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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
Geometric image size

• RMS image diameter
• FWHM

– Fractional encircled energy
– MTF at particular spatial frequencies
– RMSWE (root mean square wavefront error)
– Beam divergence
– Boresight

Other

Coupling efficiency
Data rate
NETD
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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 λ

2. Near Diffraction limit
Must take the wave nature (interference and diffraction) 

into account. 
Valid for wavefront errors <  λ/4
Rms wavefront error is most common FOM
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Aberrations - definitions
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Example Lens layout



J. H. Burge
University of Arizona

5

OPD plots (ΔW vs pupil)

ΔW = OPD >> 1 λ

This system is in the geometric limit

OPD (Optical Path Difference) is not a useful metric for this system
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Image quality – point sharpness

• 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
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Spot diagrams

In software, send a bunch of rays through the system and 
see where they intersect the image plane

Rms spot radius = 
rms value for spot 
distances from centroid

Each spot represents a 
ray from a point in the 
pupil  
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Calculation of rms
• Mean value of x :

• Mean value of x2

• Root mean square 
deviation

• If mean <x> = 0,
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PSF for defocus
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From geometry, ε(ρ) = -ρ Δz/2Fn

Exit pupil
Ideal focus

Δz

r,ρ
Film plane

Fn = system focal 
ratio = 1/(2 NA)

ερ normalized

ρ = r/rmax

Δz/Fn

Calculate rms radius

Where ε is position in image plane 
relative to center :  <ε> = 0

0.35rms radius
diameter

�
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Geometric encircled energy EE

80% EE is often used as a threshold

80% EE at for circle 
with 10 µm radius
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Modulation Transfer Function

• Rather than using the blur size for image 
points – use the contrast reduction for 
high-frequency (small scale) features.

• 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)
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Definition of Modulation
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Contrast
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Modulation Transfer Function
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MTF targets

1951 USAF Target Visual response  

SQF: Integrate MTF over sensitive SFs
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Phase inversion
defocus this image
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MTF, PSF
• MTF (really OTF) and PSF are Fourier transform pairs

• What is MTF for large amount of defocus?

PSF
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Combining multiple effects

object

atmosphere

image

optics detector processing

system

PSFsystem = PSFatmosphere ** PSFoptics** PSFdetector ** PSFprocessing

(** denotes a convolution)

MTFsystem = MTFatmosphere x  MTFoptics x  MTFdetector x MTFprocessing
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Diffraction Limit
Stop the above system down 
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OPD < 1 wave
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Image size comes from diffraction

2.44λFnFWHM = 1.02 λ Fn

In angle space, 1.02FWHM D
λθ =
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Spot diagrams
• Now these are meaningless

(compare with Airy diameter)
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Transition from Diffraction limit to Geometric Limit

 
0.0 rms 
1.0 Strehl 

 
0.05 rms 
90% Strehl 

 
0.1 rms 
67% Strehl 

 

 
0.2 rms 
21% Strehl 

 
0.4 rms 
  

 

Geometric limit

Diffraction limit
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Strehl Ratio
21

2

σσ −≅≅ −eSR
Where σ is RMS wavefront error in 
radians

2)/2( )/2(1
2

λπλπ
rms

W WeSR rms −≅≅ −

Where Wrms is RMS wavefront error in µm 
(assuming λ in µm)

Rule of thumb for 
diffraction limit:

λ/4 P-V wavefront
(0.07 λ rms)

80% SR
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Diffraction calculation
Treat small wavefront errors using Fourier
For wavefront ripples with spatial period Λ, rms σ radians
Light is diffracted from central core

How much?               σ2 

Where does it go?     Δθ = ±λ/Λ

Wavefront
0.07λ rms, 10 cycles/diam
Λ = D/10

Image
Satellite peaks at θ = ±10λ/D

Slice through image
80% Strehl

Energy/satellite peak = 10% 
of central lobe

-10λ/D 10λ/D

1

0.1

θ

(LOG SCALE)
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Encircled Energy
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MTF
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Diffraction Limited MTF

Can be calculated as the 
autocorrelation of the pupil function!
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Wavefront error from defocus
• Shift in focus is exactly the same as the wavefront with the wrong radius

• Wavefront 

• Differentiate

• But the change in wavefront radius ΔR is equivalent with a change of 
focus -Δz
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Focal plane,
where images are evaluated.

Center of curvature for 
reference sphere

Ideal focus
Where light actually comes 
to focus

Center of curvature for 
wavefront

Wavefront at exit pupil

Reference sphere
Defined to be concentric with point in focal plane

Δz = RWF - RRS

RRS: ROC for reference sphere

RWF: ROC for wavefront
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Relate focus to RMSWE
A shift in focus is equivalent to wavefront error

where

Define diffraction limit for a2 = λ/4

Convert to rms:

Convert to radians
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RMSWE for focus
A shift in focus is equivalent to the 

wavefront error of power

Calculate rms value for x as:

So get RMSWE as

Substitute the power function for W and 
work out the integrals
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20.289rmsW a=

So if a2 = 1 λ, we would say there is 1 wave P-V power in the wavefront.

equivalently, there is 0.289 waves RMS
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Diffraction limit for focus

• For focal shift of 2 λ Fn
2

Wavefront error
λ/4 P-V,  0.07 λ rms

PSF
80% SR MTF
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Wavefront error effect of focus
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Effect of focus
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Figures of Merit for optical systems 
 

 Description When to use it How to combine terms 

MTF 
Modulation transfer 

function 

Gives the image contrast as a 
function of spatial frequency f 

For imaging systems looking at 
extended objects K××

=
)()(

)(

21 fMTFfMTF
fMTFtotal  

RMS Wavefront Error 

 

Gives magnitude of wavefront 
errors, relative to ideal 

Diffraction limited systems looking 
for resolution of small objects  

(rms OPD < λ/6) K++

=
2
2

2
1 rmsrms

rmstotal
 

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 > λ/6) K++

=
2
2

2
1 rmsrms

rmstotal
 

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 < λ/6) 

K××= 21 SRSRSRtotal  

Boresight Relative angular alignment 
between optical systems 

When different systems must be 
pointed to the same thing 

K++= 2
2

2
1 ααα total  

Image motion Motion of the image. 
Jitter – in Hz 

Stability – in secs, days, … 

 

 
Jitter – increases image size 
Stability – affects calibration 

K++= 2
2

2
1 ααα total  

 


