Image Quality
Figures of Merit for Optical Systems
What does the optical system do? The figure of

merit provides a number that tells how well the
system functions

Optical imaging Other

Geometric image size Coupling efficiency
. RMS image diameter Data rate
e FWHM NETD

—  Fractional encircled energy

—  MTF at particular spatial frequencies

—  RMSWE (root mean square wavefront error)
—  Beam divergence

—  Boresight

J. H. Burge
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Two regimes for imaging systems

1. Geometric limit
Use simple ray trace to determine image quality
Rms spot size is most common FOM
Valid for wavefront errors > 1 A

2. Near Diffraction limit

Must take the wave nature (interference and diffraction)
Into account.

Valid for wavefront errors < A/4
Rms wavefront error iIs most common FOM

J. H. Burge
University of Arizona



Aberrations - definitions

AW(xy)

=~

Aberrated Reference

Fic. 15. Transverse and longitudinal aberrations. A W(X. y) = distance between reference
wavefront and aberrated wavefront. &y = transverse or lateral aberration. &.= longitudinal
aberration.

Universit;/ of Arizona



Example Lens layout

LAYOUT

DOUBLE GARUSS
MON DEC 1 2003
TOTAL LENGTH: 132.98842 MM

DOUBLE GRUSS 28 DEGREE FIELD.ZMX
CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona




OPD plots (AW VS pupll)

0OBT: ©.0@ DEG 0BT: 10.0@ DEG

OBT: 14.0@ DEG

OPTICAL PATH DIFFERENCE

DOUBLE GRUSS

MON DEC 1 2003

MAXIMUM SCALE: t+ 5.000 WAVES.
0. 486 0. 656

DOUBLE GRUSS 28 DEGREE FIELD.ZMX
SURFACE: IMAGE CONFIGURATION 1 OF 1

AW =0OPD >> 1A

This system is in the geometric limit

Unversity of atzona OPD (Optical Path Difference) is not a useful metric for this system



Image quality — point sharpness

e Look at the image of points

* In the geometric limit:

— RMS diameter or radius (half-diameter)

Easily calculated using raytrace programs by tracing a bunch of
rays: only makes sense for geometric limit

— FWHM

— 80% encircled energy
the circle that contains 80% of the spots

J. H. Burge
University of Arizona
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Spot diagrams

0BJ: ©.0@0 DEG

100.00

IMA: ©.000 MM

0BI: 14.00 DEG

+ 45’ 'Bo- +
+ * + o4
+ +

IMA: 24,551 MM
SURFACE: TIMA

0BI: 10.00 DEG + B.486!
= 0.6563
7
;JE;
IMA: 17.445 MM

Rms spot radius =
rms value for spot
distances from centroid

SPOT DIAGRAM

Each spot represents a

DOUBLE GRUSS
FRI FEB 11 2005 UNITS ARE pum,
FIELD : 1 2

e

RMS RADIUS : 7.518 8.300 9.400
GEO RADIUS 16.872 27.012
SCALE BAR 100 ERENCE | F RAY

ray from a point in the
pupil

UUBLE GHUSS 28 UEGREE FIELU.ZMX

CONFIGURATION 1 OF 1

In software, send a bunch of rays through the system and

see where they intersect the image plane



Calculation of rms
ZX J'di

[dA

e Mean value of x:

X =(x)=

N
inz szdA
1 _

« Mean value of x2 (x*)= N fan
- Root mean square \/IX dA [IXdAJ
o rms=\/<x -X%) =
deviation jdA jdA
e If mean <x>=0, ms — j}‘sz
dA

J. H. Burge
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PSF for defocus
fx_itw&" Ideal focus

r,p 4

Film plane
p hormalized

P = Mgy F_ = system focal

ratio = 1/(2 NA)

T

Az/F,

2
2F ] Where ¢ is position in image plane

From geometry, e(p) = -p Az/2F,

Erms = <‘92> - IdA : relative to center : <g>=0
. 2
Calculate rms radius _ AZ\/IZ”pd” P
2F T
Az [1,04 1 Az di
B 4 T o E 'ms radlius
VIR 4T b 2V2 _ 10.35
J. H. Burge — 0.3535 d|ameter

University of Arizona



Geometric encircled energy EE
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80% EE at for circle -
with 10 um radius .

©0.0oO

|
25.000
RADIUS FROM CENTROID

|
50 . 000
IN MICRONS

GEOMETRIC ENCIRCLED

ENERGY

DOUBLE GARUSS
MON FEB 2 2004

WAVELENGTH: POLYCHROMATIC
DATA HAS BEEN SCALED BY DIFFRACTION LIMIT.

DOUBLE GARUSS 28 DEGREE FIELD.ZMX
CONFIGURATION 1 OF 1

80% EE is often used

J. H. Burge
University of Arizona

as a threshold
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Modulation Transfer Function

* Rather than using the blur size for image
points — use the contrast reduction for
nigh-frequency (small scale) features.

e MTF Is plot of contrast (or modulation) vs.
spatial frequency

* Has nice linear properties — system MTF =
product of MTF for subsystems.

— Have to be a little careful with sampled
systems (detectors)

11



Definition of Modulation

BBBBBBBBBBBBBBBB

JaUaVaern
IS ava S awn Modulation = o — mi.n,
B — —— max. + min.
ATRLTAT
HHHHHH RIS
\ﬁf\ﬂf VAL L AL

University of Arizona
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Contrast

Image

max. — min.
max. + min.

Imaging Lens

TN T, ARAM 1%, ~ Amplitude

Contrast =

Modulation =

Image Mea‘n
Imaging Lens max— mln
1] L2
~ ( max+ min
IR e, o e :
J. H. Burge 13
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Modulation Transfer Function

TS ©0.00 DEG
TS 10.00 DEG

TS 14.00 DEG

MODULATION
T

.00

|
100 .00

200 .00

SPATIAL FREQUENCY IN CYCLES PER MILLIMETER

POLYCHROMATIC GEOMETRIC MTF

MON DEC

1

DOUBLE GARUSS

2003

MTF FOR ©.4861 TO ©.6563 MICRONS.

DOUBLE GRUSS 28 DEGREE FIELD.ZMX
CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona
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MTF targets ) Siemens star

1951 USAF Tal’get Visual response

SQF: Integrate MTF over sensitive SFs

SImNs | CEhmEE
S uE: | A R 5
dSM N | TSMC R o'
o]
?

- T
szm S| =zm HZE-

AT R a [ 1
J. H. Burge 1] & &4
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J. H. Burge
University of A

Phase inversion
defocus this image
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MTF, PSF

e MTF (really OTF) and PSF are Fourier transform pairs

PSF MTF
%

B FFT &

 What is MTF for large amount of defocus?

]

PSF

LLLLLLL
DDDDDDDDDDDDDDDDD

J. H. Burge
University of Arizona
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Combining multiple effects

A4
A

atmosphere optics detector processing

A

image

system

v

I:)SFsystem = I:)S':atmosphere * I:)SFoptics.k* I:)S':detector ** PSF

processing

(** denotes a convolution)

MTF = MTF X MTF X MTF X MTF

system atmosphere optics detector processing

J. H. Burge 19
University of Arizona



Diffraction Limit
Stop the above system down

LAYOUT

DOUBLE GARUSS
MON FEB 2 2004
TOTAL LENGTH: 133.12732 MM

DOUBLE GARUSS 28 DEGREE FIELD.ZMX
CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona
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OPD < 1 wave

_ 0BT: ©.00 DEG _ _ 0BT: 10.00 DEG
W W W

Sty iy %ﬁ Sy

0BT: 14.00 DEG

N

OPTICAL PATH DIFFERENCE

DOUBLE GARUSS

MON FEB 2 2004

MAXIMUM SCALE: + 1.000 WAVES.
©. 486 ©.588 0.656

DOUBLE GRUSS 28 DEGREE FIELD.ZMX
SURFACE: IMAGE CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona



Image size comes from diffraction

POLYCHROMATIC FFT PSF

DOUBLE GRUSS

MON FEB 2 2004

0.4861 TO ©@.6563 MICRONS AT B.0@ DEC.
SIDE IS 46.29 MICRONS.

SURFACE: IMAGE DOUBLE GRUSS 28 DEGREE FIELD.ZMX
REFERENCE COORDINATES: 0.00PDOE+000, ©.00000E+000 CONFIGURATION 1 OF 1

2 44\F,

FWHM = 1.02 L F,
A

In angle space, @, =1.02—

D

J. H. Burge
University of Arizona
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Spot diagrams

 Now these are meaningless
(compare with Airy diameter)

40.00

SURFACE: IMA

0BI: ©.00 DEG

IMA: ©.000 MM

0BI: 14.00 DEG

IMA: 24.58@8 MM

0BI: 10.0@ DEG + 0.4861

s 0.6563

IMA: 17,467 MM

SPOT DIAGRAM

DOUBLE GRUSS
MON FEB 2 2004

FIELD ' 2 3

RMS RADIUS 1.744 4.477 6.959

GEO RADIUS 3.036 7.011 11.934 DOUBLE GRUSS 28 DEGREE FIELD.ZMX
AIRY DIAM 17.83 REFERENCE : CHIEF RAY CONFIGURATION 1t OF

UNITS ARE MICRONS.
1

1 23




Transition from Diffraction limit to Geometric Limit

Diffraction limit

0.2 rms
21% Strehl

0.4 rms

& [ ] 'I)
0.0 rms 0.05 rms 0.1 rms
1.0 Strehl 90% Strehl 67% Strehl
S
> o>
-

Geometric limit

J. H. Burge
University of Arizona
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) Strehl Ratio

2
108 ABERRATED POINT IMAGE SR ~ e—G = 1 — 0-2

[

Where ois RMS wavefront error in
toa! radians

102

SR = e @Wm/D ~1_ (24N 1)?

nSIN U Where W, is RMS wavefront error in pm

Figure 11.5 (assuming A in um)

Relation of Image Quality Measures to OPD

% energy in
Rule of thumb for
P-VOPD EMS OFPD Strehl ratio Airy disk Rings . . .
diffraction limit:
0.0 0.0 1.00 84 16
0.25RL = \/16 0.018\ 0.99 83 17 A4 P-V wavefront
 ERT, — ).-‘8 AN RTERN ) G5 20 )
1.0RL = w4 0.07x 0.80 68 32 (0'07 A rms)
3.0RL = 0.75\ 0.21x 0.1% 20 80 80% SR
4.0RL=A\ 0.29\ 0.0% 10 90 95

*The smaller values of the Strehl ratio do not correlate well with image quality.



Diffraction calculation

Treat small wavefront errors using Fourier
For wavefront ripples with spatial period A, rms c radians

Light is diffracted from central core
How much? 0?
Where does it go? A0 = £A/A

Image
Wavefront Satellite peaks at 6 = £10A/D
0.07A rms, 10 cycles/diam
A =D/10

J. H. Burge
University of Arizona

(LOG SCALE)

0.1

Slice through image

80% Strehl

Energy/satellite peak = 10%
of central lobe

WWWWWWWWWWWWWWWWWWWWW

-10A1/D 100/D

26



Encircled Energy
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0.000 50.000 100 . BB
RADIUS FROM CENTROID IN MICRONS
FFT DIFFRACTION ENCIRCLED ENERGY
DOUBLE GRUSS
MON FEB 2 2004
WAVELENGTH: POLYCHROMATIC
DOUBLE GAUSS 28 DEGREE FIELD.ZMX
CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona
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MTF

TS DIFF. LIMIT
“TS 0.00 DEG

TS 14.00 DEG

® v o

MODULUS OF THE OTF

| TS 10.00 DEG
T

.00

|
82.72

165 .44

SPATIAL FREQUENCY IN CYCLES PER MILLIMETER

POLYCHROMATIC DIFFRACTION MTF

MON FEB
SURFACE:

DATA FOR ©. 4861

DOUBLE GARUSS

2 2004
IMAGE

TO B.6563 MICRONS.

DOUBLE GRUSS 28 DEGREE FIELD.ZMX
CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona
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Diffraction Limited MTF

10

08
06 \\%::\«:h N

-
04 N A Vo T
D \\_ L

0.2 ]

0 o1 02 03 04 05 06 O7 08 09 10

V/v o>

Figure 11.19 The effect of a central obscuration on the
modulation transfer function of an aberration-free sys-

tem.
() so/sm = 0.0 Can be calculated as the
(b) so/sp, = 0.25 autocorrelation of the pupil function!

(c) so/sm, = 0.5
(d) sg/sy, = 0.75

J. H. Burg
Universit



Wavefront error from defocus

Shift in focus is exactly the same as the wavefront with the wrong radius

Wavefront

Differentiate

rp 4

Wavefront at exit pupil
«— Reference sphere

Defined to be concentric with point in focal plane

Focal plane,

A

where images are evaluated.

Center of curvature for
reference sphere

Rgs: ROC for reference sphere

Rwe: ROC for wavefront

es

AZ = Ry - Rgs Ideal focus
Where light actually comes

r2 to focus
W (r) = — Center of curvature for
2 R r2 D2 wavefront
2
AW =~ AR = _(SRZ ARJ,O

But the change in wavefront radius AR is equivalent with a change of

focus -Az

J. H. Burge
University of Arizona

D° AZ
AW(p)=[8RZ Aij2=(8F2jp2 0



Relate focus to RMSWE

A shift in focus is equivalent to wavefront error \W = a2p2

Az
8F’

n

Define diffraction limit for a, = 1/4 ==> Az = 2AF’

where a,

Converttorms: W . =0.289a, = .0361§

n

27\ AZ

Convertto radians g = ms —(0.227

A AF?

n

J. H. Burge
University of Arizona
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RMSWE for focus

A shift in focus is equivalent to the W (,0, (9) — 7 ,02
wavefront error of power 2

2
Calculate rms value for x as: o = <X2 > — <X>

So get RMSWE as ) [ [w (0,0)] dA [[w(p.0)dA 2

Vs [Tan [[an

Substitute the power function for W and
work out the integrals Wl,mS — 0289612

Soif a, = 1 A, we would say there is 1 wave P-V power in the wavefront.

equivalently, there is 0.289 waves RMS
J. H. Burge 32
University of Arizona



Diffraction limit for focus

» For focal shift of 2 A F 2

PSF
80% SR TF

Wavefront error I R -

M4 P-V, 0.07 A rms
[ 7 TS_DIFF. LIMIT
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Lo - - - - - - - - T FOLYCHROMATIC DIFFRACTION MTE
> [ . LENS HAS_NO TITLE
59| | THU SEP 7 20@&
¥ DATA FOR' 1.0008 TO 1.0000 um
WAVEFRONT FUNCTION 2 sl B SURFRCE: THAGE LENS. ZMX
TR SEP 7 2006 a 7| ] CONFIGURATION | OF 1!
1.8000 4o AT ©.0000, @.0000 DEG 2
PEAK TO UALLEY - @.2580 WAVES, RMS = @.8721 WAVES g et
SURFACE : TMAGE
EXIT PUPIL DIAMETER: |.00@@E+@@1 MILLIMETERS LENS . ZMX g 5| i
TILT REMOUED: X = -P.0000 Y = -0.0000 WAVE CONFIGURATION 1 OF | i
w TE g
5
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- L ]
&
2 2
P L ]
g | ]
@
Yoo . . . . . . . . .
0.000 50. 000 100000
RADIUS FROM CENTROID IN pm
FFT_DIFFRACTION ENCIRCLED ENERGY
LENS HAS_NO TITLE
THU_SEP 7 2086
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. A. burge SURFACE: IMAGE
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University of Arizona CONEIBURATION 1ot



Wavefront error effect of focus

1.0000 - T

0. 900 - T

0.800OD T

0.7000 - .

0.6000 - .

. 5000

0. 4000

0 .3000

0.2000

RMS WAVEFRONT ERROR IN WARAVES
S

0.1000

|
-1.0000 0.0000 1. BB

0. 0oLo

FOCUS IN MILLIMETERS

RMS WAVEFRONT ERROR VS FOCUS

DOUBLE GARUSS
MON FEB 2 2004

FIELDS:1 2 3
REFERENCE: CENTROID DOUBLE GARUSS 28 DEGREE FIELD.ZMX
WAVELENGTH: ©@.4861 CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona



Effect of focus

T T T T T T T T
1.0000 - .
0.9000 |- .
0.8000 |- .
o 0.7000 - :
H
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T
L
@ 0.4000 |- .
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-1.0000 0.0000 1. 0000
FOCUS IN MILLIMETERS
STREHL RATIO VS FOCUS
DOUBLE GAUSS
MON FEB 2 2004
FIELDS: 1 2 3
REFERENCE: CENTROID DOUBLE GAUSS 28 DEGREE FIELD.ZMX
WAVELENGTH: @.4861 CONFIGURATION 1 OF 1

J. H. Burge
University of Arizona



Figures of Merit for optical systems

Description When to use it How to combine terms
MTF Gives the image contrast as a For imaging systems looking at MTF,, (f)=
Modulatlop transfer function of spatial frequency f extended objects MTF, () x MTF, (f)x...
function
RMS Wavefront Error | Gives magnitude of wavefront Diffraction limited systems looking rms,.. =

errors, relative to ideal

for resolution of small objects
(rms OPD < A/6)

total

\/rmsf+rms§+...

Image size

Usually this is given as the rms
image diameter

Systems looking for resolution of

small objects for the case when not
diffraction limited (rms OPD > A/6)

rms

total —

\/rmsf+rms§+...

Strehl ratio

Defined as the central intensity
of the PSF relative to a perfect
system

Diffraction limited systems looking

for resolution of small objects
(rms OPD < A/6)

SR

total

= SR, xSR, x...

Boresight

Relative angular alignment
between optical systems

When different systems must be
pointed to the same thing

[ .2 2
Ciotal =\ +0(2 +...

Image motion

Motion of the image.
Jitter —in Hz
Stability — in secs, days, ...

Jitter — increases image size
Stability — affects calibration

[ .2 2
Cliotal =\ O +0[2 +...

J. H. Burge
University of Arizona
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