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課程總目錄

幾何光學集要: 
完美成像與高斯光學、像差理論估算與案例分析

第一週

物理光學集要:  繞射、點分散函數、MTF、偏振、高斯光束、
部份同調與散射

第二週

鏡組最佳化分析及簡例說明 第三週

公差容忍度分析與光學測試及簡例說明 第四週

非球面鏡頭理論、設計與案例說明 第五週

投影鏡頭理論、設計與案例說明 第六週

變焦鏡頭理論、系統設計與案例說明 第七週

相機鏡頭設計與案例說明 第八週

鏡頭設計、資料庫與專利深論 第九週

非傳統鏡頭系統之設計與案例說明 第十週
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課程總目錄（續）
照明基礎理論與光通量(throughtput)估算 第十一週

色彩學（colorimetry）與應用 第十二週

照明光源與典型照明工法（schemes） 第十三週

照明光學設計法I:反射片 (reflectors) 第十四週

照明光學設計法II: Condenser and lenslet arrays  第十五週

照明光學設計法III:光管 (lightpipe) 第十六週

照明光學設計法IV: Fresnel lenses 第十七週

照明應用實例與解析 第十八週
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Course motivation 

• This part of course is to 
provide basic theory and 
training of illumination 
design and analysis
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Why illumination?

• We need illumination for 
– Better seeing

• For eye viewing
• For medical investigation (microscope)  

– Fancy show (light show)
– Clear Indication
– Illuminator for non-self-luminous display (LCD/DMD) 

• Maybe, much more important is for energy saving
– Better illumination design saves energy 
– Better illumination analysis helps design
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• In the following, I only show two examples 
which may be not so familiar to you
– It is hoping that by these two examples, you 

may appreciate the other important applications 
of illumination which is also of commercial 
values 

• Illumination is NOT just limited to display
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optical illumination

Basic principle System configuration

Applications
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internal illumination

M. Wilson et al.UFO: universal fiber optics
http://www.unl.ac.uk/LEARN/port/2000/ufo-pub/index.html
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第十一一講大綱

• Before starting – something important should be 
addressed
– Specifications 

• The difference between imaging and nonimaging
optics

• From searchlight to edge ray principle
• Throughput estimate
• From single ray to ray bundle

– Lagrange invariant and etendue
• Radiometry and photometry
• More on illumination design
• Homework



Version 2008 (交大光電陳志隆) 光學系統設計11A: 照明基礎理論與光通量(throughtput)估算 11A-10

上課講義
交大光電 Before starting, 

Something important that should be addressed

1. Optical design is highly application-driven
– to clarify the targets/goals of design is most important

2. Optical design is an engineering issue
– Specification is most critical to success

• It is important to have a list of performance request

3. Optical design is generally not a stand-alone 
object

– Interface issues have to be included 
4. Optical design has to be practical 

– Tolerance has to be considered
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Specification and Performance

• Commonly, there are two different kinds of 
requests before design

• Specification
• Performance

– These two items may be mixed
• In general,

– Specifications specify system
» Physical dimensions, weight, and so on

– Performances specify optical quality 

However, you can’t find engineer’s specification in public.  
So, what we can see is …???
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Example: Sam Sung’s LCD TV 

You only can find some simple items here
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Lumitex’s backlight module

• Fiber optics

You only can find some simple items here
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Design specification 

• Back to engineer’s side, …
– Specifications have to be different at different 

levels
• In lab,

– Engineers has their specifications
– The specification should be complete 

» tightest 

• In market (to buyer)
– The specification should be clear and simple
– Specification is, in general, with only a few items
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Example of performance list

• There is no definitive format for the list.

You may ask which one is important?
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items on system

Source Image plane/spaceoptics

1. Review from source to image
2. Specify in module
3. Identify the interfaces
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items on performance and lens system

1. Energy (throughput)
2. Quality 

1. Materials
2. Source available
3. Technology available 
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items on sensor and packaging

1. Response
2. Acceptance angle

1. Alignment 
2. (how to test with first-order optics)
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items on environmental and illumination

Discuss later

1. Tolerance analysis
2. Temperature variation
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items on radiometry and schedule/cost

Discuss later

Discuss later

Consider this always
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• Illumination is better to categorized as 
“non-imaging optics”
– Although many imaging optics can be utilized 

for illumination
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and non-imaging optics

Imaging optics Non-imaging optics

Basic 
concerns

Imaging quality 
(how to achieve perfect imaging is first 
priority)

Irradiance (light distribution in illuminated area): (1) 
uniform, (2) reshaping, (3) focusing

Throughput manipulation (optical energy relay)

Optics that 
utilized

Mostly refractive element
Handling specular rays (essentially 
follow pure Snell’s law)

Reflective element is most useful
Lightpipes that handle ray bundle are crucial
Handling non-specular rays (scattering) bring more 
advantages
Fresnel loss should be included in consideration

Input Planar object for imaging first, though 
field depth is also concerned

A variety of sources with finite size and irregular 
emitting distribution

Output Magnification fitted to sensor
Relative illumination is crucial for 
imaging quality 

Fitted to the illuminated area
Light distribution per the request of specification 
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Schematic diagram of ray tracing

Imaging optics

Nonimaging optics

Image plane

Illuminated area
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Example with condenser lens

Light source

Entrance 
pupil of 
project lens

Transparency 

(note that actually, this condenser is not good.)
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On searchlight 

Where the film should be located?

Nearly uniform

This has been called as an 
example of “searchlight”

So, the film should 
be located as close 
to the condenser 
lens as possible as 
one could
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Extension to edge ray principle

Reflecting surface

source
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Throughput estimate

max
2
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θπ

θθπθθ
θ

BA

dBAdI
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=Ω ∫∫
Ω

Efficiency: max
2

2
max

2

sin
90sin

sin θ
π

θπ
=oBA

BA

Half-angle (       ) Sin(       ) NA=n* Sin(       ) Efficiency 

10 0.1736 ~0.1736 (n~1) 3%

20 0.3642 ~0.3642 (n~1) 11.69%

40 0.6427 ~0.64 (n~1) 41.31%

60 0.866 ~0.866 (n~1) 74.99%

maxθ maxθ maxθ

maxθThroughput collected by 
the condenser:

Nearly 97% loss

We need another 
tool to improve 
the throughput!

Assuming a Lambertian source: I(θ)=I0cosθ
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from single ray to ray bundle

常數=−= baabab unyunyL

j-1

j-1

j

u'

u

yj-1

y j

jt ' t

n

=

j-1 jj-1 jn' nn=

第 j-1 面 第 j 面

j-1 u'j

u Axial ray
(marginal ray)

a-ray

chief ray
(principal ray)

b-ray

Object plane: Lab=nybua
Check closely for the other planes.
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More on Flux and energy

• The collected power δP

θδS
δΩ

δP

B: radiance if δP is measured in watts
B: luminance, if δP is measured in visual unitBP

P
P

SP

∝
Ω∝

∝
∝

δ
δδ

θδ
δδ
cos

B

θδδδ cos2 Ω×= SnBP

n: index

(the n2 is introduced such that a connection to numerical aperture can be established
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Etendue

• Etendue and radiance
θδS

δΩ

δP

)cos()( 2 θδδδ Ω≡ Snetendue

)cos(2 θδδδ Ω×= SnBP )(etendueBP ×=

Examples of etendue:
• Into a cone with semi-angle θmax

• A small angle

22
max

2 )()sin()cos( NASnSdSnetendue Δ=Δ=ΩΔ= ∫ θθ

ΔΩΔ≈ Snetendue 2
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Etendue - meaning

• Etendue is a geometrical factor
– examples

• ~ product of (source size) and (numerical aperture)2

• ~ product of (source size) and  (solid angle)

• Illuminated Power = (source’s brightness)X(etendue)
– So, as long as we can determine etendue and get 

the source’s brightness data at hand, then we can 
calculate the power over the illuminated surface
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The importance of “etendue”

Key Result:   etendue is an invariant
(radiance of image of source) ≤ (radiance of original source)
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From paraxial optics, 
we can deduce



Version 2008 (交大光電陳志隆) 光學系統設計11A: 照明基礎理論與光通量(throughtput)估算 11A-34

上課講義
交大光電

Application example

• Light-pipe
12 )()( etendueetendue =

in

out

out

in

in

out

D
D

R
R

RnRn
SnSn

==

=
Δ=Δ

θ
θ

θθ
θθ

sin
sin

sinsin
sinsin

111222

1
2

1
2
12

2
2

2
2

Case illustration :
Given Rin, θin, θout, then possible illuminated area’s Rout is automatically fixed.  In 
other words, using a larger output dimension of lightpipe is useless.

R: radius
D: diameter
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Cont’d

• What we happen if we just want to have a 
larger illuminated area?

– Modify your deign of lightpipe
– Using etendue repeatedly to spatially homogenize the 

brightness at the output of the pipe.

• Be aware of that irradiance (power) is equal to the product 
of “brightness” and “etendue.”
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Example: how etendue helps design
Area A

L(E)
2θo

Beam shaping
& homogenizing <L(Eo)

Illumination 

Usually, the micro-display chip (LCD plate) has been selected.
We have two questions:
How the illumination source be selected?
How to couple the displayed image to be projected with 
maximum efficiency?

projection
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What etendue helps us in considering 
the source?

22
max

2 )()sin()cos( NASnSdSnetendue Δ=Δ=ΩΔ= ∫ θθ

ΔΩΔ≈ Snetendue 2

Consider object plane:
If ΔS is large, then we need to have a large source
If ΔΩ is large, then we need to have light source with 
bigger emitting cone

Now, we need to have a criterion to judge the etendue 
inside the system!!!
Determined by the LCD plate, here.
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Etendue estimate and application

2
2

2

)(
)#(4

sin

NAA
F
A
AE oo

∗==

=

ππ
θπ

Area A

L(E
)

2θ
o

Beam shaping
& homogenizing <L(Eo)

How to match these two 
parts such that throughput 
loss can be minimized?
See next page

Area A

L(E)
2θo

Beam shaping
& homogenizing <L(Eo)

Equivalently, an etendue
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Analysis 

Specification of A SXGA (1280x1024) micro-
display

Pixel size=9 um 
F#=2.4 

Or,  be specified by the corresponding number 
aperture 

Etendue result:
• A=106 mm2

• Eo=14.5 mm2Sr
What kind of source should be applied?
– Small etendue

• But, the opening of reflector is so large, i.e., wide incident NA
In other words, Short arc (point source) is preferred

Be aware of limitation 
of etendue estimate!!

A small quantity
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Etendue estimate and pupil combination 

Angle is estimated from etendue

d: Known from specification

h: Calculated based on pupil consideration
(Not simply the lens’ clear aperture)

d
h

=)tan( 0ϑ

Area A

L(E)
2θo

Beam shaping
& homogenizing <L(Eo)

How to match these two 
parts such that throughput 
loss can be minimized?
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On entrance pupil
Aperture stop

Entrance pupil

Effective focal length feff

dp

da

d’p
d’a

Exit pupilf

Location: Size:

pa ddf
111

+=

paeff ddf '
1

'
11

+=

)
'
'

'(
a

p

a

p

d
d

M
d
d

M ==

Pupil size = M*Stop size
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More on etendue

• It remains a nontrivial challenge to extend 
the concept of etendue invariant to the 
regime of physical optics

)cos()( 2 θδδδ ⋅Ω⋅⋅≡ Snetendue

θδS

δΩ

δP

etendue
PB δννδνν )()( =

δv is the range of frequencies occupied by the photons



Version 2008 (交大光電陳志隆) 光學系統設計11A: 照明基礎理論與光通量(throughtput)估算 11A-43

上課講義
交大光電

Radiometry and Photometry

• Radiometry is the basis 
for all light measurements.  
– It is defined by the Institute 

of Electrical and Electronics 
Engineers (IEEE) as the 
measurement of quantities 
associated with radiant 
energy.

– Not limited to any particular 
spectrum

– Generally for instruments

• Photometry is a subset of 
radiometry.  
– In radiometry, the detector 

has a flat spectral response.  
– In photometry, on the other 

hand, the spectral response 
useful to the visual system is 
considered. 

• To accomplish that, the 
detector should be closely 
matched to the spectral 
response curve of the eye.

– Generally for visible light and 
human uses
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Units and correspondences

item meaning unit
1 Flux The total power emitted by the source

(the power in radiometry)
lumen

2 Intensity •The flux per unit solid angle
•A solid angle flux density
•Flux angular distribution
(assume the flux from a point source)

Candela=lumex/stera
dian

3 Illuminance •The flux per unit area incident onto 
the surface being illuminated

•The area flux density

•Foot-
Candela=Lumen/ft2

•Lux=lumex/m2

4 Brightness Flux per solid angle per unit area
The area and solid angle flux density

Nit=candela/m2

Be careful about the limitation of these quantities!!
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Classification 

Items we used (in source side):
1. Brightness/ Radiance/luminance 
2. Flux (emitted)

>  3. intensity

Item we used (on image side):
1. Irradiance/Illuminance
2. Flux (flow into)

> 3. intensity

source

Flux

流出

Surface (detection)

流入

Solid angle δΩ

small area δS
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Illustration with figures

( from Crawford)
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Examples-- Used in Radiometry

1 Total flux from a 100W incandescent 
light bulb

82 W

2 Typical He-Ne laser 5 mW

3 Radiant flux from a 40 W fluorescent 
lamp

23.2 W

4 Solar irradiance (in earth orbit) 1357 W/m2

5 Terrestrial solar irradiance 600-900 W/m2

6 Radiance of sun at its surface 2.3X107 w/(m2 sr)



Version 2008 (交大光電陳志隆) 光學系統設計11A: 照明基礎理論與光通量(throughtput)估算 11A-48

上課講義
交大光電

Examples -Used in Photometry

1 Total luminous flux from a 100 W light bulb 1740 lm

2 Luminous flux from a 5-mW He-Ne laser 0.818 lm

3 Luminance of a blackbody at 6500° K 3X109 cd/m2
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Basic theory 

• The light flux emitted by a small plane 
source

• Axial illumination from a finite circular 
source

• Oblique illumination from a circular source
• Application examples
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Light flux: small plane source

source

Area A

d

Area S

Screen

2

2

d
ABSF

d
ABE

=

= (illuminance on the screen)

(flux to small area S)

Flux per unit area at S 2
ˆ

d
ABF =

(assuming a 
source of  dipole 
radiation, in 
nature)
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Cont’d

θ

rdθ

rsinθ

r

dθ

Area A
θθθπ

θθπθ

dAB

rdr
r

AB
dF

cossin2

)sin2)(cos(

)anglesolid()intensity(

2

=

⋅⋅=

×=

θπθθθπ
θ

2

0

sincossin2 ABdABF == ∫

B

If luminance B varies with the direction of 
observation B(θ)

θθθπθθθθπ
θθ

dBAdBAF ∫∫ ==
00

2sin)(cossin)(2

Flux into the conical shall

Flux into the solid cone of half angle θ

example: semi-hemisphere F=πAB
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Application 

Area A 
(with a reflectivity k)

Falling flux on A F=AE

Illuminance E

(consider a hemisphere)

How the plate A be a secondary light source?
What is the equivalent brightness B for A?

kAE=πAB
B=kE/π

Energy conservation 

You can apply this estimate to deduce 
brightness of successive illumination. B1

B2
B3
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Axial illumination

dy

y

x

Angle u’

Angle u’

E

Illuminance at E
22 /)'cos2( lUBydydE ⋅⋅= π

l

'sec
''sec

'tan
2

Uxl
dUUxdy

Uxy

=
=

=

max
2

max

0

0
22

22

sin

''cos'sin2

'sec
'cos''sec'tan2

max

UB

dUUUB

Ux
UdUUxUxBE

U

U

π

π

π

=

=

⋅⋅
=

∫

∫ Determination Umax when lens is used
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Applications

From Kingslake

22

2
max

2

)#(4)(4

)(sin

f
tB

numberf
tB

f
ytBUtBE

ππ

ππ

=
−

=

==

Under aplanatic lens
(Abbe sine condition)

E
B

t

Look back to p.38 of this lecture note 
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Oblique illumination 

φ

Luminance B
Normal intensity BdA
Illuminance at Q: E0=BdA/x2

φφ
φ
φφ

φ

4
02

4

2

2

2

2

coscos
)sec(

coscos

E
x

BdA
x

BdA
l

BdAE

==

==

A very small circular source

source

Area dA

x

Area dS

Screen
l

E0

Eφ

P

Q

Angle 
B

This has been called as the cos4 law

At P:
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Cont’d 

dA
x

BdE 2

4cos α
α =

A finite circular source

source

Area dA

x

Area dS

Screenl E0

Eφ

P

Q

Angle φ
B

Angle α

Angle u’

]'[cos'sin

}
'sec)'tan1(tan2tan

'tantan11{
2

42

4224

22

FUB

UU
UBE

⋅⋅⋅=

+−+

−+
−=

φπ

φφ
φπ

φ

[F’] is “increase factor”

[F’] U’=3.58 deg.
(f/8)

7.18
(f/4)

14.48
(f/2)

φ=0 deg. 1.000 1.000 1.000

20 1.000 1.007 1.027

30 1.002 1.013 1.052

40 1.004 1.018 1.076
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• The basic theory shown above is basically 
for dipole-radiation light source
– The key feature is the dropping of intensity in 

inverse proportion to the square of distance
• You may need to modify the factor of distance for 

different kind of light source

• Extension to different light source B(θ) can 
be done straightforwardly 
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Inserting a lens element

Be sure to check
(1) aperture
(2) obstruction



Version 2008 (交大光電陳志隆) 光學系統設計11A: 照明基礎理論與光通量(throughtput)估算 11A-59

上課講義
交大光電

Creating a Lambertian source (1)

Select a surface of a 
block object as the 
emitting source
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Creating a Lambertian source (2)

Select surface 0
Apply property with “surface 
source” and take Lambertian

Surface 0
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Making ray tracing 
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Creating reflector

1. Creating a parabolic 
reflector

2. Assigning inner surface as 
perfect mirror
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Checking flux
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How to work on “design”
• Never forget your handy calculator

– Try to use simple geometry and etendue to get some 
estimate and even develop your program

– Mathematica is generally very helpful
• Know very well, at least, one software, e.g., 

– ASAP (script)
– TracePro (macro: scheme)
(for verification)

• Keep track of SPIE/SID and patents 
• Focus on your work

– Keep progress/growing with your job
– If you are a student, then do your homework solidly 
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source space for design

• What information 
should we have?
– Source 

• Spatial 
distribution

– size
• Temporal 

characteristics
Intensity and 

power
(flux)

• Polarization
• Coherence

Only one surface data is not enough, in general.

Candela (distribution) plot Unless, you are considering 
a point source only!!

Detection surfaces
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image space for design
• What information should we have?

– Irradiance requirement
• Flatness

– Detection schemes
• responses

Characterization:
how to characterize effectively may be most 
crucial

Seen by eyes
Seen by CCD detector
Seen by detector
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optics for design
• What information should 

we have?
– Unlike typical lens system, 

scattering may be another 
very crucial factor

– Good knowledge of lens 
design is still helpful

– Good knowledge of 
reflective surface 
(geometry) is very helpful

Opal glass
(ground glass)

Commercial condenser

(From Edmund)
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In terms of “Module”

Source 
optics

Image

Numerical aperture
FOV
Acceptance angle

Throughput consideration:
(1) Input port
(2) Exit port

Check carefully about pupils
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Calculation example

Projection device screen

film

reflector Condenser

Illumination based on Kohler scheme
film

screen

film

screen

d
d

h
hM ==

lensprojectionfilmscreen fdd
111

=+

Throughput consideration 
1. Why reflector is necessary?
2. What cause throughput loss?

Source brightness (luminance): B
Source area: A

source
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Conclusions

• There remains a lot of issues in radiometry 
and photometry; but a summary of useful 
tools has been illustrated here.

• Most important thing is to learn how to 
estimate throughput

• As an ending of this first lecture, it may be 
useful to remind you one thing that often 
mixed with illumination – “vision”
– Hopefully, you can see the world is larger than 

you expect
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Something beyond illumination

Look at A and B
How different?

From Louis Silverstein



Version 2008 (交大光電陳志隆) 光學系統設計11A: 照明基礎理論與光通量(throughtput)估算 11A-72

上課講義
交大光電

Cont’d 1

Look at the inside 
bar

From Louis SilversteinFrom Louis Silverstein
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Cont’d 2

Look at the pattern
From Louis Silverstein
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Cont’d 3 Look at lines

From Louis Silverstein
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Cont’d 4

Look at the circles and arrows

From Louis Silverstein
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Cont’d 5
Look at white dots
inside 

From Louis Silverstein
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Cont’d 6

Look at how 
background 
being 
separated
What is inside

From Louis Silverstein
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Cont’d 7

From Louis Silverstein
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Cont’d 8

Look at inside

From Louis Silverstein
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Cont’d 9

Look at the pattern

From Louis Silverstein
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Cont’d 10

Look at the pattern

From Louis Silverstein
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Cont’d 11

Look at the line

From Louis Silverstein
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Cont’d 12
Look at the circles

From Louis Silverstein
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References:

• Useful literatures can be found from
– Handbook of applied photometry,edited by C. 

DeCusatis, (AIP Press, 1997)
• If you want to know more basics, then try

– G. Brooker, “Optical practicalities: etendue, 
interferometry, fringe localization,” chapter 11, 
“Modern Classical Optics,” (Oxford, 2003)

• Classical literature should be referred to
– R. Kingslake, “Illumination in optical images” chapter 

5 in volume II of “Applied Optics and Optical 
Engineering,” ed. by R. Kingslake

• This is a very old reference but useful.
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Homework 1
1. Select a commercial condenser

If not available, set the 
following lens

2. Set a Lambertian source, 1 
mm X 1mm

3. Calculate the throughput 
efficiency of the lens

4. Try to employ a reflector to 
improve the efficiency

Only a specular reflector is 
considered here

Perfect reflector
5. Verify by TracePro simulation 

source

10 cm

Screen (10X10 cm^2)

CT: 1.5 cm
(CT: center thickness)
R: 1.5 cm
(R: radius of curvature)
CA: 2.54 cm
(CA: clear aperture)

BK7

2cm

reflector

])1(11)[1(1

2121 nrr
nt

rr
n

f
−

+−−==φ
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Homework 2

• Consider two tubes as with the following specification
• 1.0X1.0X1.0 cm^3 (a cube) (wall thickness 0.1 mm)
• 2.0X2.0X5.0 cm^3 ( a rectangular tube) (wall thickness 0.1 mm)

– Assume all walls with 1.0% absorption loss

– Assume that the two tubes are away from 2 cm and one 
planar Lambertian light source (1X1 cm^2) right on the 
surface of the first cube with total 1.0W emission power 

light emitting area can reflect rays but with 30% loss
You are asked to estimate the throughput right after first cube
You are asked to figure out at least three different ways of  
coupling solution such that the light can be relay to second 
tube and then estimate the throughput right after the second 
tube

xy

zPlanar emitter 
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Homework 3

• This homework is rather advanced
• In the book of G. Brooker, a lengthy discussion, that 

illustrated in several exercises and even several sections,  
shows how to extend the concept of etendue to physical 
optics and to improve the design of interferometer . It is 
known that a light beam can be decomposed into 
longitudinal and transverse modes.  You are asked to 
deduce the following relation:

G. Brooker, Modern classical optics, Oxford, (2003)
See chapter 11

(number of transverse modes occupied)= 2λ
etendue
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