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Image Quality
= Image quality is never perfect. It would be very nice if the image of a point
object could be formed as a perfect point image. This is impossible!

= |mage quality is suffered by both
» geometrical aberrations and
» diffraction

Airy disc

Sayfa 2



Diffraction

Diffraction is an effect resulting from -
. . . . —-_.-
the interaction of light wave with | geometric
A ) )/l shadow
the sharp limiting edge or . \ /) ntensiy profie on 8
aperture of an optical system. / \ ~Sistant screer
edge iffraction
rays phenomena

wavefronts

=
Airy disc
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Image Evaluation of a Point Object
= The ideal image of a point object is a point image.

= QObservation of the images of point objects produced by aberration free lens
systems with circular entrance pupils shows that the images are not pointy, but
have a light distribution known as the Airy pattern, A(r).

= A(r), is described mathematically

by the function:

A(r) = (2]1(“7"))

mr

J,(r) = 1st order Bessel Function of first kind = ‘
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The radial locations of the first three zeros in the Airy pattern take place at
approximately

= r=1.22 =>A(r)=0
= r=223 =>A(r)=0
= r=324 =>A(r)=0

r

2]1 (“ﬂ)z

A(r) = (

These locations corresponds to dark rings.
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Airy Disk
If the geometrical aberrations are significantly smaller than the diffraction blur,
the image is well represented by the Airy disk.

This form of optics is called diffraction-limited optics.

Radius of Airy disk (Radius of first dark ring) is: 74 = 1.22 A (f /#)

Airy disc

About 83% of
energy is
encircled within
the first dark ring
called the Airy
Disk

Airy disk is the smallest point to which a beam of light can be focused.
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Angular Diameter of Airy Disk

0, = Angular diameter of Airy disk

A = Wavelength used in operation

D = Clear aperture diameter is the diameter of light entering to lens.
Usually, it is not the full diameter of the lens.
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Optical Path Difference

OPD is useful measure of performance of an imaging optical system.

Rayleigh Criteria:

If the OPD is less than or equal to
one-quarter of a wave, then

the performance will be almost
indistinguishable from perfect.

Zemax menu
B Rk  R2C22 |

OPD

real
wavefront

File Setup Analyze Optimize Tolerance Libraries

> & & 4

Part Designer

Cross-Section 3D Shaded Rays & | Aberrations avefmnt F'SF

Olh@lc

RMS  Enclosed
= Energy -

Prograrmming

Viewer Model Spots ~ =
System Viewers E < | Ray Aberration
System Explorer (3) | < | Optical Path :|
Update: All Windows = i | Pupil Aberration
P Aperture @ Full-Field Aberration
b Fields —

ty

spherical
reference

/QT o~
exit pupil|diameter >
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Peak-to-Valey OPD

typical

wavefront

specific
OPD T

1
i
I

I

|
1
1

Peak-to-Valley —!

OPD " this wavefront has the same
\ P-V wavefront error as the
example at the left, but it
has a lower RMS OPD
reference
sphere

RMS wavefront error = square root of the sum of the squares of the OPDs
as measured from a best-fit reference spherical

wavefront over the total wavefront area
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PSF (Point Spread Function)

Figure left shows the appearance of the image of a point source, which is known as a PSF,
for optical path differences of 0 wave, 0.25 wave, 0.5 wave, and 1.0 wave.

The Strehl ratio is defined as the ratio
ﬂ of the peak intensity of an aberrated
lens to the peak intensity of an
aberration-free lens.

Aberration-free
(Airy Pattern)

Aberrated
Strehl
Ratio
——
perfect airy pattern T' X
122 A(f/#)
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Depth of Focus

= Rayleigh Criteria can be used to determine
just how much defocus is tolerable to
maintain diffraction limited performance.

= Depth of focus correspondingto OPD =A/4is
5 =12 A(f/#)?

16 7
A = 0.6328 pm=| s
;lL / -’l'I !'
12 = 4.0 um % i
II ja
A=10.0 pm 7 '
B ~
-] _.." .
:l: - /.f
4 — ""‘__,.r'
2 I i
1 -1 7T RN L L]
2.5 o5 250

Depth of focus, microns ()

|

|

0 = +/- depth of focus
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Difraction Limited Optics
Diffraction-limited lens is limited solely by diffraction and refers to a zero-wave RMS
OPD; however, these criteria are rarely the intent of a “diffraction-limited” specification.

Common approximations for diffraction-limited performance include:
= peak-to-valley OPD<A/A4 (Rayleigh criterion), or

= RMS OPD <0.07 A (Maréchal criterion), or

= Strehl ratio > 0.8
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Example 1. Simple LWIR Objective Design

Consider an objective used in the long-wave infrared (LWIR) range.

* Spectral band: 8 umto 12 um
* We need to resolve: 0.25 mrad in object space
* Detector used: CCD with 50 uym pixel size (pitch)

Determine f/#, clear aperture diameter, focal length and depth of focus.

Diameter of Airy disk = CCD pixel size
2.44 A (f /#) = CCD pixel size

2.44 (10 um) (f/#) = 50 pm S\ f22 ]

f =220mm

b 2442  2.44(10 pm)
9, 0.25x10°3

=100mm——-| D =100 mm

5§ =42 (10 um) (2.2)? = +£100 pm
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blur diameter, mm

075
075 1.0
Detector element _ .8
size / £ :
.050 |- e Assume an infrared system of
2 6 wavelength
5 =10 um
T 4
025 | 5
0 > -
f_‘:i *“ | Required angular
=5 resolution
I 1 S o —
0 1 2 0 50 100 150
fl# clear aperture diameter, mm
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Example 2: Zemax Implementation of Example 1

Before Optimization

| Lens Data

Update: All Windows + | (T @ + & i

~  Surface 6 Properties <

AEREPIRO[(O0-2CO®

y e = l:@]

Configuration 1/1

* - 0 X

i Surface Type Comment Radius Thickness Material Clear Semi-  Chip Zone Mech Semi-Dia
0 OBJECT Standard - Infinity Infinity Infinity 0.000 Infinity
1 5TOP Standard - Infinity 0.000 50.000 0.000 50.000
2 (aper) Standard ~ L1 Infinity V 10,000 V. GERMANIUM 55.000 U 0.000 55.000
3 (aper) Standard - Infimity ¥ 15,000V 55000 U 0.000 55.000
4 (aper) Standard - L2 Infinity V 10,000 V. GERMANIUM 55.000 U 0.000 55.000
5 (aper) Standard - Infinity WV 200.000 v 55.000 U 0.000 55.000
6 IMAGE Standard - Infinity - 55.761 0.000 55.761
» Merit Function Editor v - 0O X
TEHRIYX AP GC®D S @
# | Wizards and Operands ¢ | » Merit Function:  0.159707119812836
Eptu R ] Optimization Function Pupil Integration Boundary Values
Current Cperand (10) ~

Image Quality: Spot @) Gaussian Quadrature Glass  Min: g

Spatial Frequency: 30 O Rectangular Array Max: 135

X Weight: 1 Ring= ) - Edge Thickness: |2

Y Weight: 1 B 6 N Air Min: 1

Type: RMS Obscuration: |0 M 1e+03

Reference: Centroid Edge Thickness: |1

[ Max Distortion (3): |’

[ Ignore Lateral Color
Optimization Goal

(®) Best Nominal Performance

) Improve Manufacturing Yield

Weight:

QK || Apply || Close

Start At: s

COwerall Weight: |1 Field: All

Configuration: | All

Assume Axial Symmetry:
Add Favorite Operands: O

Load Settings

|| Reset Settings | ‘ZQZ'

4 Type Surf1 Surf2

1 EFFL -~ 2
2 | CIGT~ 3

3 | CTLT~ 3

4 DMFS -

Save Settings ‘ ‘
Target = Weight Value % Contrib
220.000 1.000 220.000 1.627E-11
2.000 1.000 2.000 0.000

20.000 1.000 20.000 1.843E-10

5 BLNK ~ Sequential merit function: RMS spot x+y centroid X Wgt = 1.0000 Y Wgt = 1.0000 GQ 5 rings 6 arms

0)1:la}rout
v Settings | & _Qmim .’}D/'—AH Lo

v - 0O X

- EE i @ Line Thickness ~ '3:63'

1 100 mm

Layout

5.03.2024
Total Axizl Length: 235.00000 mm

Zemax
Anzys Z=max OpticStedio 2023 R1.00

LENS.zos
Configuration 1 of 1

ENPD = 100 mm
EFFL =220 mm
A=38,10, 12 um
FOV =0, 3deg
ct =[8, 15] mm
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Example 2: Zemax Implementation

After Local Optimization

| Lens Data * — 0O X
Update: All Windows = | (T} @ + & i . £ ﬁ & P ﬁ » O' g G & o e =p '@'
~ Surface 6 Properties < Configuration 1/1
( P Surface Type Comment Radius Thickness Material Clear Semi-  Chip Zone | Mech Semi-Dia'-'
0 OBJECT Standard ~ Infinity Infinity Infinity 0.000 Infinity
1 5TOP Standard ~ Infinity 0.000 50.000 0.000 50.000
2 (aper) Standard - L1 256.008 V 8.000 V  GERMANIUM 55.000 U 0.000 25.000
3 (aper) Standard - 332218 V 20.000 V 55.000 U 0.000 55.000
4 (aper) Standard ~ L2 160337 V 11782 V. GERMANIUM 55.000 U 0.000 55.000
5 (aper) Standard - 165.820 V 188.901 55.000 U 0.000 55.000
6 IMAGE Standard - Infinity - 5.824 0.000 5.824
%+ 2:Spot Diagram - r=-08x Il 5:FFTpsE vy=-0x
visettings| 2 Galpidm| /[ = A Q ‘El = & 3x4v @ Stancard v Automatic - viSettings| @ Ca e /SO0 = A 2 ‘E| w 2 3x4- @ Standard + Automatic +
@ @
e 8
0B1: 0.0000 (deg) ORJ: 1.5000 (deg) ::}g
+5E L 1.0

150.00

IMA: 0.000 mm

OBJ: -1.5000 (deg)

4

NS

+
-

IMA: =5.757 mm

Surface: IMA

IMA: 5.757 mm

o
“v

Spot Diagram

Polychromatic FFT

Zamae
Ansys Femax DpticStudio 2073 RL.00

PEF

Folychromatic

FFT PSF

.736
.663
.589
516
442
368
.295
.22
147
074

oDooCooOCOoOoO0Oo

5.03.2024
8.0000 to 12.0000 pm at 0.0000 (cegd.

Side is 771.59 wm.
Surface: [mags

Reference Coordinates; 0.0C000E+00. 0.00000E4+00

My Madius: 7684w, Legend 11ems reter to Wivelsngrhs
1 2 B
B T Y T T
Dooubimie bl balsd
150 fetarsnce | CliRr Rag LENS. zos
Configuration 1 of 1
Graph L Text

Ansys Jewax Opt

e
Testudio

2021 K100

LENS.zos

Canfiguration 1 of 1

Graph | Text

[}' 1: Layout - -
~) Settings | & 53 m{s@a /7 D/— AH ":’|§| 8 |E| = @ Line Thickness -

o
(7]

b4

—— ———
1 100 mm
Layout
5.03.2024 Zemax
Total Axizl Length: 228 58202 mm Ansys Zemax OpticStudio 2023 RL.00
LENS. zos
Configuration 1 of 1

v - 0O X

CEH=E = x- @ sendad- @

ofz 4: OPD Fan
visettings| & Lalpdm | /[0 = A

o63: 09000 e o63: 13000 (5)

- - o
I I s y!

\\_\ 1 f/./
T ] et

-

T T
TN N
&_L N

Optical Path Difference

Zemax

5.03.2024
Maximum Scale: £ 1.000 Waves. Ansys Zemax OpticStudio 2023 R1.00

&.000 12.000

ENS.zos
Configuration 1 of 1

Surface: Image

Graph [ Text

al7




Example 2: Zemax Implementation

After Local Optimization

| Lens Data * — 0O X
Update: All Windows = | (T} @ + & i . £ ﬁ & P ﬁ » O' g G & o e =p '@'
~ Surface 6 Properties < Configuration 1/1
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DRI

How far can a camera see an object?
What does it mean to see an object clearly in an electro-optical system
(night vision, thermal etc.)?

In optical and imaging systems,

DRI stands for Detection, Recognition, and ldentification.

These terms represent different levels of information acquisition in surveillance, target
acquisition, and other imaging applications.

DRI distance is the universal standard for describing both spatial domain and frequency
domain approaches to analyze the ability of observers to perform visual tasks using
Image intensifier technology.
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Johnson’s Criteria

The minimum required resolution according to Johnson's criteria are expressed in
terms of line pairs of image resolution across a target in terms of several tasks:

Number of lines pairs (p)
Detection an object is present 1.0x0.25
Recognition the type object can be discerned, 4.0%x0.8 8
a person versus a car
Identification a specific object can be discerned, 6.4%+15 12.8

a woman versus a man,
a specific car
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Detection Recognition Identification

Human u H
vemee | =
Post ey
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Detection, Recognition and Identification




optical system

DRI Range M
Consider an imaging optical system. T ; + f

r h
Using similar triangles, range of target can be

calculated as: T = target size
h = image size
T r = target range

r — Tf f = focal length

In image plane, if we have a CCD sensor with pixel pitch p, then image heightis h = N X p where N is
number pixel on target (see table). Hence, DRI range can be computed as:

_I

Y =
Np

Here DRI range (r) is the minimum distance required to see target clearly (with certain DRI value).
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Example 3: DRI Calculation

Compute the DRI ranges for the optical system given in Example 2 for the target about 2.5 m wide.

Detection: ~ (2500 mm) (220 mm) 5200
etection: r = (2)(0.050 mm) = m
R ion. ~ (2500 mm) (220 mm) 1375
ecognition: r = (8)(0.050 mm) = m
o _ (2500 mm) (220 mm)
Identification: r = = 860 m

(12.8)(0.050 mm)
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Example

Consider human target with dimensions 1.8 m x 0.5 m.
Compute the DRI ranges for each dimensions. Assume f = 100 mm and p = 30 uym.

% dri.m

% all values are in mm

O For 1.8 m

clear; clc; betection

T = 1800; % target size Recognition

f = 100; % focal Tength Identification:

p =0.03; % pixel pitch

N = [2, 4, 12.8]; % DRI values, Johnson’s criteria For 0.5 m

r = T*f./(N*p)/1000; % in meters betection
Recognition

fprintf('Detection - r = %5d m\n',round(r(1))) Identification:

fprintf('Recognition r = %5d m\n',round(r(2)))

fprintf('Identification: r = %5d m\n',round(r(3)))

H

=

3000 m
1500
469 m

3

833 m
417
130 m

3
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MTF

The most used metric for characterizing the optical system's performance is the Modulation

Transfer Function (MTF)*. MTF is a measure of how well a lens relays contrast from object to
Image.

The spatial frequency (line-pair per millimeter (Ip/mm)) is the standard unit of
measurement for resolution. A line pair consists of one black line and one white line.

1
Contrast is difference between a black line and a white line. 3= T IS
: : : (i “"I n=
The constrast modulation is defined as: 4=l e '.',',25
5=I1II
M - :max _ :min 6=“ILIS.-"LFI1!5I1 _1
+ ) Made by LaserSoft Imaging
max
..., = maximum intensity level (of bright value) “‘S";V_'"g"“‘””‘“s”““‘;”
| . =minimum intensity level (of dark value) 2=l .'n'n'uf'

Y = "I = .'.I‘é s s

HN=6
s =1l

L=
s=m =1

* MTF is the magnitude of the complex optical transfer function (OTF) USAF 1951



Contrast Transfer

The contrast in object plane can be transferred to image plane by a transfer function
called Modulation Transfer Function (MTF).

Object (Mgy) Image (M)
0 0 1
3: 1] -m-|" =3 Mimg = MTF X M, ; 3_ |||,I__ '.._3
A= Il L NE , = ||| e E
5= =1l —
s=m 1l =1 o= NI=1
md&byul.sm:ma;ing ol D | kel e RG]

Object Imaging system Image

m (O

Perfect line edges before (left) and after (right) passing through a low resolution imaging lens

Sayfa 27



Diffraction-limited MTF of a Circular Lens
MTF Is a function of spatial frequency (s):

s = number of lines within a given length.

Usually we used lines / mm or line pairs / mm unit.

The diffraction-limited incoherent MTF for a lens
having a circular pupil is given by:

2
2 S S S
MTF(s) = E{acos (S—) 5 1-— (s_) }
Cc C'V c

Ideal MTF

The cut-off resolution can be found by: 0 ot Freuency cut-off
1
S. =
©OAX(f/#)
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1 -
-====- Diffraction Limit
0.8 — Sagittal
il = Tangential
s
0.4 1
027
0 ' ' T ]
- 20 40 60 %

s , Spatial Frequency (cycles/mm)

Object Image
Sagittal

Tangential

LOW FREQUENCY

Object

Black

m Imaging lens

Image

White

Black
Modulation \

100 % #

HIGH FREQUENCY

m Imaging lens

Y

Image

AR "
Black f
MTF /
' \I / /
N\
i N i
, N ¥
N\
4 N\
ra
/

Frequency in Ip/mm



Nyquist Frequency

The Nyquist frequency (fy) is referred to as the sampling frequency.

In a digital system f is calculated as:

p = the pixel size in mm of the sensor.

Performance of the MTF is subsequently evaluated using this value as a reference parameter.

For the sensor in Example 1,
p =50 um = fy = 10 Ip/mm.

and

cutoff resolution =

1
A(f/#)

= 57 Ip/mm

Modulus of the OTF

1.0

diffraction
limit

MTF curves
of Example 1

0 5.7 11.4 17,1 22.8 28.5 34.2 39.9 45,6 51.3 57.0
Spatial Frequency 1n cycles per mm
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MTF Analysis Iin Zemax

File Setup Analyze

>

Cross-Section

Update: All Windows -

L e

‘I."lewer

Rays & Aberrations Wavefrunt PSF | MTF

Optimize Tolerance
& |+ e
Shaded
Model Spots - =

System Viewers

ystemn Explorer (3)

Aperture

Fields
Wavelengths
Environment
Polarization
Advanced

Ray Aiming
Material Catalogs

Titla /Ml Atar

M |

Libraries Part Designer Programming

Help

O B LI I B8 |\ -

Physical Bearn File Gaussian Fiber

RMS Enclosed Extended Scene
= Energy - Analysis -

Imag{ ()

Pl Pl Palala

Contrast Loss Map

FFT MTF

FFT Through Focus MTF
FFT Surface MTF

FFT MTF vs. Field

FFT MTF Map

Huygens MTF
Huygens Through Focus MTF
Huygens Surface MTF

Optics

Viewer Beams = Coupling -

Laser and Fibers

FFT MTF

F

Compute the diffraction modulation
transfer function data for all field
positions using Fraunhofer
diffracticn theory and an FFT
algorithm

Shortcut Key: Ctrl+M
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Measuring MTF via Slanted Edge

collimated light

Digital
Camera

(CCD / CMOS)

off-axis flat mirror

parabolic mirror

Lens
under test

target (half moon)

/ |ntegrating ;

sphere l

o Light | ] Controller
source

See related scientific paper from web page.
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Measuring MTF via Slanted Edge

MTF is calculated from ESF and LSF using FFT.

= Edge Spread Function (ESF) is measured using a half-Moon target which is tilted a few degrees. This
target gives differences between blackbody and background in a single image. SFR measurement
readings is a step-function whose derivative is Line Spread Function (LSF).

= LSF is a function of the angle of view which describes the sharpness of the camera.
= MTF comes as a result of the Fast Fourier Transform of the LSF.

bk FFT
—

Derivative f

ESF.
—
_]_ Frequency (cy/mm)

L
—
=
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System MTF

Each factor influencing performance should be reviewed to determine the
MTF budget of the optical system.

MTFsystem = MTFatmosphere X MTFoptics X MTFdetector X oeee
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