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The purpose of an imaging
optical system

Physical (real front/rear objects)

Schematic layout of an optical system
Optical (entrancel/exit pupils)

> Aperture <
_ ! . stop !
Object space /\ S [\ | Image space
\\/ | Optical axis
<:: Entrance pupil Exit pupil :>
Lens
(optical system)
(optics) Symmetrical optical system
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Excel summary

Purposes of imaging optical system
lens key performance
issuUR implementation evaluation Femarks
1. magnifier magnification ratio
1 |object magnification 2. enlarging system lezs distortion glazs or plastics
high MTF
high relative illnmination chief ray angle
1. camera lens high dlumination CCDECROR
2 |object tmaging to swnsor 2. digital wideo DV short TTL Wafer-level optics (V&AM
thronghput optimized,
high MTF LED illnrninatiom
3 |object projection fo sreen 1. projection lens tolerance to depth of fieldfocus DLELC on chip
dynamical range lazer or LED
1. scammner (Jaser) speckle recognization IR
4 (Scanning { identification 2. ophcal monze depth of fieldfocus post-processngy
less diztortion
1. relacy lens magnification control
5 |relay the tmage 2. relay mratem pupil matching
gagy to tmplement free-formm
b |[multfunchon 1. goom lenzes azme trical
T |cormcetion to homan eve progressyve faddition) lens IMAZE TeCOYEry
1. head-up display
8 |enhance wizual capability 2. binoclar tmage retrival military applications
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How to specify your optical system:
Basic Parameters

Object space \ Optics / Image space

v

Radiometry
(energy)

Colormetry
(color and vision)

/ \

(Performance)

interface interface
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Excel summary

Specifications
Target

Work flow
Datasheet
Prototype

Sample run

Mass production
Product (End of Life)

NOoOOkWNE

0628/2009 (v1.1)

JLC

How fo specify your optical system specification

category

issue

remarks

flow

svstem identification

1.1 |application

1.2|dimension of optical system

1.3)identification of object space

1.4 |idnetification of image space

engineering specification

desizn and review

prototyping and review

Integration and assembly procedure

testing procedure

guick identification and review

datasheet

specification

1.1 |throughput

1.2 [resolution (MTEF) propagation

1.3 |phweical dimension specification

1.4 |{Pupil location identification

1.5|characteristic ray tracing specification

2

Assembly procedure

3

testing procedure

4

cuick identification
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Full list of specifications

JLC

category #

item

Eemarks

Basic System Parameters

Optical Performance

Lens System

Sensol

Packaging

Environment

Illumination

Eadiometry Issue, source

WO S ] (ST LR | R (e [N

Radiometry Izsue, Image

10

Schedule and Cost
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1. Basic system parameters

1. You need to have the data of first-order optics

2. Clarify the roles of sources and image (detector) plane
3. ldentify the needs, i.e., what is your application?

0628/2009 (v1.1)

Basic System Parameters

category

item

Temarks

operand

limitation

Application identification

obiject distance

image distance

obiject to image total track

focal length

finumber {or numerical aperture)

Entrance pupil diameter

Rw o vl EEO N D8 LWy Y P OO e I el -

Entrance pupil location

Exit pupil diameter

Exit pupil location

— =
Ll o]

wavelength band

12

wavelength s and weight for 3 or
5 s

13

full field of view

14

obiject height (form and size)

15

magnification

16

zoom ratio (if zoom system)

17

image surface size and shape

13

detector type
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2. Optical performance

1. Throughput (energy)
2. Quality characterization
e  Spot size and form/MTF;
e Distortion;
. Field curvature
e  Astigmatism
Optical Performance
category # item remark operand limitation
1| Transmission
Eelative illumination
2|Grignetting)
3|Encirled energy
AW TF asz a function of line pairs/mm
5|distortion
6 |Field curvature
7lastiematizm
8 |chify rav angle
Ildepth of field
10|depth of focus
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3. Lens system

1. Materials and coating (database)
2. Fabrication available
3. Technology available

Lens z¥stem

category

item

remark

operand

limitation

Number of elements

location of aperture stop

Flass versus plastics

aspheric surfaces

diffractive surfaces

coatings

cover glass

[E-cut glass

pupil matching

LT e i e e e B e s e L R L L

compensator (lens)

0628/2009 (v1.1)
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4. Sensor

B wnh e

Response curve
S/N estimate

Limitation of MTF/Spot size

Color requirement

JLC

Sensor

category

item

remark

operand

limitation

sensol type

full diagonal

number of pizels (vertical)

number of pizels thorizontal)

pizel pitch (vertical)

O [ |l [N [

pizel pitch (horizontal)

Mwquist frequecny at sensor, line

pairsfmm
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5. Packaging
1. Tolerance range
2. How to implement testing together?
3. Including “Compensator design”
Packaging
category item remark operand limitation
1|obiject to image total track
2 entrance pupil location
3lentrance pupil size
4 |exit pupil location
Slexit pupil size
t|back focal distance
7 lmazimum diameter
8|mazimum leneth
9|weight
12
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6. Environment
1. Irreversible? (damage forever?!)
2. Dynamical range
Environment
category | # item remark operand limitation
1|thermal soak range to perform over
Z|thermal soak ange to survive over
2wibration
4|zhock
S|condensation
& (humidity
/|sealing
13
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7. lllumination

category

Coherence

Polarization

Spatial distribution
Temporal characteristics

> wh e

item remark operand

limitation

—

solrce type

power, in watts

0628/2009 (v1.1)
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8. Radiometry issue (source)

1. Is the distance long enough such that the uses of common
radiometry and photometry are safe and proper?
2. Are the datasheets enough?

JLC

Radiometry (source)

category | # item remark operand

limitation

—

relative illumination

Zlillumination method

Alveiling elare and shost images
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9. Radiometry issue (Image)

1. Is the distance long enough such that the uses of common

radiometry and photometry are safe and proper?

2. Are the datasheets enough?

Radiometry (image)

category

#

item

remark

operand

limitation

—

Transmission

2|relative illumination

3|atrav light attenuation

0628/2009 (v1.1)
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10. Schedule and Cost

Manager’s responsibility
Database available?

JLC

category | #

item

remark operand

limitation

number of system required

2

initial delivery date

3

target cost goal

0628/2009 (v1.1)
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Basic definition of terms (1)

A

Paraxial optics

v

v o\

Small angle approximation

Thin lens approximation N
Positive Negative
power Power
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lllustration: thick lens and thin lens

Demo Triplet S0mm /4 20deg UNITS: MM
Demo Triplet S0mm /4 20deg UNITS: WM FOCAL LENGTH = 20 NA = 0.125 DES: QO%SLO
FOCAL LENGTH = 50 NA = 0.175 DES: OSLO

Perfect lens [Cooke Triplet) UNITS: WM
FOUAL LENGTH = 48.02 NA = 0.1302 DES: JLC
Thick lens Thin lens 713
: —
Optical power Perfect lens
(efl) P N P
0.33 30.33 —x&f\
/
-0.06 -15.87
] |
0.04 24.93 —
/,-—“
P: positive power
N: negative power
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JLC

lllustration: thick lens and thin lens

s 64414971 #2 of 2 LMNITS: dd
FOCAL LEMGTH = 4.22% MA = 0.1786 CES: Ming
o.ale
— _____,?7
—
ZLAF2 BK7
PMMA

Thick lens

Thin lens

US 6441971 (perfect lens/air) UNITS: M
FOCAL LENGTH = 3.97 NA = 0.1786 DES: JLC
0.782
P
L]
| —
- \“74_*\
74///’
: b
US 6441971 (perfect lens/with M) UNITS: MM
FOCAL LENGTH = 1.489 NA = 0.1736 DES: JLC

Optical power Perfect lens Materials lens
Air lens (efl) (efl)
0.159 6.307 6.307
-0.078 -12.852 -12.852
0.193 5.170 5.170

0628/2009 (v1.1)
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N: negative power
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Basic definitions of terms (2)

Optical axis, chief ray (principal ray) and axial ray (marginal ray)

Image plane

Chief ray Axial ray

Object
Optical axis

Image

Geometrical solution to paraxial optics

(with chief ray and axial ray only)
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Basic definitions of terms (3)

Cardinal points of an optical system
Ima;lge plane

Axial ray

.Chief ray

Object

Optical axis

Thin lens to thick lens
(with cardinal points only)

Nodal points : Equal angle #

Image

. A I

EFL

. i . BFL |
Schematic only | | - S’

>

»
N Ll
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Numerical illustration

Principal plane

\\ Principal plane

/
| e L ) N I_EHIEITﬁq; L;?-ﬂ-éQHE/# =, DSBS CET= d L=
| .24 | | -
Object at 100 mm I
———— -
. ——

roomas LERSTATE A3T3.T/EL" o, oresl Backward shifting

1 I}{_K / (image plane)

Object at infinity

e —
‘—J Surface 6

Surface 1
(aperture)

23
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Useful first-order relationship (1)

Finite conjugate system
X f : f : X

[ [
< Ll

1
»id [ »
P » < >
I

Optical axis

»

Th=n|ens . Newton’s equation:
(-X)(X")=f?

»

Optical axis

Focal plane shifting backward

0628/2009 (v1.1) Optical System Design: 1. Basic Optics and Optical System Specifications 24
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lllustration: focal plane backward shifting
«

/N MHI

vy — U

Application: Macro fens (with mobile phone)
unit: mim
effective
focal length (rara) f 10 9 8 7 £ 5 4 3 2
closeed distince
{10 cro) 100 100 100 100 100 100 100 100 100
close to fromt foca] point
{mom) (%) 90 91 92 93 94 45 L) L7 G5
(£) -10 a A -7 £ -5 4 3 2
f 10 9 8 7 £ 5 4 3 2
focal plane back shifiing
(o) 'Y 1.111 0.590 0.696 0.527 0.383 0.263 0.167 0.093 0041
% with f 11.1% 9.9% 8.7% 7.5% 6.4 % 5.3% 4.2% 31% 2.0%

Marco lens for mobile phone
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Useful first-order relationship (2)

< > »
d1
—
—
- ~~~— < »
/’ -~ — -
y ] ~~~~
- ~~~— >
>
)
= y
~~~ v
_—y
~~
=

d Lens Maker Equation

1/S'=1/f+1/S

Lateral magnification: m=y’'/ly=s’/s
Longitudinal magnification: DS'/DS=d’/d=(y’ly)?2
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lllustration: magnification

[T~

t

X1

.

JLC

______*

L

ObjeN—//‘/‘

?F%f,‘);t (FOV -> height)
Caterory itemn unit mm
Given efl 10,00 9,00 8.00 70 6.00 5.00 4,00 2300 200
object location
Given (-5 -100.00 Sl0000 | -100.00 | -10000 | -10000 | -10000 [ -10000 | -10000 | -100.00
image location
deduced (3" 11.11 9,59 8.70 7.53 6.35 5.26 4.17 309 204
object height
Given () 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
image height
deduced (") .56 .49 043 .35 .32 .26 .21 .15 .10
lateral magnification
deduced m=y'v=s's 0.111 0.099 0087 0075 0.064 0053 0.042 0031 0.020
in % with ¥ 11.1% 9.9% B.7% -71.5% 6.4% -5.25% .25 3.1% 2 0%
lengitudinal
magnification
deduced (d'fd={"t)"2 0012 0,010 0,008 0,006 0,004 0,003 0.002 0.001 0.000
in% of object shifting 1.23% 0.98% 0.76% 0.57% 0.41% 0.28% 0.17% 0.10% 0.04%
longitudinal magnification: image relocation with obiject shifting

0628/2009 (v1.1)
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Useful first order relationship (3)

Optical power and focal length

|

r (+)

\

>
l

AN

ry (-)

Optical power ®=1/f=(n-1)(1/r;-1/r,)

Diopter /dioptre ("g|& %)

(unit: 1/M; focal length is in a unit of meter)

0628/2009 (v1.1)

n'!
]

v

d

—>

| |

)

D, O
q)totalzq)a+®b'd(®a®b)
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Useful first order relationship (4)

Axial ray (marginal ray )

Object plane

Index n’

Chief ray
(principal ray)  |mage plane

Optical Invariant
(Lagrange invariant/ Helmholtz invariant)

I=y,nu-ynu,

Object plane I=hnu ~ I=hnu=h'n'u’
Image plane I=h'n’u’

0628/2009 (v1.1) Optical System Design: 1. Basic Optics and Optical System Specifications 29
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Illustration:

Object plane \(AlXial ray (marginal ray )

-u, Chief ray
(principalray)  |mage plane

What happens if the invariant is violated?
I=hnu=n'n"u’
Ray is generally blocked, and hence more energy loss

More in chapter 14
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Useful first order relationship (5)

With human eye, magnification is somehow different.
A scale of 250mm and observer distance is important!

JLC

Magnification formula Remarks
1 Microscope Mo=(y"/y)(250/D) Microscope with a video monitor
objective Seeing by human eye

M=(y'ly)(y"ly’)=(y"ly) times (250/D)

2 Magnifier Me= 6 [ a =250/f

(eye piece)

3 | Visual microscope | Mm=MoMe Mo: the magnification of objective
Me: the magnification of eyepiece

4 Visual telescope | M=fo/fe=D/d=61qa

0628/2009 (v1.1)
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Microscope with video monitor
with human eye | .. height  image sensor

y
Object height N /

y U

<
<

Distance D

1T [ Video monitor
M=(y"ly")(y'ly)(250/D)
(unit: mm) At a distance of 250 mm, the
light to eye is treated as
collimating

<\l

__#__
\RA
\4

v

32
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Magnifier (eyepiece)

eye relief
(~ a few mm)

A
v

Angle @~h/250
(unit: mm)

Me= &/ a=250/f’ : :
(unit: mm) AR Angle & ~ h/f’
o
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Magnification of a visual microscope

Finite conjugate '
Intermediate Eye relief

image R S >

<
<

objective eyepiece Human eye

Me=250 /f (unit: mm)
Mo= magnification of objective=y'ly
The magnification of the whole system
M=Mo*Me
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Magnification of a visual telescope

Afocal system

Aperture
Angle - diameter D Aperture
(half field angle) l Objective -- diameter d
/ eyepiece l

Intermediate image

p . | eye
| fo SUN.
Effective focal length of objective ' fe
Efl of eyepiece  Angle &
Field of view is magnified as (half extended angle)

M= &/ «=f0lfe=D/d
D~ entrance pupil of the system; d: exit pupil of the system
(d is the entrance pupil of eye, t00.)
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Useful first-order relationship (6)

Light deviation through wedge plate

Typically for a glass of n=1.5,
the deviation angle #~0.5 @
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Useful first order relationship (7)

Index n

Focal backward shifting
T~ d~ (n-1)t/n

v

| | d
! t !
d~t/3 @n=1.5 (typical value of glass)
Typically with a glass of 0.3 mm the d and tin a unit of mm

focal plane will be shifted ~ 0.1 mm.
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Numerical illustration

mabilephocne caomera lens UHTITS: hebd
FozalL LEMSETH = 2,892 Ma = 0. 17B& OEZ: JLC
-:_: H
mobl lephaons codmerd lens — CFG 2 UMITS: kA
Folal LEMSGTH = 3.22 pNA = 0, 17BE CES: JLG
1.5

Inclusion and no inclusion of
1. Cover glass ~ 0.4 mm
2. IR cut filter ~ 0.3 mm
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Useful first order relationship (8)

Index n

Lateral displacement

6 e J 5
——\ —————————————————————————————————————————————————————— >
>
‘[ Jo=(n-1)*t* ZIn
\ When n=1.5,
Thickness t 0=0.5** £/1.5=t* 4/3

Unit: &: inrad ¢ in mm

0628/2009 (v1.1) Optical System Design: 1. Basic Optics and Optical System Specifications
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Numerical illustration

tilted plate LNITS: M
OFTICAL SvSTEM LAYOUT DES: JLC

Tilted angle: 20 deg ~ 0.34 rad
Thickness: 1 mm
o~t* £/3~1*0.34/3~0.11 mm
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Lecture Note on Optical System Design

Homework 1: X5 magnifier

* Design an X5 magnifier with simple bi-
convex singlet

— List your specification
— Drawing your system layout
— Do your paraxial optics analysis

0628/2009 (v1.1) Optical System Design: 1. Basic Optics and Optical System Specifications
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Homework 2: Progressive addition lens

e Consider a progressive addition lens (PAL)
— List the specification
— Drawing your system layout
— Do your paraxial optics analysis

It is interesting to note that the first patent of PAL can be traced back to 1908

* O. Aves, Improvements in and relating to Multifocal lenses and the like, and the method of Grinding Same.
GB Patent 15,735 (1908)

More information could be found in

http://len.wikipedia.org/wiki/Progressive_lenses
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