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rd

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the

ISO/IEC Dl[ \.tiVCD, Pdl t 2 (DCC VV VV VV.iDU.Ul ;(/Idil CLtiVCD).

[SO draws gttention to the possibility that the implementation of this document may invalve‘t
patent(s). I$O takes no position concerning the evidence, validity or applicability of, any clai

rights in regpect thereof. As of the date of publication of this document, ISO had notyeceived

patent(s)

ich may be required to implement this document. However, implementers are ca

this may ndt represent the latest information, which may be obtained from the patent database
www.iso.ong/patents ISO shall not be held responsible for identifying any or all-such patent righ

Any trade
constitute 3

For an expl
related to
Organizatig

This docum

n endorsement.

hnation of the voluntary nature of standards, the meaning of ISO specific terms and
conformity assessment, as well as information about ISO's adherence to the W
n (WTO) principles in the Technical Barriers to Trade (TBT), see www.iso.org/iso/for¢

.

use of (a)
ed patent
hotice of (a)
tioned that
available at
LS.

hame used in this document is information given for the convenience of users and does not

pxXpressions
Yorld Trade
pbword.html.

ent was prepared by Technical Committee ISQLTC 172, Optics and photonics, Subcom

Fundamentql standards.

This third
revised.

bdition cancels and replaces the second edition (ISO 9335:2012), which has been

The main clhanges are as follows:

text wa
a note v

the dod
(GUM)

Any feedba
complete lig

s added concerned with distortion effects in 4.4.6;
vas added concerned, with the notation tangential/sagittal in 7.2.

ument has been revised to be in agreement with the terms and definitions of ISO/IE(
hnd [SO/IEC Guide’99 (VIM) regarding the expression of measurement uncertainties

£k or questions on this document should be directed to the user’s national standa
ting of these bodies can be found at www.iso.org/members.html.

mittee SC 1,

technically

Guide 98-3

”
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Introduction

The optical transfer function is an important aid to objective evaluation of the image-forming capability of
optical, electro-optical and photographic systems.

In order that optical transfer function measurements achieved using different measuring principles or
obtained from measuring instruments in different laboratories can be compared, it is necessary to ensure
equivalence of measurement parameters such as focus setting and spatial frequency range. For this reason,
an agreed terminology has been defined in order for the measurement parameters used in this document to
be understood by all users. This document gives guidance for the construction and operation of equipment
for optical transfer function measurement.

The Specjfjf‘qfinnc in this document form the basic requirements of measurement instrumentation and

procedures|for guaranteeing a defined uncertainty of measurement of the optical transfer funetion.

© IS0 2025 - All rights reserved
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Optics

and photonics — Optical transfer function —

Principles and procedures of measurement

1 Scope

This document gives general guidance for the construction and use of equipment for measurement of the

optical tra

This docu
general rulg
precautions
the collecte

The OTF mé
distributior
are outside

2 Norm

The followi
requiremen

the latest edlition of the referenced document (including any amendments) applies.

ISO 9334, 0

3 Terms

For the pur
[SO and IEC

IECEle

4 Measuyring equipment and environment

4.1 Gene

nsferfunction (OTE) of imaging svstems
T 7 55 )

[SO Online browsing platforin) available at https://www.iso.org/obp/ui

rJlent specifies important factors that can influence the measurement of the!QTF

s for equipment performance requirements and environmental controls. It specifie
that should be taken to ensure accurate measurements and correction factors to b
d data.

asuring equipment described in this document is restricted to that which analyses tl
in the image plane of the optical imaging system under test. Interferometer-based i

the scope of this document.

ptive references

ng documents are referred to in the text in such a way-that some or all of their content]

ts of this document. For dated references, only the‘edition cited applies. For undated

ptics and photonics — Optical transfer function — Definitions and mathematical relatig

and definitions
boses of this document, the terms and definitions given in [SO 9334 apply.

maintain terminology databases for use in standardization at the following address

ctropedia: availdble at https://www.electropedia.org/

ral’aspects

and gives
5 important
e applied to

he radiation
nstruments

constitutes
references,

nships

ES:

4.1.1 Measuring conditions

Any measured OTF depends on the imaging state (I-state) of the imaging system. Thus, before making
measurements, those parameters which form the I-state of the system shall be identified and the degree
to which the I-state depends on those parameters determined. The complete set of parameters that form
the I-state shall be set to fixed values. The fixed values represent a particular I-state and are called the
measuring conditions.

4.1.2 Uncertainty of measurement

The measuring equipment and the environment in which it is used, shall allow the prescribed measuring
conditions to be set and maintained to a precision which is consistent with the required uncertainty

© IS0 2025 - All rights reserved
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of measurement (see ISO 11421, which describes the various parameters which have an impact on
the uncertainty of measurement). The uncertainty of an OTF measurement may be considered as the
combination of measurement uncertainties arising from the many separate parameters in the I-state. When
arequired uncertainty of OTF measurement is stated, it shall be apportioned among the known contributing
parameters such that a tolerance can be set for each parameter of the I-state. Thus, an overall requirement
to an uncertainty of measurement of 0,05 of the modulation transfer function (MTF) may require, among
other factors, a temperature stability of the measuring equipment of +1 °C and focal plane setting to £5 pm.
The discussion of instrumental and environmental settings in the following subclauses relates to tolerances

apportioned from the required OTF measurement uncertainty in this manner.

4.2 Environment

4.2.1 Generat

The ambie
climatic, mq
measuring

from the in

Environme
system and|
of a source
determined

:It conditions of the OTF equipment shall be kept sufficiently free from influencesthaf

chanical or electromagnetic disturbances. The measuring equipment and the atmos
room shall be kept free from dust, moisture and smoke. All optical surfaces shall b
ridence of scratches and finger prints.

ntal influences like temperature and vibrations cause alignment@nd’ positioning e
thus their impact on the measurement uncertainty is specimen specific. Generally,
of measurement uncertainty on the overall measurement uncertainty may be exp
by varying the parameter within its defined tolerance and observing the associ

change in the measured OTF.

4.2.2 Ten

The temper
also be kep
stratificatia

nperature and humidity control

ature shall be kept constant within a stated tolerance and at a suitable value. Huj
within acceptable limits. Both temperature;ahd humidity shall be recorded. Air tur
n may affect the measurement and shall b¢ minimized through the use of shielding.

423 Vi

ation

Vibration shall be kept to a minimum and the use of basement space is recommended if vibraf

for exampl

by machinery, cannot otherwise be avoided. The degree of vibration isolation

measuremegnt uncertainty depends dn‘the characteristics of the vibration, the measuring metH

spatial freq
may be that
1/20 of the

4.2.4 Ele

For some s

ency range. If the method consists of measuring the line spread function, a suitab
the movement of thelimage and the analyser caused by vibrations should not exceed, {
width at half the maximum intensity of the test slit image.

ctromagnetic-disturbances

stems, it.Can be necessary to monitor power supply vibrations and keep these to

minimum.

[he ifnfluence of external electromagnetic fields and the level of ambient light shall

can lead to
bhere in the
e protected

rrors in the
the impact
erimentally
ited rate of

midity shall
bulence and

ion, caused
for a given
od, and the

le tolerance

or example,

a tolerable
be reduced

until they dr) notaffect the measured OTF significantly.

4.3 Measuring equipment

4.3.1 Optical mounts

The basis of any measuring equipment shall be a sturdy optical bench or plate, to which mountings for the
test target unit, test specimen, image analyser and other auxiliary units can be attached and brought into
position, with respect to each other, to the required uncertainty.

Depending on the imaging systems to be tested, different requirements can arise regarding the linearity of
adjustments and/or the parallelism of equipment slideways. Deviations from ideal linearity and parallelism
requirements shall not cause a greater change of the measured MTF than 1/3 of the permitted or specified
measurement uncertainty.

© IS0 2025 - All rights reserved
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4.3.2 Defocusing tolerance

For photographic lenses, the defocusing effects caused by bench misalignment result in errors in the
measured MTF which increase with rising spatial frequency or with decreasing f-number and reduced
wavefront aberration. Table 1 gives the defocusing tolerances in um of a diffraction-limited lens with
circular pupil and incoherent illumination that leads to a +0,05 MTF change. The wavelength of the light is

assumed to be 500 nm.
Table 1 — Defocusing tolerances in pm
Spatial frequency/mm-1
f-number
1 5 10 20 50 100
1 45 (0] A_’l"' ’)"2 1 ,n 0’5
1,4 62 12,5 6,3 3,2 1,4 0,8
2 89 18 9 47 2,0 1,1
4 180 36,5 18,8 9,8 46 3
8 360 74 39 21,5 12 12,2
16 720 157 86 54 49 46,8
NOTE For a ¢hange of 0,10 in MTF, defocusing tolerances are twice those shown in this table,
4.3.3 Prqvision of measuring scales
The measuifing equipment shall provide adequate means for determinhing the positions of test tafget, system

or device u
and dial ga
that form t}

4.4 Systd

4.4.1 General

The follow
including tH

4.4.2 Opt

4421 G

Several arj
recommengd

4422 O

iges. Furthermore, means shall be provided to monitor, set or determine all other
le [-state of the specimen.

m components

ng subclauses give details coneerning the measuring arrangement and its bas
e test target unit, test specimen, image analyser and auxiliary imaging systems.

ical benches

pneral

angements_‘ef~the measuring equipment are possible, but those in 4.4.2.2 to

hder test (test specimen), image analyser and auxiliary systems. These include scales, spindles

parameters

¢ elements

4.4.2.5 are

ed.

bject'and image at finite distances

For tests in

hich objectand image are at finite distances from the test Specimen, the configura

ions shown

in Figure 1 or Figure 2 shall be used. In these arrangements, two of the three basic units (test specimen, test
target unit and image analyser) are moved along slideways parallel to one another and perpendicular to the
reference axis. Usually, the test specimen is fixed and the other two units moved as shown in Figure 1 and

Figure 2.

When electro-optical components such as image intensifiers are to be tested, auxiliary imaging systems are
used to produce an image of the test pattern at the input of the test specimen. The image at the output of the
test specimen is then relayed to the image analyser. The corresponding arrangement is shown in Figure 2.

© IS0 2025 - All rights reserved
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ominal infinite object distance

For tests in which the object distance is infinite (i.e. the test target is at the principal focus of a collimator),
arrangements similar to that shown in Figure 3 shall be used. When off-axis measurements are to be made,
the collimator may be rotated by an angle w about an axis passing through the entrance pupil of the test
specimen and perpendicular to the reference axis (see Figure 3).

Alternatively, the collimator may be fixed and the test specimen and image analyser rotated together about
the entrance pupil. In this case, the mounting fixture for the test specimen and the image analyser slideway
are both rigidly fixed to a rotating baseplate (this arrangement is consequently often referred to as the
“rotary table” type).

4424 N

The same a
target unit

4425 O

For system

to those shjpown in Figure 4 shall be used. When off-axis measurements arxe’to be made, the

collimator

entrance p
together wi
and perpen

4.4.3 Testtarget unit

4431 G

The test tan

4432 T

Depending
Circular ap
commonly

known wit}

spectrum
spectrum

c
to the specDiEied geometpy.

ominal infinite image distance

Frangement as described in 4.4.2.3 (see Figure 3) shall be used, with the image angly]
nterchanged.

bject and image at nominal infinite distances

5 which are tested with both the object and image at infinite distdnges, arrangem

vith the test target unit should be rotated by an angle w abeut an axis passing t
pil and perpendicular to the reference axis of the test spe¢imén. The image side d

Hicular to the reference axis and shall be refocused according to the test criteria.

pneral

get unit shall consist of a source of radiation and a test target.

pst target

on the characteristics of theytest specimen, several different types of test target m
ertures, slits, edges, gratings and self-luminous test targets such as incandesc

an uncertainty thatdsdetermined by the required measuring uncertainty. The actu3
the test target usually differs from its ideal (geometrically predicted) spectrum. ]
nnot be measufed, precautions shall be taken to ensure that the target is as close a

3 L

en
1sed. The spatial frequéngy spectrum of the test target used for the OTF measuremlte

ser and test

bnts similar
object side
hrough the
ecollimator,

h the image analyser, shall be rotated by an angle w’ aboufan axis passing through the exit pupil

ay be used.
wires are
nt shall be
1 frequency
f the actual
s necessary

| N

a) On-axis
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b) Off-axis
Key
1 test tqrget unit (TTU)
2 TTU slideway
3 fixture for test specimen
4 test specimen
5 imagd analyser slideway
6 imag¢ analyser
Z reference axis
h,h’  object, image heights

Figure 1 — Schematic test setup: object and image at finite distances

a) On-axis

© IS0 2025 - All rights reserved
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Z 3. _
<t
b) Off-axis

Key
1 TTU
2 TTU slideway
3 relay lenses
4 fixture for test specimen
5 test specimen
6 imagd analyser slideway
7 imagd analyser
Z reference axis
h,h"  object, image heights

Figure 2 — Schematic setup for image intensifiers

a) On-axis

© IS0 2025 - All rights reserved
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b) Off-axis

TTU
collim

fixtur

ator

e for test specimen

test specimen

imagé
imagé
referg
object
imagé

analyser slideway
analyser

nce axis

field angle

height

|N
o—

Figure 3 — Schematic test setup: object at infinity

a) On-axis
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~
o
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TTU
collim

fixtur

imagé
imagé
imagé
refere

E NN O Ul A W N R

object

EXAMPLE
parallelism ¢
its average
specified. Th
is limited by
sufficient foy

In order to
direction o
targets, the
analysing e

The extent
checked an

4.4.3.3

e for test specimen

test specimen

nce axis

Inradiation

b) Off-axis

ator

-side decollimator
analyser slideway
analyser

and image field angles
Figure 4 — Schematic test setup?object and image at infinity

Consider a slit, whose width is not constant over its effective length. A typical tole]
fthe edges of the slitis 2 % of its averdge width and its edge roughness does typically not ex
Fidth. Additionally, to the tolerancés of the slit itself, the transmittance of the surroundings
e ratio of the total radiant flux from the open slit area to the total radiant flux from the dat
a specified factor in dependence of the required measurement uncertainty. A factor of 1 0
most optical systems.

be able to perform OTF measurements in different azimuths, it shall be possible
F non-rotationally<symmetric test targets. Some imaging systems rotate the image
refore a fine adjdstment can be necessary in order to turn the image of the test t:
ement to the'proper azimuth for analysis.

bf the test target shall be controllable in order that the condition for an isoplanatic r¢
| satisfied.

ance on the
ceed 10 % of
of the slit is
k surrounds
DO is usually

to alter the
of the test
irget or the

gion can be

The spectral emission and the overall spatial radiation distribution of the source shall be kept constant and

free from ri

The test tar

pple during the period of measurement.

get shall be irradiated or radiate uniformly.

Filters may be used to obtain the desired spectral distribution and to prevent the test target being damaged
by overheating.

Radiating screens, diffusers, limiting apertures or other components can be used to obtain the required
angular distribution of the radiation.

© IS0 2025 - All rights reserved
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The radiation from the test target shall be sufficiently incoherent. Adequate incoherence is in most cases
obtained when the numerical aperture of the condenser, on the test target side, is twice as large as that of
the test specimen. In addition, incoherence may also be achieved by inserting a diffuser between the source
and the test target in close proximity to the target. If the test target is self-luminous (e.g. an incandescent
wire), the incoherence condition will always be fulfilled.

One test to determine whether the irradiation of the target is sufficiently incoherent is to insert a phase
plate between the light source and the test target in close proximity to the target and verify that it does not
alter the measured MTF or PTF.

4.4.4 Mounting of the test specimen

The test specimen shall be rotatable to the test target so that it can be checked at different reference angles.

The alignment of the test specimen with the mounting fixture shall also be checked, espeq
used between the mounting face of the specimen and the face of the fixture.

ially where

4.4.5 Im3ge evaluation system

The image ¢valuation system comprises the image analyser and any associated Signal processin
and algorithms used to evaluate the OTF. Two basic forms of image evaluatiorDsystem are in c

b apparatus
bmmon use.

The first of these performs a direct analogue Fourier transformation by scarining the irradiance

in the imagg of a slit test pattern with a variable spatial frequency analysing element. The sec
measures the irradiance distribution in the image of a slit test patterniand computes the image p
frequency sgpectrum which, suitably normalized, is the OTF. It is imp@rtant that the radiation det
image analyser and the signal processing circuits operate within their linear ranges.

NOTE The use of camera detectors requires special care, singerthe OECF (see ISO 14524) of the camet
usually not fnown to the extent that camera nonlinearities can be*fully corrected. The images recorded w
detector almays need to be checked for linearity inside the dyyhamic range used for the MTF measurem
be realized dxperimentally by recording of the same target with constant illumination in consideration

change in th¢ MTF with varying exposure time.

In the practical application a linear camera detector should be used or suitable linearization @
should be performed.

After the application of corrections te-take account of the spatial frequency spectrum of the
and other factors (see Clause 5), the'result is the OTF of the test specimen. The precision of th
analysis shdll be sufficient to remain‘within the required overall measurement uncertainty.

The analysing element in frontof the detector is usually a slit, an edge, or a grating whose dim
orientationfare adjustable iniaccordance with the image to be analysed. Also, a camera chip deted
an analysing element mdy.be used.

effected.by relative motion of the analysing element with respect to the image. P
temporal clharacteristics and non-isoplanatism of the test specimen cause no measuring inacc
the local scaling factor is known, either the test target or the analysing element may be the movi

Histribution
bnd method
lane spatial
ector in the

a detectoris
ith a camera
bnt. This can
bf the rate of

f the image

test target
e frequency

bnsions and
tor without

rovided the
uracies and
hg part. The

application |of@camera detector may render the scanning unnecessary.

The extension of the camera array or length of scan shall be sufficient to extract from the image all the
information necessary to compute the OTF with the required uncertainty (see 5.3.5.)

The spectral and angular sensitivity of the radiation detector shall be known and specified in the measuring
conditions and the analyser shall not be the limiting factor in setting the output aperture of the test specimen.

Precautions shall be taken to ensure that inhomogeneities, non-linearity and instability of the detector do
not influence the measurement uncertainty significantly. For example, camera detectors shall be checked
for linearity in the dynamic range employed for the measurement, power supplies shall be stabilized and
the effects of local variations in the sensitivity of the photocathode surface are eliminated by the use of
diffusers. The influence of strong local electromagnetic radiations should also be considered.

© IS0 2025 - All rights reserved
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The radiation transmitted by the dark surround of the analysing element and impinging on the detector
shall be kept to a minimum. Depending on the measuring uncertainty required, the energy transmitted by
the open area shall exceed the energy transmitted by the dark surround by a factor of at least x1 000 within
the specified spectral range.

If the spatial frequency spectrum of the image is analysed with the help of a filter, the bandwidth of the
filter shall be narrow enough to resolve the spatial frequency spectrum of the OTF. If the spectrum analysis
is carried out using multiple filters, the filter characteristics such as the gain and the phase within the

passband shall be equalized or corrected for each filter.

4.4.6 Auxiliary imaging systems

If an auxiliary imaging system, such as a collimator used for the simulation of long object distances or as

a part of the Tmage analyser, is included with the test specimen, then its wavefront aberration

effective sp
condition t
be smaller
collimator 3

Optical err
wavelength
aberration,
objective le
aperture is
aberration

If incoherently coupled auxiliary imaging systems are used, for’example when testing image

tubes, their
product rul
or graticulg
shall be inc

Care shall &
with other 1

5 Measyrement procedures

5.1 Gene

Prior to th
specimen s}
noted and t

After the measurement, corrections may be required to take into account the measuring pr

measuring

ectral range, shall be small enough to be negligible in the measurement result.|Te
he measurement error contributed by the wavefront aberrations of the auxiliary
rhan the overall measurement uncertainty of the system (for example by afactor o
hall not limit the entrance or exit apertures of the test specimen.

brs of the auxiliary optics like distortion, lateral- and longitudinal chromatic abg
dependent and vary over the effective spectral range. They still eathoccur even if th
within the effective spectral range is sufficiently small for each wavelength. If a
s is used for the enlargement of the image of the test target, eare’shall be taken that if]
sufficiently large to avoid vignetting for both on-axis and pff-axis measurements,
bhall be small compared with that of the test specimen.

OTF shall be known so that their influence on.the’ measured OTF may be correcte
e [see Formula (1)]. If, under application conditions, auxiliary optical elements, such
s, are present between the object field and thie image field of the test specimen, the
uded or simulated in the measuring instrument.

e taken to ensure that the transmittances of all auxiliary imaging components are
'equired spectral characteristics.

ral

b actual measurement, the measuring conditions that specify a particular I-state
hall be set totheir prescribed values. The precision with which those settings are m
heir influenge on the overall measurement uncertainty assessed.

equipment employed. The application of such corrections is described in Clause 6.

within the
satisfy this
optics shall
[ 1/10). The

rration are
b wavefront
microscope
s numerical
and that its

intensifier
d using the
ns windows
se elements

compatible

of the test
nde shall be

inciple and

5.2 Setting the measuring conditions

5.2.1 General

In 5.2.2 to 5.2.6, general remarks are made on the setting of the measuring conditions and their influence
on measurement uncertainty. Only those measuring conditions that are similar for all imaging systems are

considered.

Special requirements for particular systems are given in ISO 9336 (all parts).

5.2.2 Environmental conditions

Environmental parameters such as temperature, humidity and air pressure are part of the measuring
conditions. Itis necessary to ensure that they are within acceptable limits before commencing measurements.
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The test specimen shall be free of dust and fingerprints.

5.2.3 Spectral characteristics

The spectral distribution of the test target radiation and the spectral responsivity of the image analyser
shall be set according to the required measuring conditions, for example by the inclusion of appropriate

filters.

If the test specimen does not convert the input radiation into radiation with a completely unrelated
spectral distribution (as is done by electro-optical imaging systems), it is sufficient to specify the overall
characteristics of the combination of source, detector, filter and other auxiliary components used.

5.2.4 Angular distribution and aperture considerations

The angula
form by thd
by the entr]
shall satisfy

5.2.5 Imad

Usually, the]

If a lens or
object-imag
position of
using Newt

If a lens o
configurati

I distribution of the radiation impinging on the test specimen shall be shaped tpt
use of suitable sources and/or diffusers. Care shall be taken that the radiatiomnis bd

the specified measuring conditions.

pge scale and magnification
setting of the image scale and the focusing are closely related to,each other.

A mirror system is to be tested at finite object and image _distance, either the imag
e distance or the back vertex focal distance shall be specified. If the magnificat
the nodal planes are specified, the corresponding ebject and image position can b
bn's lens equation.

- mirror system has to be tested at infinite o0bject and/or image distance, the
bn shall be set in accordance with 4.4.2.

If the test i
is determi

pecimen is an electro-optical imaging(éomponent (e.g. an image intensifier), the

he required
unded only

ance aperture of the test specimen. Furthermore, the angular response of-the imalge analyser

e scale, the
on and the
e computed

measuring

mage scale

ed by appropriate methods. The imdge scales of any auxiliary optical systems included in the

measuremgnt system shall be adjusted independently of each other. If the test specimen is
system conpisting of an assembly of several-optical and/or electro-optical components, the im
each individlual component can require Separate setting.

NOTE
accurate measurement of their periodicity in the image plane.

5.2.6 Fodusing

The focusinfg criterionconstitutes part of the measuring conditions and is often used to establis]
plane. Focusing shall'not alter the image scale by an amount greater than that allowed by t
measuring incertainty.

The focusi

an imaging
age scale of

hen using periodic test targéts, the spatial frequency local scaling factor can be determined from an

h the datum
he required

criterion may be one of the following.

a)

The test specimen is focused on axis to the maximum MTF value at a given spatial frequency, r,. In

practice, this criterion can be implemented by taking the datum plane as being midway between the
two planes where the MTF has fallen to a prescribed percentage of the maximum value of MTF (r).

b) For a test specimen with astigmatism and field curvature, an optimal measurement surface can be
specified. This should be determined by taking preliminary MTF measurements at different planes,
positions on the field and with different test target orientations and then making an appropriate average
using specified rules.

¢) Optimization using other sharpness characteristics, such as the LSF peak intensity, edge gradient,

spatial bandwidth, etc.
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5.3 Additional considerations of measurement

5.3.1 General

The OTF measurement is influenced by a number of additional parameters. Therefore, it is essential that the
setting of these parameters be correct. The most important parameters are those given in 5.3.2 to 5.3.9.

5.3.2 Linear range of test specimen

The test specimen shall be operated in its linear range. This can be checked for many systems by varying the
inputirradiance by a factor of, for example, 5. The measured OTF values, which are automatically normalized,
should then not change by more than the tolerance allowed by the required measuring uncertainty.

If an imagir
in this case

If the lineai
OTF should|
differences
systems.

The effect

function, dg
in the norn
at the freqy
of the meaj
convention

5.3.3 Iso

The extent
This requir
may be dee
required m

5.3.4 Fix

The image

of phosphot
to avoid any
test target i
noise is not

5.3.5 And

The area of]

special procedures are indicated in ISO 9336 (all parts).

range is bounded at its lower end by a non-zero level, which is the case farvideo s
be measured using image signal differences. In such cases, it is possible that the i
contain positive as well as negative signals, an example of which is AG.¢oupling effe

bf such phenomena is that the modulus of the OTF, as evaluated from the measy
esnot have its maximum at zero spatial frequency. In order te'circumvent a possible a
jalization procedure, the convention shall be adopted whereby the OTF is normaliZ
ency closest (or equal) to zero spatial frequency, where{the modulus of the Fourie
ured spread function reaches a minimum value. In this way, the closest agreeme
| case is reached.

planatic region

pf the test target used should not exceed ‘the size of the isoplanatic region of the tes
ement may be tested by measuring the:OTF at full and half test pattern size. The 1
med to have been met if the two OFEs are of equal value within the tolerance deriv
basurement uncertainty.

bd pattern noise

blane of the test target may contain fixed pattern noise as given, for example, by th
screens or diffusing-screens. The test target and the analysing element should be 13
r effects of fixed pattern noise on the measurement. If, in the presence of fixed patter
s reduced in size by half without affecting the measured OTF, then the influence of fi
significant,

plysedarea

the, image plane to be analysed depends on the imaging quality of the test specimer

g system behaves in a non-linear manner, departures from these requirements are permissible;

ystems, the
nage signal
cts in video

red spread
rbitrariness
ed to unity
r transform
nt with the

t specimen.
equirement
ed from the

e grain size
rge enough
n noise, the
xed pattern

and on the

required m

ISUTIE UTCertainty. if the amatysed ared 15 too Smatt, truncation errors with Tes

It since the

point spread function is assumed to have zero value outside the analysed area. On the other hand, if the
analysed area is too large, other errors can be introduced (e.g. from background illumination). When the
edge spread function (ESF) is available, it is possible to check if the analysed area is large enough since the
ESF should start and finish with a straight horizontal line.

5.3.6 Background radiation

The background is that part of the output radiation or signal which is not caused by the object under
consideration and can be caused by ambient light or by dark current in electro-optical imaging systems.
Background radiation causes a rapid drop in the measured MTF as the spatial frequency increases from its
nominally zero value.
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The measuring system shall always be shielded as much as possible from ambient light. Background
radiation produces a dark current which contributes to the measured signal as an additive background
signal. On varying the irradiance of the test pattern, the OTF close to zero spatial frequency should
remain unaltered. If the background signal affects the measured signal by more than that allowed by the
measurement uncertainty, it shall be subtracted before performing the Fourier transform. The elimination
of the background can also be accomplished if the complex spectrum of the measured signal, including the
background signal, and the complex spectrum of the background signal alone are available. In that case, the

complex background spectrum shall be subtracted from the complex measured spectrum.

5.3.7 Veiling glare

In general, an exact separation of the influences on the OTF caused by aberrations and veiling glare is

impossible.

Any remain
value, after

5.3.8 Par

If the test
image of th
respect to g

This adjust]
microscope
frequency V

NOTE E
ISO 9336 (all

5.3.9 Sig]
Noise sourg
a) noisep
b) quantu
9
d) fixedp

in the c

The effects

ing rapid drop in the measured MTF as the spatial frequency increases from its n
correcting for the background radiation, can be an indication of veiling glare (see 6.1

allelism of image and analysing element

attern is in the form of bar targets or other non-rotationally-symmetric object str?
e test pattern and the analysis element shall be set parallel or jmna-prescribed orier
ne another.

ment may, for example, be accomplished by observatiofi of the test target imagg
placed behind the analysing element or by optimizing the. measured MTF values at a
vhen the test target or the analysing element is rotated,

specially with electro-optical imaging systems, aymi€asurable image rotation can occ
parts)].

hal-to-noise ratio

es that degrade the measured OTF include:

Foduced in the radiation detector.dnd the circuits of the signal processor;

In noise of the input irradiance;

ase of electro-opticalimaging systems, internal noise sources of the test specimen;
httern noise.

of these noisesources can be overcome by combinations of temporal and spatial inte

In order to
element sha
of the test s

The actual st

inimize{problems with noise, the level of the test pattern, irradiance and the size of t}
1l be asfarge as allowed by the required spatial frequency range, the linearity and is
pecinien and the required measurement uncertainty.

bminal zero

).

ictures, the
tation with

through a
high spatial

ur [see also

gration.

le analysing
oplanatism

fon detector.

If a slit is used, an optimum slit width can be selected in order to get an optimum signal-to-noise ratio. If r
is the highest spatial frequency to be measured, a useful optimum slit width, b, is

bopy =1/ 21,

Ripple arising from the radiation source or from the ambient light can cause similar inaccuracies and shall
be avoided wherever possible.
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5.4 Particular measuring conditions

5.4.1 Azi

muths

At every off-axis position, the measurement is generally made in the sagittal (radial) and tangential
(meridional) azimuth of the test object. Other azimuths (e.g. 45° direction) may also be selected.

5.4.2 Selection of image heights or field angles

It is recommended that values be selected from Table 2.

Table 2 — Recommended values for image height and field angle

Image height Field angle

h’ w

0 0
0,37 s arctan(0,3 tamey) ,,)
0,5 1 hax arctan(0,5tan w,,,)
0,7 h' .« arctan(0,7 tan w,,,,)
0,85h" ., arctan(0,85 tan w,,,,)

h' ax arctan(tan w,,,,)

In Table 2, A

"nax is the maximum specified image height and w,,,, is the maximum specified field

max

angle.

The set of ifnage heights in Table 2 shall be used in intercompagzisons of OTF results. However, a different set

of image he

5.4.3 Reference angles of the test specimen

As test speg
the referen

The referen
for a given
than spatia

Aslongast
type of ima
at+0,7 h'y,,
on the type

6 Corre

6.1 Nor

ghts may be selected for special applications.

re angle. In this case, OTF measurements should be made at a range of reference angl

ce angles giving maximum and minimum modulation transfer factor at 0,7 h',,, (0
spatial frequency, r,, shall be.determined, while r, shall be selected reasonably (of
frequency used for focusing).

he difference of the extreme values of the measured MTFs is less than a factor specif]
bing system, the sy'stem may be tested for the reference angle ¢, which has the samg
k (0,7 tan w,, J-Otherwise, the system should be tested for several reference angle;
of test specimen and its application [see ISO 9336 (all parts)].

ctions:to measured data

imens are not normally rotationally symmetrical, the OTF at a given image height can vary with

eS.

7 tan w,,,,)
ten smaller

ied for each
e MTF value
5 depending

nalization

Although the OTF is by definition normalized to have the value unity at zero spatial frequency, it is often
impossible to do so exactly during the measurement. This problem can occur if the analysed areais restricted
in size and no value of OTF at zero spatial frequency is available.

However, provided the veiling glare introduced by the system under test is negligible, and that there are also
no truncation errors, it is possible to normalize the curve within the required measurement uncertainty.

6.2 Correction of the frequency scale

When making off-axis measurements of focal systems with a grating test target positioned in the focal plane
of a collimator, a correction of the frequency scale shall be performed. If the sample under test shows no or
negligible distortion, the frequency scale shall be reduced by a factor cos? w if the grating is in tangential
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azimuth, or by a factor cos w if the grating is in sagittal azimuth. In addition, a change in the slit width may
be necessary. No correction is required when testing afocal systems.

6.3 Correction of the measured modulation

The amplitudes of the spatial frequency spectra of both the test target and analysing element affect the
measured result. If this is not done automatically by the analyser, their influence shall be eliminated by
correcting the measured result.

EXAMPLE
as follows:

For an object or scanning slit of width b, the measured uncorrected MTF result, T,,(r), can

sin(nrb) "|_1

be corrected

T(r)=

where b an

If non-sinug
of the targe

6.4 Auxi

If relay lens

that have ipcoherent coupling between the components of that system, the measured uncor
result, T, (r), shall be corrected by division by the MTFs, T,(r), i.e. Ty(F), T,(r), etc., of the relay len
other comppnent (e.g. the footprint of camera pixels):
T,
T(r):— m(r)
()
7 Preseptation of OTF data
7.1 Gendral
OTF data shall be presented in theAform of graphs or tables accompanied by details of the

conditions

intercompa
several selg
the imaging

The recominendation given below refers not only to OTF data that result from measurement,

calculated (

7.2 State

T
1

J:n
r refer to the same measurement plane.

f’w\|—
L JL J

nrb
oidal gratings are used as a test target, all spatial frequencies except thefundamentg
t shall either be filtered out or their influence on the measured result eliminated by ¢

iary imaging systems

hnd the estimated measurément uncertainty. The presentation shall ensure an eas
rison of OTF data from different laboratories and with similar imaging systems
cted forms of presentation are recommended. The particular presentation chosen
system and theimeasuring conditions and is specified in ISO 9336 (all parts).

TF data¢Thus, an easy comparison between measured and calculated OTF data can |

ment of identification and measuring conditions

| frequency
alculation.

es are used in the measurement of the MTF of electro-optical components or of other systems

rected MTF
ses and any

M)

measuring
y and quick
Therefore,
depends on

but also to
be achieved.

The I-state of the test specimen shall be sufficiently defined to allow exactly repeatable measuring conditions
in any laboratory. Therefore, a complete list of the values of all parameters that determine the measuring
conditions shall be given.

The report
a)
b)
0
d)

the typ

the spe

shall include the following particulars:

the name of the laboratory;

e of result (e.g. measurement, calculation);

cification of the test specimen, i.e. type, number, etc.;

the focal length;
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e) the ffnumber or numerical aperture;

f) the reference mark;

g) the maximum image height, ', ,,, or maximum field angle, w,,;

h) the image scale and local image scale;

i) the reference plane;

j) thereference angle of the test specimen;

k) the spectral and angular radiation data;

1) the objectheightorfield-angle;

m) the azil[nuth (e.g. sagittal, tangential);
NOTE The notation sagittal refers to a test pattern which is constant (shows no pefiedic vari
directiop parallel to a line through the centre of the image circle, and tangential refersto_a test pat
constanf in the direction parallel to a tangent of the image circle as defined in ISO 9334yand ISO 1142
An illustration can also be found in Reference [6].
A fixed and defined azimuthal orientation of the sample under test is required for these terms to be u
In literature, the term “sagittal” is employed synonymous with “radial”.and tangential is employed
with “mlridional.”

n) the foclising criterion and datum plane;

0) the megsurement plane;

p) the spafial frequency range or set of discrete spatiabfrequencies;

q) the plafe, or space, to which the spatial frequency scale applies.

As optional

particulars of interest for scientificicomparisons the following may be added:
e and type of the employed image detector
hils of the employed signal processing algorithms

bn the test specimengadditional measuring conditions shall be reported. Detailed lis
(all parts).

nclude:
itional optical elements;

peratutre, humidity and other environmental conditions;

ation) in the
ern which is
1.

nambiguous.
Ssynonymous

ts are given

rating voltages for electro-optical components.

r) thenan
s) thedet
Depending

in ISO 9336
These may

— any add
— the tem
— the op¢
7.3 Grap

hical presentation of OTF data

The OTF, which can be split into its MTF and PTF (see ISO 9334), should be presented in a two-dimensional
form. In most cases only the MTF is available and will be presented. If both the MTF and PTF are to be
presented, this may be done in one common graph or in two separate graphs. Two separate graphs should be
used if there is any possibility of ambiguity.

It is recommended that the OTF be plotted as a function of the spatial frequency, image height, ', or field
angle, w. The use of other variables should be restricted to special imaging systems or special applications.

Both axes should be linear and start from zero.
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When plotting the PTF, the zero point (at zero spatial frequency) should be in the centre of the ordinate.
From there the PTF should be plotted in a #180° (xm) range. Positive PTF values should represent a shift of
the corresponding spatial frequencies towards larger radial distances or field angles.

Any linear term in the measured PTF shall be subtracted before presentation (see ISO 9334) such that the
PTF at zero spatial frequency starts with a horizontal line. If this is done, the derivative of the PTF with
respect to spatial frequency will be zero at zero spatial frequency. Although it is sometimes difficult to
determine the linear term precisely, this should be done as well as possible in order to enable comparisons.

The spatial frequency shall be quoted in mm~1 or in degree-! (mrad-1) for angular frequency. The field angle
shall be quoted in degree (mrad) and radial distances given in mm.

The maximum value of the abscissa variable should be set to 1, 2 or 5 times 10x where x is an integer and

depends on

the imaging sustem and the abscissa variable Detailed recommendations for nartic
5>

lar imaging

systems arg

When both
sagittal OT
shown in Al

When the O
be incorpot
uncertainty

7.4 Num

The numern

given ircl’ IS0 9336 (all parts).

sagittal and tangential OTF curves are shown on the same graph, it is recommengd
F be drawn as a continuous line and the tangential OTF as a broken line. A typical pre
inex A.

TF results are presented in graphical form, the relevant measuring ¢onditions, listed
ated in the graph, for example as a graph in a corner of the graph-“Furthermore, a §
of the measurement shall be included.

erical presentation

ical presentation of OTF data shall cover the samie ranges as given above fo

presentatiops (see A.4).

8 Uncerjtainty checks

Experience
use of the e
also depeng

While over:
a limited I-s
parameters
The followi
a) Radionj

1) spe
2) coh

ling

ed that the
sentation is

in 7.2, shall
tatement of

r graphical

gained in the measurement of OTF indicates the need to exercise great care in the caljbration and

Juipment to ensure an acceptable uncertainty of measurement. Uncertainty of measy
on the repeatability and reproducibility of setting of variable parameters on the tes

111 uncertainty can be assessed by the use of standard test specimens, these only ope
tate. More basic tests aré needed to determine the uncertainty of radiometric and
and to quantify the errors likely to arise from the relay optics and environmental fa

hg parameters needto be considered when calibrating OTF measuring instruments.
etry:
ctral responsivity,

erence-of test target,

rement can
[ specimen.

rate within
beometrical
Ctors.

3)

patity,

4)
5)
6)
7)
b)

range of operation,
stray light sensitivity,
light fluctuations,
test target density.

Geometry:

1) width, length and straightness of test target structure,

2) bench metrology,
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3) alignment of pattern and analyser,
4) focusing accuracy.
c¢) Auxiliary optics:
1) collimators,
2) relay optics.
d) Environment:

1) atmospheric turbulence,

2) temperature;
3) humnidity,
4) vibration.
e) Verificqtion devices:
1) slity, test target,
2) stapdard and audit lenses,
3) phase plates (for incoherence tests),

4) neutral density and colour filters.
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Annex A
(informative)

Examples of the presentation of OTF data

A.1 Example of specification of image state

Laboratory 1SO

Measurements MTF and PTF

Specimen isogon f/2, f= 35 mm, Ser. No. 000123
Maximum inage height (h',,,,) 22 mm

Image scale 0

Reference p

Reference n

lane

hark

Reference angles

Spectral an

1 angular data

Image heiglts

Azimuth

Focusing cr

Measurems¢

Measurems

iterion (datum plane)

nt planes

nt uncertainty

Spatial fre

ency range

Spatial fre:tencies refer to

lens mounting flange

red arrow on housing

0°,90°, 180°, 270°

spectral response A, Figure A.1
0h

max’

0,5h 07 h'

max’

0,85h" ;10N

max” max’

Sagittal and tangential

maximupr MTF at 20 mm~!
h' = 0 mm

spectral response A
réference angle 0°
tangential azimuth

datum plane, datum plane +5 pm, datum plane -5 pm

Umrr =0,03 for MTF, Uppp =5° for PTF (coverage factor k, F

image plane

0 mm-~! to 50 mmin steps of 10 mm™1
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