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The purpose of an imaging The purpose of an imaging 
optical systemoptical system

Symmetrical optical systemSymmetrical optical system

Optical axisOptical axis

LensLens
(optical system)(optical system)
(optics(optics)

Aperture Aperture 
stopstop

Entrance pupilEntrance pupil Exit pupilExit pupil

Object spaceObject space Image spaceImage space

Schematic layout of an optical systemSchematic layout of an optical system
Physical (real front/rear objects)Physical (real front/rear objects)

Optical (entrance/exit pupils)Optical (entrance/exit pupils)



0628/2009 (v1.1)0628/2009 (v1.1) Optical System Design: 1. Basic Optics and Optical System SpecifOptical System Design: 1. Basic Optics and Optical System Specificationsications 44

Lecture Note on Optical System Design JLCJLC

Excel summary Excel summary 
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How to specify your optical system:How to specify your optical system:
Basic ParametersBasic Parameters

Object spaceObject space OpticsOptics Image spaceImage space

interfaceinterface interfaceinterface

RadiometryRadiometry
(energy)(energy)

ImagingImaging
(Performance)(Performance)

ColormetryColormetry
(color and vision)(color and vision)
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Excel summaryExcel summary

SpecificationsSpecifications
1. Target
2. Work flow
3. Datasheet
4. Prototype
5. Sample run
6. Mass production
7. Product (End of Life)
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Full list of specificationsFull list of specifications

object imageoptics
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1. Basic system parameters1. Basic system parameters
1.1. You need to have the data of firstYou need to have the data of first--order opticsorder optics
2.2. Clarify the roles of sources and image (detector) plane         Clarify the roles of sources and image (detector) plane         
3.3. Identify the needs, i.e., what is your application?Identify the needs, i.e., what is your application?
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2. Optical performance2. Optical performance
1.1. Throughput (energy)Throughput (energy)
2.2. Quality characterizationQuality characterization

•• Spot size and form/MTF; Spot size and form/MTF; 
•• Distortion; Distortion; 
•• Field curvatureField curvature
•• Astigmatism Astigmatism 
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3. Lens system3. Lens system

1.1. Materials and coating (database)Materials and coating (database)
2.2. Fabrication availableFabrication available
3.3. Technology availableTechnology available



0628/2009 (v1.1)0628/2009 (v1.1) Optical System Design: 1. Basic Optics and Optical System SpecifOptical System Design: 1. Basic Optics and Optical System Specificationsications 1111

Lecture Note on Optical System Design JLCJLC

4. Sensor 4. Sensor 

1.1. Response curveResponse curve
2.2. S/N estimateS/N estimate
3.3. Limitation of MTF/Spot sizeLimitation of MTF/Spot size
4.4. Color requirementColor requirement
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5. Packaging5. Packaging

1.1. Tolerance rangeTolerance range
2.2. How to implement testing together?How to implement testing together?
3.3. Including Including ““Compensator designCompensator design””
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6. Environment 6. Environment 

1.1. Irreversible? (damage forever?!)Irreversible? (damage forever?!)
2.2. Dynamical rangeDynamical range
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7. Illumination 7. Illumination 

1.1. CoherenceCoherence
2.2. PolarizationPolarization
3.3. Spatial distributionSpatial distribution
4.4. Temporal characteristicsTemporal characteristics
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8. Radiometry issue (source)8. Radiometry issue (source)

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

2. Are the datasheets enough?2. Are the datasheets enough?
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9. Radiometry issue (Image)9. Radiometry issue (Image)

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

2. Are the datasheets enough?2. Are the datasheets enough?
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10. Schedule and Cost 10. Schedule and Cost 

ManagerManager’’s responsibilitys responsibility
Database available?Database available?
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Basic definition of terms (1)Basic definition of terms (1)
Paraxial opticsParaxial optics

Positive Positive 
powerpower

Negative Negative 
Power Power 

Small angle approximationSmall angle approximation
Thin lens approximation Thin lens approximation 
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Illustration: thick lens andIllustration: thick lens and thin lensthin lens

Perfect lens 
(efl)

eflOptical power

48.02

24.93

-15.87

30.33

Thin lens

50.000.02total

24.930.043

-15.87-0.062

30.330.331

Thick lens

Sk16Sk16

Sk16Sk16

F4F4

6mm6mm 6mm6mm

PP NN PP

P: positive powerP: positive power
N: negative powerN: negative power
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Illustration: thick lens and thin lensIllustration: thick lens and thin lens

1.469

0

5.170

-12.852

6.307

Materials lens
(efl)

0004

Perfect lens 
Air lens (efl)

eflOptical power

3.970

5.170

-12.852

6.307

Thin lens

4.2250.237total

5.1700.1933

-12.852-0.0782

6.3070.1591

Thick lens

ZLAF2ZLAF2
PMMAPMMA

PMMAPMMA

BK7BK7

PP NN PP

PP NN PP

P: positive powerP: positive power
N: negative powerN: negative power
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Basic definitions of terms (2)Basic definitions of terms (2)

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

Chief ray Chief ray Axial rayAxial ray

Optical axisOptical axis
Object Object 

ImageImage

Image planeImage plane

Geometrical solution to paraxial opticsGeometrical solution to paraxial optics
(with chief ray and axial ray only)(with chief ray and axial ray only)
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Basic definitions of terms (3)Basic definitions of terms (3)

Cardinal points of an optical systemCardinal points of an optical system

Chief ray Chief ray Axial rayAxial ray

Optical axisOptical axis
Object Object 

ImageImage

Image planeImage plane

Thin lens to thick lensThin lens to thick lens
(with cardinal points only)(with cardinal points only)

Schematic onlySchematic only

Equal angle θ

BFLBFL

EFLEFL

X’

S’

Nodal pointsNodal points
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Numerical illustration Numerical illustration 

Object at infinity Object at infinity 

Object at 100 mmObject at 100 mm

Principal plane

Principal plane

Backward shiftingBackward shifting
(image plane)(image plane)

Surface 1Surface 1
(aperture)(aperture)

Surface 6Surface 6
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Useful firstUseful first--order relationship (1)order relationship (1)

-X -f f X’

X’Thin lensThin lens NewtonNewton’’s equation:s equation:
((--X)(XX)(X’’)=f)=f22

Optical axisOptical axis

Optical axisOptical axis

Finite conjugate systemFinite conjugate system

Focal plane shifting backwardFocal plane shifting backward
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Illustration: focal plane backward shiftingIllustration: focal plane backward shifting

ff

XX’’

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

-S S’

Lens Maker EquationLens Maker Equation
1/S1/S’’=1/f+1/S=1/f+1/S

Lateral magnification: m=Lateral magnification: m=yy’’/y/y==ss’’/s/s
Longitudinal magnification: Longitudinal magnification: DDSS’’//DDS=S=dd’’/d/d=(y=(y’’/y)/y)22

y
-y’

d’

-d
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Illustration: magnification  Illustration: magnification  

ff

XX’’

ObjectObject
(FOV)(FOV)

Object Object 
(FOV (FOV --> height)> height)
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Useful first order relationship (3)Useful first order relationship (3)

Optical power and focal lengthOptical power and focal length

Diopter /dioptre (屈光度) 
(unit: 1/M; focal length is in a unit of meter)

ff

Optical power Φ=1/f=(n-1)(1/r1-1/r2)

r2 (-)
r1 (+)

d

Φa Φb

Φtotal=Φa+Φb-d(ΦaΦb)
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Useful first order relationship (4)Useful first order relationship (4)

Optical Invariant Optical Invariant 
(Lagrange invariant/ (Lagrange invariant/ HelmholtzHelmholtz invariant)invariant)

I=I=yyppnunu--ynuynupp
Object plane I=Object plane I=hnuhnu
Image plane I=Image plane I=hh’’nn’’uu’’

h=h=yypp

y=0y=0
uu

--uupp

uu’’

hh’’==--yypp’’

yy’’=0=0

Chief rayChief ray
(principal ray)(principal ray)

Axial ray (marginal ray )Axial ray (marginal ray )Object planeObject plane

Image planeImage plane

I=I=hnuhnu==hh’’nn’’uu’’

Index nIndex n
Index nIndex n’’
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Illustration:Illustration:

What happens if the invariant is violated?What happens if the invariant is violated?

I=I=hnuhnu==hh’’nn’’uu’’
Ray is generally blocked, and hence more energy loss Ray is generally blocked, and hence more energy loss 

More in chapter 14More in chapter 14

h=h=yypp

y=0y=0
uu

--uupp

uu’’

hh’’==--yypp’’

yy’’=0=0

Chief rayChief ray
(principal ray)(principal ray)

Axial ray (marginal ray )Axial ray (marginal ray )Object planeObject plane

Image planeImage plane
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Useful first order relationship (5)Useful first order relationship (5)

M=fo/fe=D/d=θ/αVisual telescopeVisual telescope4

Mo: the magnification of objective
Me: the magnification of eyepiece

Mm=MoMeVisual microscopeVisual microscope3

Me=θ/α=250/fMagnifier Magnifier 
(eye piece)(eye piece)

2

Microscope with a video monitorMicroscope with a video monitor
Seeing by human eyeSeeing by human eye

M=(y’/y)(y’’/y’)=(y’’/y)  times (250/D)

Mo=(y’’/y)(250/D)Microscope Microscope 
objectiveobjective

1
RemarksRemarksformulaformulaMagnificationMagnification

With human eye, magnification is somehow different.With human eye, magnification is somehow different.
A scale of 250mm and observer distance is important!A scale of 250mm and observer distance is important!
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Microscope with video monitorMicroscope with video monitor
with human eyewith human eye

yy’’’’

y’
Image height

Object height

y

Video monitor

Image sensor

M=(yM=(y’’’’/y/y’’)(y)(y’’/y)(250/D)/y)(250/D)
(unit: mm)(unit: mm)

Distance DDistance D

y’’

At a distance of 250 mm, the At a distance of 250 mm, the 
light to eye is treated as light to eye is treated as 
collimatingcollimating

250 mm250 mm
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Magnifier (eyepiece) Magnifier (eyepiece) 

f’

h

250 mm (a distance that play infinite for eye)250 mm (a distance that play infinite for eye)

eye relief
(~ a few mm)

Angle Angle αα~h/250  ~h/250  
(unit: mm)(unit: mm)

f’

h

Angle Angle θθ ~ ~ h/fh/f’’
Me=Me=θθ//αα=250/f=250/f’’
(unit: mm)(unit: mm)

Collimating to fit human eyeCollimating to fit human eye
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Magnification of a visual microscopeMagnification of a visual microscope

Me=250 /f (unit: mm)Me=250 /f (unit: mm)
Mo= magnification of objective=Mo= magnification of objective=yy’’/y/y

The magnification of the whole systemThe magnification of the whole system
M=Mo*MeM=Mo*Me

Intermediate Intermediate 
imageimage

objectiveobjective eyepieceeyepiece Human eyeHuman eye

Eye reliefEye relief

ff

y y’

Finite conjugate Finite conjugate 
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Magnification of a visual telescopeMagnification of a visual telescope

Objective Objective 
eyepieceeyepiece

eyeeye

Aperture Aperture 
---- diameter ddiameter d

Aperture Aperture 
---- diameter Ddiameter DAngleAngleαα

(half field angle)(half field angle)

Angle Angle θθ
(half extended angle)(half extended angle)

Intermediate imageIntermediate image

fofo
Effective focal length of objectiveEffective focal length of objective fefe

EflEfl of eyepieceof eyepiece

Afocal systemAfocal system

Field of view is magnified as
M=θ/α=f0/fe=D/d
D~ entrance pupil of the system; d: exit pupil of the system
(d is the entrance pupil of eye, too.)
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Useful firstUseful first--order relationship (6)order relationship (6)

Light deviation through wedge plateLight deviation through wedge plate

α

n

θ~ (n-1) α

Typically for a glass of n=1.5, Typically for a glass of n=1.5, 
the deviation angle the deviation angle θθ~0.5 ~0.5 αα
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Useful first order relationship (7)Useful first order relationship (7)
Index nIndex n

dd

tt

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

d~t/3 @n=1.5 (typical value of glass)d~t/3 @n=1.5 (typical value of glass)

d and t in a unit of mmd and t in a unit of mmTypically with a glass of 0.3 mm the Typically with a glass of 0.3 mm the 
focal plane will be shifted ~ 0.1 mm.focal plane will be shifted ~ 0.1 mm.
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Numerical illustration Numerical illustration 

Inclusion and no inclusion of Inclusion and no inclusion of 
1. Cover glass ~ 0.4 mm1. Cover glass ~ 0.4 mm
2. IR cut filter ~ 0.3 mm2. IR cut filter ~ 0.3 mm
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Useful first order relationship (8)Useful first order relationship (8)

δδ=(n=(n--1)*t*1)*t*θθ/n/n

When n=1.5,When n=1.5,
δδ=0.5*t*=0.5*t*θθ/1.5=t*/1.5=t* θθ/3/3

δθ

Lateral displacement Lateral displacement 

Thickness tThickness t

Index nIndex n

Unit:  Unit:  ΘΘ:  in :  in radrad δδ in mmin mm
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Numerical illustrationNumerical illustration

Tilted angle:  20 deg ~ 0.34 Tilted angle:  20 deg ~ 0.34 radrad
Thickness: 1 mmThickness: 1 mm
δδ~t~t**θθ/3~1*0.34/3~0.11 mm/3~1*0.34/3~0.11 mm
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Homework 1: X5 magnifierHomework 1: X5 magnifier

• Design an X5 magnifier with simple bi-
convex singlet 
– List your specification
– Drawing your system layout
– Do your paraxial optics analysis
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Homework 2: Progressive addition lensHomework 2: Progressive addition lens

• 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 trIt is interesting to note that the first patent of PAL can be traced back to 1908aced back to 1908
•• O. Aves, Improvements in and relating to Multifocal lenses and O. Aves, Improvements in and relating to Multifocal lenses and the like, and the method of Grinding Same. the like, and the method of Grinding Same. 

GB Patent 15,735 (1908)GB Patent 15,735 (1908)

More information could be found in More information could be found in 
http://http://en.wikipedia.org/wiki/Progressive_lensesen.wikipedia.org/wiki/Progressive_lenses


