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Tolerance Analysis     Tolerance Analysis     Tolerance Analysis     

MurphyMurphy’’s Law :s Law :
““Anything that can go wrong, will go wrongAnything that can go wrong, will go wrong
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About Tolerance About Tolerance About Tolerance 
•• What can go Wrong ?What can go Wrong ?

–– Construction parameter errorsConstruction parameter errors
–– Mounting errorsMounting errors

•• Tolerance TypesTolerance Types
–– MTF or RMS MTF or RMS wavefrontwavefront……. . 
–– Sensitive analysis Sensitive analysis 
–– Inverse sensitivity analysisInverse sensitivity analysis
–– Monte Carlo sampleMonte Carlo sample

•• CompensatorsCompensators
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What Can Go Wrong ?What Can Go Wrong ?What Can Go Wrong ?
•• Construction parameter errorsConstruction parameter errors

–– Lens surface error Lens surface error 
–– Radius, thickness errorRadius, thickness error
–– Index, VIndex, V--number errornumber error……..

•• Mounting errorsMounting errors
–– Air spaceAir space
–– Element tilting Element tilting 
–– Element Element decenterion decenterion 
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Tolerance TypesTolerance TypesTolerance Types

Tolerancing

Inverse sensitivity analysis Sensitivity analysis 

Start from:

Tolerance limits  assigned of each 
construction parameter. 

Sensitivity table and Performance Performance 
variationvariation

Start from:

A predefined or default variant in variant in 
system performancesystem performance

The tolerance limitThe tolerance limit for each 
construction parameter 
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Tolerance with  Code V  LDMTolerance with  Code V  LDMTolerance with  Code V  LDM Tolerance Tolerance 
valuesvalues

•• Review > ToleranceReview > Tolerance
–– Creating and Creating and 

Checking the Checking the 
tolerance termstolerance terms

•• Analysis > Tolerance Analysis > Tolerance 
–– Selecting the Selecting the 

tolerance type tolerance type 

••Tolerance typeTolerance type

Tolerance Tolerance 
terms Tolerance terms Tolerance terms 

selecting
terms

selecting
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•• Tolerance termsTolerance terms
–– Code V default Code V default 

•• Analysis > Tolerance > MTF Analysis > Tolerance > MTF 
–– The MTF degeneracy  due to the error  The MTF degeneracy  due to the error  

MTF Tolerance（1）MTF ToleranceMTF Tolerance（（11））

Performance measuresPerformance measures

Line Line 
OrientationOrientation

Spatial Spatial 
FrequencyFrequency
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MTF Tolerance （2）MTF Tolerance MTF Tolerance （（22））
•• Tolerance limits Tolerance limits 

–– Min. ,Max., and Increment  valueMin. ,Max., and Increment  value

•• Code V default tolerance Code V default tolerance 
limitslimits

Tolerance terms Tolerance terms 
and itand it’’s limitss limits
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MTF Tolerance （3）MTF Tolerance MTF Tolerance （（33））
•• Probability FunctionsProbability Functions

–– Uniform Uniform 
–– 22ndnd and 4and 4thth moments moments 
–– Gaussian Gaussian 
–– End point

Tolerance  
probability 

function  
selecting

End point

Tolerance  Tolerance  
probability probability 

function  function  
selectingselecting
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Understanding the Tolerance Output Understanding the Tolerance Output Understanding the Tolerance Output 
•• Checking the changes in Checking the changes in 

MTFMTF
–– ItIt’’s useful to budget  for the    s useful to budget  for the    

reasonable tolerance terms reasonable tolerance terms 

Tolerance termTolerance term

Tolerance term Tolerance term 
changed value

Changes in MTFChanges in MTF
changed value
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Understanding the Tolerance Output Understanding the Tolerance Output Understanding the Tolerance Output 
•• ItIt’’s easy to read out the MTF degeneracy  s easy to read out the MTF degeneracy  •• Probability of MTF in ChangeProbability of MTF in Change

•• MTF degeneracy of specific spatial  frequencyMTF degeneracy of specific spatial  frequency

Change in MTFChange in MTF

Cumulative Cumulative 
probabilityprobability

The worst The worst 
change in MTFchange in MTF

Specific spatial Specific spatial 
frequency frequency 

Design MTF and Design MTF and 
MTF degeneracyMTF degeneracy
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Re-budget Tolerance and Analysis  ReRe--budget Tolerance and Analysis  budget Tolerance and Analysis  
•• Based on the tolerance Based on the tolerance 

terms contribution in MTF terms contribution in MTF 
errorerror
–– ReRe--budgeting the tolerance budgeting the tolerance 

range range 
–– Limiting the tolerance Limiting the tolerance 

terms which make a larger terms which make a larger 
error error •• MTF degeneracy after reMTF degeneracy after re--budgetbudget

•• MTF degeneracy before reMTF degeneracy before re--budgetbudget

The MTF raised The MTF raised 
after reafter re--budget budget 
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Design Example （2）: 
10X Microscope Objective

Design Example Design Example （（22））: : 
10X Microscope Objective10X Microscope Objective
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•• Specification of 10X microscope objectiveSpecification of 10X microscope objective
•• Selecting a starting point Selecting a starting point 
•• Building the Lens system Building the Lens system 
•• Performance evaluation Performance evaluation 
•• Optimization  and ReOptimization  and Re--evaluationevaluation
•• Tolerance analysis 

OutlineOutlineOutline

Tolerance analysis 
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10X Lister-type Microscope Objective1010X ListerX Lister--type Microscope Objectivetype Microscope Objective

1   2   
3   4   

5   

Achromatic doublet 1

Achromatic doublet 2

Real Object-side

•• Typical MTF output Typical MTF output 

Typical medium power objective specification:

* Lister-type : Two achromatic Doublet

* Magnification (M) :                             10X

* The image-side N.A :  0.025*

* The object-side N.A :                  0.025M

* Image field diameter :                  20 mm

* The object-to-image distance:   180 mm
 
* The image distance :                  160 mm

Typical medium power objective specification:

* Lister-type : Two achromatic Doublet

* Magnification (M) :                             10X

* The image-side N.A :  0.025*

* The object-side N.A :                  0.025M

* Image field diameter :                  20 mm

* The object-to-image distance:   180 mm
 
* The image distance :                  160 mm

•• Lens layout Lens layout 
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Selecting A starting Point Selecting A starting Point Selecting A starting Point 

•• Starting a new lens Starting a new lens 
–– Selecting a suitable stating pointSelecting a suitable stating point
–– Use New Lens Wizard Use New Lens Wizard 

•• CODE V sample lensesCODE V sample lenses
•• Layout & First order output Layout & First order output 

Doublet Scale: 1.80 ORA  15-Nov-01 

13.89   MM   

cv_lens: doublet.lens

Doublet Scale: 7.40 ORA  15-Nov-01 

3.38    MM   

Scale lens by factor 0.25

•• Layout & First order output Layout & First order output 

Scale Scale 
by 0.25by 0.25

EFL=25mmEFL=25mm
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Building the Lens System Building the Lens System Building the Lens System 
•• Combination of two achromatic doubletCombination of two achromatic doublet

–– determine the separation distance between two element  ddetermine the separation distance between two element  d
–– Objection distance SObjection distance S
–– Image distance SImage distance S’’

•• Base on the first order approximation Base on the first order approximation 
–– ffAA and and ffBB are EFL of each doublet (25 mm )are EFL of each doublet (25 mm )
–– φφA A is the power of doublet A ( is the power of doublet A ( φφAA = 1/ = 1/ ffAA ))
–– T is total track length (the objectT is total track length (the object--toto--image distance = 180 mm )image distance = 180 mm )
–– m is magnification ( 10X )m is magnification ( 10X )

•• The solution isThe solution is
–– d = 8 mmd = 8 mm
–– S = S = --11 mm11 mm
–– SS’’= 160 mm= 160 mm
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•• First order output First order output •• Surface date Surface date 

1   2   3   

4   5   6   

7   

10X Micoscope Objective Scale: 7.80 Ark  14-Nov-01 

3.21    MM   

•• System layout System layout 

Reduction Ratio = Reduction Ratio = 
0.10.1

Objective distance Objective distance 
= 160 mm= 160 mm

Total track length Total track length 
=183.4717 mm=183.4717 mm

FNO=1/2NA, FNO=1/2NA, 
NA~0.25NA~0.25
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Performance EvaluationPerformance EvaluationPerformance Evaluation
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SPATIAL FREQUENCY (CYCLES/MM)

10X Micoscope Object

ive                 
DIFFRACTION MTF   

Ark 29-Nov-01

 DIFFRACTION LIMIT

 AXIS

 T
 R

0.7 FIELD (       )-2.51 O

 T
 R

1.0 FIELD (       )-3.58 O

WAVELENGTH  WEIGHT

 656.3 NM      1

 587.6 NM      1

 486.1 NM      1

DEFOCUSING  0.00000

0.000,0.000 DG
 0.00, 0.00

0.000,-2.51 DG
 0.00, 0.70

0.000,-3.58 DG
 0.00, 1.00

FIELD
POSITION

DEFOCUSING 0.00000

10X Micoscope Objective               

.366E-01MM

•• Spot diagram Spot diagram •• Diffractive MTF outputDiffractive MTF output

Diffractive limited MTF

•• The MTF  is far away from the diffractive limited MTFThe MTF  is far away from the diffractive limited MTF Max. spatial frequency for Max. spatial frequency for 
analysis = 250 analysis = 250 lplp/mm/mm
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•• PSF PSF –– Point Spread FunctionPoint Spread Function
–– It can be performed as the It can be performed as the ““ Strehl Strehl Ratio Ratio ””
–– It is useful to check the resolution or focusing ability of a syIt is useful to check the resolution or focusing ability of a system

Performance Evaluation – PSF Performance Evaluation Performance Evaluation –– PSF PSF 

stem

10X Micoscope Object

ive

POSITION  1

Ark 29-Nov-01

0.002355 mm

2
4
.
9
9

     DIFFRACTION INTENSITY
    SPREAD FUNCTION - STREHL

FLD( 0.00, 0.00)MAX;( 0.0, 0.0)DEG

DEFOCUSING:  0.000000 MM

WAVELENGTH  WEIGHT

 656.3 NM      1

 587.6 NM      1

 486.1 NM      1

The energy don’t 
concentrate as a point 

•• StrehlStrehl PSF outputPSF output

This kind of PSF  
output  mean poor 

resolution  

NOTE :The shape of 
PSF is sharper, the 
resolution is better.   
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•• Consider the Consider the ““ Cover GlassCover Glass””
–– 0.170.17∼∼0.18 mm, this type of  glass is  0.18 mm, this type of  glass is  

close to K5_SCHTOO close to K5_SCHTOO 

Performance Evaluation Performance Evaluation Performance Evaluation 
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SPATIAL FREQUENCY (CYCLES/MM)

10X Micoscope Object

ive                 
DIFFRACTION MTF   

Ark 02-Dec-01

 DIFFRACTION LIMIT

 AXIS

 T
 R

0.7 FIELD (       )-2.51 O

 T
 R

1.0 FIELD (       )-3.58 O

WAVELENGTH  WEIGHT

 656.3 NM      1

 587.6 NM      1

 486.1 NM      1

DEFOCUSING  0.00000

10X Micoscope Object

ive

POSITION  1

Ark 02-Dec-01

0.009686 mm
2
4
.
8
9

     DIFFRACTION INTENSITY
    SPREAD FUNCTION - STREHL

FLD( 0.00, 0.00)MAX;( 0.0, 0.0)DEG
DEFOCUSING:  0.000000 MM

WAVELENGTH  WEIGHT
 656.3 NM      1

 587.6 NM      1

 486.1 NM      1

•• StrehlStrehl PSF output with cover PSF output with cover 
glass ( on axis )glass ( on axis )

•• MTF output with cover glassMTF output with cover glass

The image quality  
degenerates into worst  

Very very poor 
resolution

Cover glass on 
image side 
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•• ConstraintsConstraints
–– Reduction ration= 0.1Reduction ration= 0.1
–– ObjectObject--image distance  image distance  

=180 mm=180 mm
•• Error function type Error function type 

–– CODEV error function CODEV error function 
–– Wavefront Wavefront error variance

OptimizationOptimizationOptimization
•• Error function control Error function control 

error variance

Wavefront error 
variance

Wavefront balance 
ratio (default) Differentials (no)
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•• Control the aperture weight  Control the aperture weight  
to get the balance between  to get the balance between  
contrast and resolution contrast and resolution 

•• Control the weights of Control the weights of 
fields and azimuths to raise fields and azimuths to raise 
the total performance   

OptimizationOptimizationOptimization
•• Error function WeightsError function Weights

the total performance   

Aperture weight 

Aberration weights  
for fields and  

azimuths
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Optimization- understanding outputOptimizationOptimization-- understanding outputunderstanding output
Constraint :

Reduction ratio 

Constraint :
Total track

Error function 
output  

The OPD and 
WAV

•• The error function output  is changed by the Difference error fuThe error function output  is changed by the Difference error function type nction type 
–– Here , the ERR. F is based on the OPD Here , the ERR. F is based on the OPD 

•• The ERR. F of each fields are still a good guideline to determinThe ERR. F of each fields are still a good guideline to determine the weights e the weights 
of error functionof error function
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Optimization and Revaluation Optimization and Revaluation Optimization and Revaluation 

1.0
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0.8
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SPATIAL FREQUENCY (CYCLES/MM)

10X Micoscope Object

ive                 
DIFFRACTION MTF   

Ark 02-Dec-01

 DIFFRACTION LIMIT

 AXIS

 T
 R

0.7 FIELD (       )-2.57 O

 T
 R

1.0 FIELD (       )-3.67 O

WAVELENGTH  WEIGHT

 656.3 NM      1

 587.6 NM      1

 486.1 NM      1

DEFOCUSING  0.00000

10X Micoscope Object

ive

POSITION  1

Ark 02-Dec-01

0.004788 mm

2
5

     DIFFRACTION INTENSITY

    SPREAD FUNCTION - STREHL

FLD( 0.00, 0.00)MAX;( 0.0, 0.0)DEG

DEFOCUSING:  0.000000 MM

WAVELENGTH  WEIGHT

 656.3 NM      1

 587.6 NM      1
 486.1 NM      1

•• ColorColor StrehlStrehl PSF output ( on axis ) PSF output ( on axis ) 

The sharp PSF shape The sharp PSF shape 
means a higher resolution

max. spatial frequency max. spatial frequency 
300300 lplp/mmmeans a higher resolution /mm

The color shows the The color shows the Strehl Strehl 
ratio directionallyratio directionally
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Tolerance AnalysisTolerance AnalysisTolerance Analysis
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