NA.  In  a  well-corrected 
optical system, the Ctendue is preserved  and NA D,,, is 
constant. Since the  aperture  can  be  imaged  onto  the SLM 
at  arbitrary magnification, the resulting NA  at  the SLM is 
simply the  input  NA (0.25) divided by the magnification 
factor. Similarly, the  resulting  equivalent D,,, is the 
product of the  input  diagonal  and  the magnification factor. 
For example, the light flux through  apertures  at 0.125 NA 
is equal to the light flux at 0.25 NA  through  apertures of 
one-half the  diagonal. 

A variety of arc  lamps  were investigated for  use in 
the  projection display based on IBM reflective SLM 
technology. Data  for two lamps with very short  arc  gaps 
are  presented in Figure 4. One  lamp is the Philips UHP- 
lOOW lamp [6] with a 1.4-mm arc  gap  and  a  spectrum 
similar to  that of a  metal  halide.  The  second is the  ILC 
Cermax 500W Xe  arc  lamp [7] with a 1.15-mm arc  gap. 
The 100-W lamp is housed in a  parabolic reflector, and 

392 the 500-W lamp in an ellipsoidal reflector. 

The  plots  presented in Figure  4 show the  total  usable 
lamp power (W)  that  can  be collected at 0.25 NA  for 
various  aperture  diagonals (3:4 rectangular  aperture). 
Additional  data  collected  for  the 100-W lamp using square 
apertures show identical  dependence.  As  seen in the  data, 
the collected  power increases rapidly for  apertures with 
small diagonals,  and begins to level off for  diagonals 
greater  than 20 mm. 

experimentally  measured.  The  apparatus  depicted in 
Figure 3 was modified by removing  all apertures, using a 
high-NA lens  to collect the  total  emitted  lamp light, and 
focusing the light into  the  detector.  The  measured power 
collected (at high NA)  from  these two lamps is -18 W 
and -43 W. 

The maximum usable light flux, F,,,, is also 

The  experimental  measurements show both  the  usable 
light flux at  various  apertures  and  the maximum usable 
light flux. The maximum usable light flux, F,,,, which 
includes  the reflector  collection efficiency (both  geometric 
and  coatings reflectivity), is typically much less than  the 
total  arc  luminous flux, F,. The  total  luminous flux F,, the 
product of the  lamp power (W)  and  the  luminous efficacy 
(IumensiW), is specified by lamp  manufacturers  as  the 
lamp  output.  However,  the  important  quantity  for 
projection system designers is not Fo, but  rather Fma,. 
From  the  measurements of total usable  light flux, most 
lampireflector  combinations  provide 40-50% of the  total 
luminous flux supplied in the  lamp specifications, or 
FmaxiFo - 0.4-0.5. The  total  usable flux must be  measured 
rather  than relying on the specification of total power 
(W)  and  luminous efficacy (lumensiw).  Exceptional 
lampireflector efficiencies can  be in the 60-70% range 
(Fmax/Fo - 0.6-0.7). The  total power emitted  from  the 
two lamps  measured above is indicative of efficient 
reflectors, both in geometry  and in coating reflectivity. 

The  saturation  effect  at  large  aperture  diagonals is 
predicted by the analysis presented  earlier.  The analysis 
also predicts  a  quadratic  dependence  for small diagonals. 
The  data  depart  from  linear  dependence only for very 
small (<<lo  mm)  aperture diagonals, although  the exact 
dependence  cannot  be  determined  because of insufficient 
data  at  these  dimensions. Only the  region  where  the 
collected  power is small (<20% of the maximum)  shows a 
nonlinear  dependence.  This region of low collection 
efficiency is not of great  interest in the design of 
projection optical  systems. The  intermediate region 
shows an  approximately  linear  dependence  on  the 
size of aperture diagonals. 

Modeling of IampSLM coupling 
The  dependence  on  aperture  diagonal size leading  to 
three  regions of behavior  (quadratic,  near-linear,  and 
saturation)  for  the  collection efficiency is predicted by 
several models.  The  three-dimensional  model of the  arc 
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and  reflector  leading  to  the full expression for FIJmp given 
in [4]  exhibits this  behavior.  A  phenomenological  model 
predicting this behavior which also provides  intuitive 
understanding of the  data  considers  a two-dimensional 
image of the  arc as having an  inner  core of constant 
brightness, B s ,  followed by a  radial  brightness  dependence 
proportional  to  l/r which decreases  to 0 at  an  outer 
radius.  This  arc  intensity  distribution  leads directly (see 
the  Appendix)  to  the light-flux dependence having three 
distinct regions:  1)  a region of quadratic  dependence on 
aperture  diagonal size for small diagonals, 2) a  region 
of linear  dependence  on  aperture  diagonal size for 
intermediate-size diagonals, and 3) a  constant  or  saturated 
region  corresponding  to  large  aperture diagonals. 

A  more precise simulation of the  measured  dependence 
can  be derived by computer  modeling of the  arc  lamp. 
Such modeling  requires  input of the  arc intensity 
distribution  and  the bulb envelope as well as the reflector 
geometry. Using  such data,  a ray-tracing simulation of 
the light collected and  coupled  into  the SLM from  the 
lamp-reflector combination was performed using ASAP 
[8] ray-tracing software.  The  ASAP  software was able  to 
provide the necessary modeling of the  arc as an  extended 
light source.  Modeling of the 100-W lamp with the 
1.4-mm arc  gap was conducted  for  comparison  to  the 
measurements  presented in Figure 4. 

was then  mounted in a  paraboloidal  reflector.  The 
geometries of the bulb and  the reflector were  modeled  as 
optical  refracting  and reflecting surfaces.  The  arc was 
modeled using embedded  volume  emitters of suitable 
shape  and size and  positioned  along  the  arc  gap  and 
apodized  to  simulate  the  radiation  pattern of the  lamp. 
Several thousand rays generated randomly from  the 
emitters were propagated  through  the bulb and reflected 
by the reflector,  resulting  in a  collimated  beam of finite 
divergence.  This  beam was then  focused  onto  a receiver 
with a  lens  operating  at  the  NA of 0.25, as in the 
experimental  measurements  leading  to  the  results 
presented in Figure 4. The receiver was rectangular, with 
a 3:4 aspect ratio,  and was characterized by its diagonal. 

A  plot of the  collected flux versus the  diagonal of the 
aperture as computed by ASAP is shown in Figure 5 for 
the UHP-100W lamp with the 1.4-mm arc  gap  together 
with the  measurements  from  Figure 4. The  model  and 
measurements show  excellent agreement.  This verification 
constitutes  a  foundation  for using the  model  and  the 
measurements in the design of the  illuminator  for  the 
projection display. 

The  lamp  consisted of a bulb containing  the  arc, which 

Examples of projector throughput estimates 
For  the specific case of the  prototype  projection display, 
the 100-W lamp  illuminated  the  49-mm-diagonal SLM 
using an  optical system operating  at 0.10 NA.  Although 
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Lamp throughput vs. aperture diagonal measured at 0.25 NA for 
the UHP-100W 1.4-mm  arc-gap  and the Cermax 500W  1.15-mm 
arc-gap lamps. 
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Comparison of simulated and measured throughput of the UHP- 
lOOW lamp.  The  simulation was calculated  using  the  ASAP 
program. Both data curves are normalized to maximum output. 

data  are available for  the  square  apertures,  the collected 
light power is also determined  from  data in Figure 4, since 
there is only a 2% difference in diagonal  between  square 
and  rectangular 3:4 apertures with equal  areas. Since 
NA . DsLM is constant,  an equivalent throughput parameter 
is 19 mm D,,, at 0.25 NA. Figure 4 predicts  that  the  total 
power usable by the  optical system is 14 W. The  actual 
power  in the  prototype system measured slightly lower at 
12  W.  The -15% loss in  collection efficiency is a result 
of two factors: 1) The  structured,  rather  than  smooth, 
parabolic  reflector  degraded  the light divergence, and 
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2) the  large  separation of the  lamp  and  the  condenser 
lens  due  to  optomechanical  constraints  also  degraded 
the collection efficiency. 

Finally, use of the conversion factor of 300 lumens/W 
shows the  total  usable light flux for  the  prototype 
projection display to  be 3600 lumens. Use of the  optical 
transmission factor of 2.5% shows a total of 90 lumens 
reaching the screen. The luminous flux at  the 20-in. X 20-in. 
screen is about 350 lumens/m2.  For  the  high-contrast 
gray screen with -0.5 transmission  and  gain of 2, the 
resulting  luminance is about 115 cd/m2.  This value is in 
close agreement with the  measured  screen  luminance. 

The  lamp-measurement  results  can  be  used  to  compare 
various  lamps  and  to directly estimate  the  throughput  for 
the  complete  projection system. Although  measured  at 
0.25 NA using the  apparatus  depicted in Figure 3, the 
results  can  be used to  estimate  the  total  projector 
throughput  for any SLM  diagonal  and  optical system 
NA.  For example, consider a projection  optical system 
operating  at 0.125 NA. Use of an  example of a typical 
SLM  diagonal of 33 mm (1.3 in.) shows the  equivalent 
diagonal  at 0.25 NA  to  be 16.5  mm. At  this  diagonal, 
Figure 4 predicts  the  usable  lamp power as  13 W from  the 
100-W lamp  and 34 W from  the 500-W lamp.  Use of the 
conversion factors 300 and 230 IumenslW  shows the usable 
lamp flux to  be  about 3900 and 8000 lumens  for  the two 
lamps, respectively.  A projection system with about  9% 
efficiency would therefore  result in an  output of about 
350 and 700 lumens  from  these two  lamps. 

specified NA  and  SLM  diagonal  can  be  predicted,  since 
In general,  the  throughput of a projector with  a 

394 (NA * DSLM) is a constant.  To  facilitate such prediction, 

the  data  can  be  replotted  as a function of (NA * DSLM), 
rather  than D,,, at  the specific measurement NA. This 
allows a direct  determination of the  total  number of 
usable lumens  for any projector with the specified NA 
and  SLM diagonal. 

The  lamp-measurement  procedure  described  above was 
carried  out  for a  wide  variety of arc  lamps  considered  for 
projection applications. As  expected,  lamps with shorter 
arc  gaps allowed greater collection efficiency. In  the 
example given above, 72%  and 79% of the  total  lamp 
output is collected from  the two lamps with  1.4-mm and 
1.15-mm arc gaps,  respectively. The lamp-SLM arc-gap 
dependence  can  be  examined in greater  detail using the 
results of throughput vs. aperture  diagonal  for  various 
lamps. Determination of the effect of the  arc  gap on 
collection efficiency is facilitated by normalization of the 
measured  data.  The  measured power can  be  normalized 
to  the maximum measured power, F,,, (total power 
measured  at high NA). Figure 6 shows this efficiency 
(relative  to maximum lamp  output)  for several lamps with 
arc  gaps of 1.15, 1.4, 2.0, 3.5, and 5  mm. For  more  general 
applications,  the  normalized power is presented as  a 
function of (NA DSLM), rather  than D,,, at 0.25 NA, 
where D,,, is measured in units of mm. 

As  a reference  point,  the above example using  1.3-in. 
D,, at 0.125 NA corresponds to 4.1 mm on the (NA * D,,,) 
scale. At  this  point, it is evident  that  the collection 
efficiency for  the 3.5-mm and 5-mm arc  gaps falls to  35% 
and  22%, respectively. Even  for  the 2-mm-arc-gap lamp, 
less than half the  emitted power is collected by the  optical 
system (NA D,,, = 4.1 mm). 

Polarization  conversion for throughput 
enhancement 
An  important  technique  for increasing the system 
throughput is through  polarization conversion. The  IBM 
projection display prototype utilizes  only one  polarization 
for  operation, while discarding  the  second.  Converting  the 
discarded  polarization  to  the useful polarization  can, in 
principle,  double  the  throughput.  However,  polarization 
conversion results in doubling  the  apparent size of the 
light source  and  thus may result in  less  efficient 
lamp-SLM coupling. 

Polarization conversion involves the following 
procedure. A  polarizing beam-splitter  (PBS)  cube is used 
to  separate  the two polarization  states.  This  produces two 
sources of light.  A half-wave retardation  plate  (HWP) is 
placed in one  beam of light, producing two sources of the 
same  polarization.  In a typical illumination system, both 
beams  are  subsequently  used as the  input  source  to 
the light homogenization system (e.g., light-tunnel  or 
“fly’s-eye” array). Since two beams  are  incident on the 
homogenization system, the size of the light source is 
effectively doubled. 
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In  terms of polarization  optical efficiency, a  polarization- 
conversion system (PCS)  can significantly improve light 
output.  The  polarized light output  can  be  about 1.85 times 
greater with PCS  than  without it, with the only  losses due 
to  incomplete  polarization  control by the PBS and half- 
wave retardation  plate (-0.92 efficiency assumed). 

Earlier  polarization-conversion  schemes, such  as those 
described in [9, lo], accomplish the conversion  in  a 
collimated  beam. Figure 7(a) shows a schematic of a PCS 
system operating in a collimated beam. An aperture limiting 
the transmission of the  input  beam is placed  at  the 
input  to  the PCS. In  an  optical system where NA DsLM 
is in the  saturated  region, all of the  lamp light is 
transmitted  through  the limiting aperture,  resulting in  a 
highly efficient PCS. In this case,  the  optical system can 
accommodate a larger  aperture,  such  as  that  produced 
by doubling of the light source. However, for  the  more 
typical case  in which NA * D,,, is not in the  saturated 
region,  the  usable light flux transmitted by the limiting 
aperture is less than  the maximum flux, since  the light 
source is already overfilling the system acceptance 
(NA * DsLM). For  an  arc-lamp  source  that is collimated by 
a reflector  (or  other  optics),  the intensity in the  beam is 
distributed  throughout  the  entire  beam. Since polarization 
conversion  doubles  the size of the  beam,  polarization 
conversion  using  a collimated  beam  produces  marginal 
gain in the system throughput.  Our initial measurements 
using a collimated  beam  for  the  prototype  projector 
optical  parameters (NA D,,, = 4.9 mm)  indicated  that 
an  increase in throughput of only 32% would be realized 
by polarization conversion. 

An  alternative  technique yielding higher efficiency uses 
polarization conversion at  the focus,  as described in [11]. 
To achieve  maximum efficiency from  polarization 
conversion, the  doubling of the  source must occur  at 
the  position  where  the intensity distribution is highly 
concentrated,  not  at  the  distributed intensity of the 
collimated  beam.  The maximum concentration of light is 
produced  at  the  image of the  arc  source itself,  e.g., at 
the  focus of a lens placed in the  collimated light beam. 
Figure 7(b) shows polarization-conversion  optics  designed 
to  operate  at  the focus. The system takes  advantage of 
the  “hot  spot” in the intensity distribution  to  produce  the 
maximum efficiency. At  the focus, the intensity transmitted 
by the limiting aperture is greater  than  that  transmitted in 
a collimated beam. Another difference shown in Figure 7(b) 
is that  the  input  beam is divided into  multiple  smaller 
beams using  a fly’s-eye lens array. For  the PCS, this allows 
a more  compact system. 

conversion  at  the  focus can be  estimated  from  the  lamp 
measurements  presented  above.  The  lamp  data in Figures 
4 and 6 show the  usable light flux for NA * D,,, values. 
To  estimate  the  gain,  consider  an  aperture with diagonal 

The gain that  can  be achieved  using polarization 

aperture ‘ HWP 

(a) 

5 Condenser 
lens 

” ” _ ”  .. . . . . 

I Comparison of polarization  conversion  systems (PCS): (a) 
Schematic of PCS using the collimated  light  beam. (b) PCS 
operating at the focus of the beam. The focused-beam PCS is 
shown with multiple focused sub-beams (as described in [l  l]), with 
an insert showing a magnified image of one of the sub-beams with I a hot spot (red). 

DSLM. Figure 4 gives the  usable light flux at  diagonal DsLM 
(and 0.25 NA) without  polarization conversion.  A PCS 
system requires one-half the  area  for  the original beam, 
reserving the  other half for  the  “converted”  beam.  For a 
PCS, the  usable light flux from  the  lamp is therefore  that 
light which is collected into  an  aperture with one-half  the 
area of the original aperture of diagonal D,,,. Since the 
exact shape of the  aperture is unimportant  (to first order), 
an  aperture with one-half  the  area is one of the  same 
shape  but  diagonal DsLM/f i .  By using Figure 4, the 
usable light flux at D s L M / f i  is determined directly. This 
measurement is available for all apertures (i.e., all 
NA . DsLM values). As  estimated  above,  the  polarized light 
output of the PCS can  be 1.85 times  greater  than a 
conventional  (non-PCS) system. The  conventional  usable 
light flux through an aperture with diagonal D,,, is 395 
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Flamp(DSLM), and can be  measured directly from  Figure 4. 
From  the  above analysis, a PCS  provides a  usable light 
flux through  an  aperture with diagonal D,,, equivalent  to 

An example of using Equation  (7)  to  determine  the 
throughput  enhancement  that  results  from PCS at  the 
focus is shown in Figure 8. Figure  8  presents  the original 
data of Figure  4  for  the  UHP-100W  lamp,  normalized  to 
the maximum measured power,  as well as  the  estimated 
throughput of the  PCS  according  to  Equation  (7). Using 
the  optical  parameters  for  the  prototype display (49-mm 
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D,,, at 0.1 NA is equivalent to 19.6-mm D,,, at 0.25 NA), 
Figure 8 gives the  throughput  without  the PCS  as 
0.75, while the  throughput including the  PCS is estimated 
to increase  to 1.10. This is a  throughput-enhancement 
factor,  or PCS efficiency, of 1.47 compared  to only 1.32 
for  the  earlier  case of PCS  using a  collimated  beam. 
Similarly,  using the previous  example of a 1.3-im-diagonal 
aperture  at 0.125 NA, Figure  8  estimates  the  throughput 
enhancement using the  PCS  at 1.42. It is evident  from 
Figure  8  that  the  PCS efficiency is very limited for 
apertures of less than  12-mm D,,, and  becomes  quite 
significant for  apertures  greater  than 15-mm D,,, 
(at 0.25 NA). 

As described above, the  polarization-conversion 
efficiency tPc, is the  ratio of the  usable light flux with and 
without  the PCS, given by 

In  a  more  general  description,  the  dependence of 
F,,,,(D,,,) on D,,, can  be  replaced by the  dependence 
on N A  . D,,,,[F,,,,(NA D S L d I .  

By using the original lamp  throughput  data, such  as that 
given in Figure 4, the polarization-recycling efficiency is 
calculated  for any lamp  and any optical system  with a 
specified N A  D,,,. Figure 9 presents  the  polarization- 
conversion efficiency for  the two lamps shown  in Figure 4, 
which have arc gaps of 1.15 mm  and 1.4 mm.  As is evident 
in Figure 9, the PCS efficiency approaches 1.85 only for 
large values of N A  * DSLM. For small N A  . D,,, values, 
the PCS efficiency is low at <1.25. For  these two lamps, 
the PCS efficiency increases dramatically for N A  * D,,, 
values greater  than 2.5 mm. In the specific example used 
earlier of N A  DSl.M = 4.1 mm (1.3-in. DsLM at 0.125 NA). 
the PCS efficiency of both of these two lamps is -1.4. 
Figure 9 also  presents  the  PCS efficiency predicted  for  the 
lamp with the 3.5-mm arc  gap.  For this lamp,  Figure 6 
shows that less than  35% of the  total light flux is usable. 
The PCS analysis also estimates  that  the PCS efficiency 
for this  example is only 1.2. In  general,  for this  relatively 
large arc  gap of  3.5 mm, the PCS efficiency does  not show 
a  substantial  increase except for NA D,,, > 8 mm. 

In the example  above, N A  . DsLM = 4.1  mm. For typical 
projection systems using  small diagonal SLMs (51.3  in.) 
and typical optical systems  ranging from f/4 to fi2.5, the 
N A  * D,,, values fall within the  range of 1 5 - 6 .  It is 
evident  from  Figure  8  that only lamps  with arc  gaps 
less than  2 mm can  provide substantial  throughput 
enhancement by polarization conversion. Should SLM 
dimensions  continue  to  decrease,  the  arc-gap  requirement 
for an efficient  PCS will also continue  to  decrease. 

Finally, we can  summarize  the  predicted  throughput 
from  a  projection system using these two lamps.  Assuming 
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Table 2 Estimated projector throughput for a 0.125-NA optical system using 1.3-in. D,,,. 

Lamp  Arc gap Fm, tx ,  maximum Usable lumens  Lumen  output PCS Lumen  output 
(mm) lumens measured (1.3-in. D,,, , 0.125 NA) 9% optical ejjiciency WIPCS 

syskm 

UHP-100W 1.4 5400 
arc lamp 

500W Xe 1.15 9900 
arc lamp 

3900 

7800 

350 1.42 500 

700 1.43 1000 

an  optical system transmission factor of 9%, Table 2 
presents  the  expected  projector  throughput. 

Summary 
An analysis of the  total  projection display system 
throughput  has  been  carried  out.  The  luminous flux 
produced by a  projection system is determined by the 
optical transmission efficiency and by the lamp-SLM 
coupling efficiency. The  optical transmission efficiency 
is determined  from  the losses due  to all of the  optical 
components in the system. The lamp-SLM coupling 
efficiency determines  the  usable light flux that can be 
collected  from  each  lamp. 

The  optical transmission factor is evaluated by detailed 
measurements  and analysis of the losses in all of the 
optical subsystem. The  optical transmission efficiency of 
the  prototype  projection display was found  to  be 2.5%. 
However, we estimate  for  polarization-based liquid  crystal 
SLMs, an  optimized  optical system may provide about 
10% transmission. 

A  measurement  methodology is outlined  for 
determining  the  total usable lumens  that  can be collected 
from any lamp  source by a  projector’s  optical system. The 
usable light flux from  a specific lamp is dependent  on  the 
optical system’s numerical  aperture  and  the SLM diagonal. 
Measurement of the lamp-SLM coupling  efficiencies  can 
be used to  estimate  the  throughput of various lamps. 

For small-diagonal  SLMs  less than 1.3 in. (33 mm)  and 
typical projection-optics  numerical  apertures in the  range 
of 0.125-0.2, long-arc-gap  lamps provide very inefficient 
light-collection efficiency. Only  lamps with arc  gaps of less 
than 2 mm can  provide  greater  than 50%  light-collection 
efficiency, and  the efficiency increases with decreasing  arc 
gap.  The  projection system throughput  can be substantially 
enhanced by using  efficient polarization-conversion 
schemes. A method of estimating  the  polarization- 
conversion system (PCS) efficiency from  the  lamp 
measurements is presented.  For  throughput  enhancement 
by polarization conversion, the  arc-gap  requirement is 
further  reduced  to  51.5 mm. 

Appendix: Phenomenological model illustrating 
the three regions of lamp-SLM  coupling 
dependence seen  in the data 
The light source is usually an  arc  lamp which has a  “hot 
spot”  at  the  center  and falls off toward the  edge.  The 
two-dimensional  optical  image of the  arc  lamp serves  as 
the  source of the  illuminator.  One  models  the  source 
brightness distribution N ( r )  by the expression 

BI for r 5 r,l, 

N(r)  = BI - for rll < r 5 rl, (:) 
0 for rI < r ,  ( 9 )  

where rCl is the  radius of the  central  hot  spot,  and r ,  
corresponds  to  an  outer  radius beyond which there is 
negligible light output.  This  concentric disc model is a 
reasonable  approximation  for  the  inner iso-brightness 
contours of a  dc  lamp  or  the image of a lamp/elliptical 
reflector combination.  The  amount of light flux F reaching 
the  “detector” (SLM or power meter  or  screen)  placed  at 
a  distance s as a  function of NA, controlled by placing a 
variable-diameter  aperture in front of the  detector, is 
given by the expression 

2 ~ ( r )  * A  * r . dr * cos4 0 

S 2  
F =  (10) 

where  tan N = vis, tan N,, = rll/s, tan 6 ,  = rl/s, dr = 

s sec28dN, and A is the  area of the detector. By substituting 
N ( r )  in the  above  and  integrating with respect  to  the angle 
6, we obtain 

F = TB,A sin2 o for r 5 rll, 

F = nBqA s f ( 0 )  for rg < r 5 r, ,  

F = wB5A . f ( H , )  for r l  < r ,  

where 

sin 20 - sin 20, 
f ( ~ )  = sin’ N, + tan N,, 
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1 Throughput dependence derived from a phenomenological model 
described in the Appendix [Equations (10) and ( l l ) ] .  At 0.25 
NA, 8 = 5” corresponds  to ro = 3.5 mm, the  radius  of  the  inner 
constant-brightness  region,  and 8 = 14.5”  corresponds  to r, = 10 mm, 
the  outer  radius  beyond  which  the  energy is negligible. These  radii 
are  equivalent to DsLM values of 8.8 and  25  mm at  0.25 NA. 

For a qualitative  comparison  to  the  data,  consider  an 
image of an  arc  at 0.25 NA with  a 10-mm  radius ( r l )  
and  an  inner  hot  spot of radius 3.5 mm (r,,). Evaluating 
Equation (10) on the basis of these  parameters  leads  to 
the  result shown in Figure 10. Although  Figure 10 gives 
the  throughput  dependence as  a function of 0, the 
equivalent  aperture  diagonal  can also be  determined  for a 
direct  comparison with the  data.  For  example,  for 0 = 5” 
the  corresponding 3:4 aperture  diagonal is 8.8 mm,  and 
for 0 = 14.5”, the  aperture  diagonal is -25 mm. Thus, a 
typical  light source  has  three regions: for r 5 ro, we have 
a brightness-limited  region  where  the  light  throughput  has 
a quadratic  dependence  on NA; an  intermediate  region 
ro < r 5 r l ,  where  the light throughput  has a linear 
dependence  on N A  and a lamp-limited region rl < r ,  
where  the light throughput is almost  independent of NA. 
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