
Projection Projection optical systemsoptical systems

Properties Properties of of optical optical 
instrumentsinstruments



•• Projection Projection systemssystems: real image: real image
((objectobject real or real or at infinityat infinity))

ExamplesExamples: : videoprojectorvideoprojector, camera, camera
•• Ocular systemsOcular systems: image : image at infinityat infinity

((objectobject real orreal or at infinityat infinity))
ExamplesExamples: : eyepieceeyepiece, microscope, , microscope, astronomical telescope astronomical telescope 

with eyepiecewith eyepiece

Instruments : Instruments : 
optical systems designed optical systems designed for a for a 

specific functionspecific function



CharacteristicsCharacteristics of instrumentsof instruments
Object at finite distance Object at infinity

Size of the image Magnification gy Focal length

Aperture Numerical aperture 
(object or image space)

Pupil diameter

F-number

Resolution Diffraction,Aberrations
Pixel of detector

similar

Field of view Bright field, total field, 
vignetting

(associated with detector)

Similar

Depth of field Depth of field
(associated with pixel size)

Hyperfocal distance
(associated with pixel 

size)



11--Size of ImageSize of Image

Example WebcamExample Webcam : : ObjectObject andand Image Image at finite at finite distancesdistances

Object with size y , Image with size y’

Magnification  gy = 
y’
y

y

y’
H’

F’
F H



11--Size of ImageSize of Image

ZoomZoom : : ObjectObject atat infinityinfinity, Image , Image at finite at finite distancedistance

Object with angular size θ,  Image with size y’

The « magnification » is the
focal length of the zoom lens  f’  =

y’
θ

y’

H’

F’

H

θ
F



Size of image for a Size of image for a combined combined systemsystem
Example Example of a zoom made of of a zoom made of two lensestwo lenses

1st lens
Object at infinity     → intermediate image

size θ size y’1
magnif f’1=y’1/θ

F1

y’

F’2

y’1

F’1θ

2nd lens
→ final image 

size y’
magnif gy2=y’/y’1

Overall magnification: f’=y’ /θ= y’1/θ. y’/y’1 = f’1 . gy2



2. Stops 2. Stops and and aperturesapertures

α’

aperture 
stop

α

Numerical aperture    

NAobj = n sinα
NAimg = n’sinα’

connected to the amount of 
light entering the system, to 
the resolution and depth of 
field



Entrance Entrance and and exit exit pupilspupils: an : an exampleexample

Conjugates of the aperture stop:
- entrance pupil in object space
- exit pupil in the image space

exit 
pupil

aperture stop and
entrance pupil

α’α



Entrance Entrance and and exit exit pupil pupil in in generalgeneral

Optical system

Aperture stop or pupilEntrance 
pupil

Exit pupil

A A’



Aperture for an Aperture for an object at infinityobject at infinity

Numerical aperture      

NAimage = sinα’

f-Number      N = f’
ΦPE

ΦPE diameter
of the entrance 
pupil

The objective is said to be «open at f/N » or «open at N»

α’
ΦPE

Relationship between Relationship between NA NA and and ff--numbernumber??



Abbe sine condition for an Abbe sine condition for an 
object at infinityobject at infinity:: 'sin' αθ yh =−

1sin( ')
2 ' 2

PE

f N
α Φ

= =

Numerical Numerical aperture aperture 
in image in image spacespace

NN : f: f--numbernumber

θ'' fy =
2
PEh Φ=



FF--number number for a camera for a camera lenslens

f-Number

F/2

F/2.8

F/4

F/5.6

F/8

F/11

F/16

Ratio between values of N:

2

E= E= τπτπ LLobjet  objet  // 44 NN22 Illumination varies by factor 
of 2 between positions



Reminder Reminder about about radiometryradiometry
Flux Flux enteringentering an instrument:an instrument:

PE

SΔ
objet

α S'Δ
image

α'

PS

PE

SΔ
objet

θ θ+  θd

απθθπθ
α 2

0
2 sinsin.cos SdSG Δ=∫Δ=

απ 2
entering sinSLLG Δ==Φ 'sin'''' απ 2

exiting SLGL Δ==Φ

'sin''sin'' απταπ 22
exiting LdSdSLd ==Φ

'sin απτ 2exiting

S' Ld
d

E =
Φ

= E L
N

=
π τ
4 2

For a For a smallsmall surface surface dS’dS’
of of thethe image:image:

Illumination on Illumination on thethe
image:image:

⇒⇒ Luminance Luminance isis conservedconserved:: LL τ='
enteringexiting Φ=Φ τ

'GG=Abbe sine condition Abbe sine condition ⇒⇒



3. 3. ResolutionResolution

The resolution of a projection system can be limited by :

• diffraction

• detector (emulsion grain, pixel,…)

• geometrical aberrations 

What is the smallest distance between two object points 
that we can separate ?



When can we distinguish two images when the object is lit with 
incoherent light ?

Rayleigh’s criterion :
2 Airy spots can be separated if 
one maximum coincides with the 
first minimum of the other one

Resolution = radius of the first dark ring = 1,22 λ / 2 NA 

λ
2 NA

x

1,22

a. Diffractiona. Diffraction limitlimit:: dependsdepends on apertureon aperture

Airy function :
Fourier transform of a disc

2
12

⎟
⎠
⎞

⎜
⎝
⎛∝ Z

ZJI )( NAxZ λπ2=



For a projection system (real image)
finite size of the detector’s pixels

Ex : CCD pixel (~10µm), emulsion grain (5-30µm)

b. b. Detector’s resolutionDetector’s resolution



Aberration will always increase the size of the image 
compared to the diffraction limit

example : spherical aberration

See optical
design course…

Diffraction limit SphAb 0,5λ SpAb 1λ SpAb 2λ SpAb 5λ

Increasing spherical aberration

c.c. EffectEffect ofof geometricalgeometrical aberrationsaberrations



4. Field of 4. Field of viewview

α’

aperture 
stop

α

field
stop

field of 
view Field of view      

= Portion of the object seen 
through the system



For a projection system For a projection system 

The field of view is usually limited by the detector’s size

Bright field over the whole detector

Requires a large enough diameter for the optics

See examples in problems

Detector

Exit pupil

No other vignetting



If If the the size of size of the lens the lens (or (or anotheranother stop)stop) limits the field limits the field 
of of view view 

VignettingVignetting

Detector

Exit pupil

Limit of bright field

Vignetting



Vignetting

Distance 
from axis

Illuminance

Total 
field

Bright 
field Bright fieldTotal 

field

VignettingVignetting: : between bright field andbetween bright field and
totaltotal fieldfield ofof viewview



Without vignettingWithout vignetting

Distance 
from axis

Illuminance

Total
field

Bright 
field

=

mask on 
detector

Limit of bright field



5. 5. Depth Depth of of fieldfield
Distance along the optical axis where we get a « clear » image

Larger aperture

F-number: N = 2.8
Smaller aperture

F-number: N = 8



When taking a picture, the depth of field :

• Increases when you reduce the aperture 
(increase f-number)

• Increases with distance to object

•Depends on the detector’s resolution (or 
whatever limits the resolution: diffraction, 
aberrations)

HowHow does the depthdoes the depth ofof field varyfield vary??



Determination Determination of of depth depth of of fieldfield

PSPE

Detector in fixed position

The detector cannot distinguish a point image from an image 
with the size of one pixel

Pixel

Entrance 
pupil Exit pupil



PSPE

Detector in fixed position

The detector cannot distinguish a point image from an image 
with the size of one pixel



PSPE

The detector cannot distinguish a point image from an image 
with the size of one pixel

Detector in fixed position



PSPE

Detector in fixed position

Relationship between depth Relationship between depth of of field and field and 
depth depth of of focusfocus

Depth of 
focus

Edges of this depth of focus defined for 
spot size = pixel size

Depth of 
field

Edges of depth of field 
in object space = conjugates to edges of the field in image space



If g’ is the resolution in the image space (usually pixel size, but 
the calculation remains valid for diffraction limit or any other
limitation) :

PSPE

g’g

Corresponding resolution in object space : g = g’ / gy



Detail of what happens in the object space :
PE

g g = g’/gy
= resolution in obj. space

Φ = dia entrance pupil
d1 d2

D

d1 = 
g D

Φ - g

d2 = 
g D

Φ + g

Depth of field d = d1 + d2 = 
2 Φ g D
Φ2 - g2

Note that the image does not suddenly become blurry on the 
edge of the depth of field ( rough estimate…)



Example Example for a for a photographic photographic objective objective 

Depth of field

Object at 3 m, Aperture N=8, depth of field from 1.7 to 10 m



Hyperfocal distance Hyperfocal distance 

Photographic Photographic objectiveobjective
= depth of field for an object at infinity

Hyperfocal for each f-stop

Object at infinity, Aperture N=3.5, hyperfocal distance 10 m
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