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Two ways to form an image

detector array

Full-field detection

single element detector

Scanning system



Combine these:

Confocal case, x1 = x2; y1 = y2:

4D signal I(x1,y1; x2,y2):



Scanning vs. conventional microscope

Scanning
Equivalent

Conventional

Confocal

Conventional with image scanning

Scanning

or CCD detector



Confocal microscopy
• Advantages

Optical sectioning
– 3D imaging
– Surface profiling

Reduced scattered light
– Imaging through scattering media, e.g. tissue

Improved resolution (for small pinhole)
• Reflection

– Industrial applications, surface profiling
– Scattering media, tissue (non-invasive)

• Fluorescence
– Autofluorescence or labelled
– Fixed or living



Confocal Imaging (non-fluorescence)

    

€ 

(h1t ⊗ h2 )
    

€ 

h1(x, y)t(x− xs , y− ys )

I (xd , yd ) = h1(x, y)t(x − xs , y − ys )h2 (xd − x, yd − y)dxdy∫∫
2

xd, yd

after sample
xs, ys are scan coordinates

• Pinhole: xd, yd = 0: I = h1(x, y)h2 (−x,−y)( )⊗ t(x, y) 2

• h2 even:

• Same as coherent microscope, with heff = h1h2
• Transfer function is convolution of c1 with c2

    

€ 

I = (h1h2 )⊗ t
2



Integrated intensity
Integrated intensity: transverse integral of the 
point spread function.

Integrated intensity falls off monotonically with 
distance from the focal plane, as 1/z2.

The normalized distance for it to 
fall to ½ of the in-focus value, u1/2, 
is a measure of the optical sectioning strength.

The integrated intensity is the same as the 
image of a fluorescent sheet, so for a uniform 
fluorescent background, integration over a 
thick volume converges.

u is axial optical coordinate 8npz (sin a/2)2/l



OTF for confocal fluorescence
Cut-off doubled 
but response is 
very weak

Even weaker (or negative) for 
finite-sized pinhole

Plot suggests possibility to use pupil 
filters to increase the magnitude of the 
OTF!

goes negative!



Main problem: Finite sized pinhole
• Need finite sized pinhole to get adequate signal
• Then resolution improvement is lost

CJR Sheppard and DM Shotton
Confocal Laser Scanning Microscopy, 
RMS, Bios, and Springer, 1997

v is lateral optical coordinate (npr sin a) /l



Illumination and detector arrays

• Structured illumination (Lukosz, 1963; Gustafsson, 2000)

• Tandem scanning (spinning disc) (Petrán, 1968)

• Singular value decomposition with detector array (Bertero & Pike, 1982)

• �Type 3�: Maximum signal in detector plane (Reinholz, 1987)

• Pixel reassignment (Sheppard, 1988)

• Subtractive imaging (Wilson,1984 ; Cogswell & Sheppard, 1990 + many others) 

• Video confocal microscopy (Benedetti, 1996)

• Programmable array microscope PAM (Hanley 1999, Verveer 1998)

• Structured illumination + nonlinear (Heintzmann, 2002; Gustafsson)

• Structured detection, J Lu, Concello, Xie, Lichtmann (2009);RW Lu, Biomed Opt 
Exp (2013)

• Computational nonlinear scanning (CNS) microscopy (Laporte, Optica (2014))

Detector array in image plane



Offset pinhole

• Point spread function gets narrower
• Intensity decreases
• But increased side lobes
• And effective psf shifts sideways

PSF:



Gives the image of a shifted object point



Offset pinhole & reassignment

offset pinhole after reassignment

• Integrate without reassignment: same as conventional
• Integrate with reassignment (to centre of illumination and detection):

PSF sharpened and signal improved

conventional
given by envelope



Pixel reassignment

Optical transfer function

function of 2xs

product of rescaled OTFs
(not convolution of OTFs 
as for confocal)

high spatial 
frequencies 
enhanced

OTF1 x OTF2

convolution of rescaled PSFs
(not product of PSFs 
as for confocal)



Image scanning microscopy



Optical sectioning
But, for vdmax è ∞, no optical sectioning! 
Need to limit size of array 

v = 2.747

Locus of uImax (v)

(0.72 AU)

points on detector array 
> 0.72 AU, image 
regions away from the 
focal plane

magic number



Integration over finite detector array

Resolution and signal strength 
improve as size of array ( vdmax) 
increases

4(1−16 / 3π 2 ) = 1.84
Peak of point spread function for large 
array is

(4 elements gives ~1.4) 

• Peak is >1!
• Super-concentration
• Beats classical limit of etendue
• But integrated intensity is
independent of reassignment

(0.72 AU)

(1 AU)

Ipeak = 1 for 
conventional

peak intensity goes above 1!

(1st zero of Airy disc)

confocal

half-width for conventional

array size

centrally-illuminated point object



Image of a point object: Effect of array size
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Unnormalized OTF for confocal and ISM

ISM with finite detector arrayconfocal with finite pinhole

goes negative!

For unnormalized OTF, C(0) gives signal from a fluorescent sheet



General microscope with source/detector arrays

4D signal: I(xd,yd; xs,ys)

I(x1, x2 ) = H1∫ (x1 − x)H2 (x2 − x)T (x)dx
Fluorescence (incoherent), 4D signal is:

Scanned image: I(xs,ys) for fixed xd,yd

Microimage: I(xd,yd) for fixed xs,ys

Intensity as a function of scanning position and detector position



Benedetti 
Video-Confocal 

Microscope 
(VCM)



Fourier transform of 4D signal
I(x1, x2 ) = H1∫ (x1 − x)H2 (x2 − x)T (x)dx

 
!I (m1,m2 ) = !H1(m1) !H2 (m2 ) !T (m1 +m2 )
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2
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d ʹm → !H1∫ ⊗ !H2

 

ʹm = 0
!I (m, ʹm ) = !H1 m( ) !H2 m( ) !T (2m)

4D signal

4D Fourier transform

Central and difference coordinates

Conventional:

Scanning:

Confocal:

Pixel reassignment:

m

m�

conventionalscanning
bandwidth

m

m'

pixel reassignment:
Section with slope determined 
by pixel reassignment factor



Effect of changing a

• Changing a changes the slope of a line 
through the origin
• a=0 is scanning, a=1 is conventional

with Stokes shift

C(m,m�)



Any reassignment factor a is valid
• Can use different reassignment factors a for  different spatial frequencies
• For a large array, OTF is

a = ½ is highest for all spatial frequencies



With Stokes shift, large array

• scanning is better than conventional
• true confocal is better
• ISM for optimum a is even better
• ISM for a=1/2 is better than confocal for Stokes 

ratio<1.4
• a=1/2 is OK for Stokes ratio of 1.1

Stokes ratio = 1.1
Stokes ratio = 1.5

Normalized to scanning, 
no Stokes shift



Circular detector array
Optimum value of a

(1 – a is also optimum)

Optimum a gives maximum possible signal
for a thin object; 
most likely origin of a photon
‘Weighted’ means by strength of peak

Can use different reassignment factors a for  different detector offsets



Axial PSF

Decays slowly

Axial PSF

Axial PSF for large array

Axial FWHM

The FWHM of the axial PSF, normalized 
to unity for a conventional microscope. 
The FWHM for ISM remains almost 
independent of detector array size 
up to a size of 1.355 AU. 

optimum is worse because 
of defocused light



Two-photon fluorescence ISM

• Can alter reassignment factor a 
with spatial frequency
• OTF is

• Resolution improved 
compared with two-photon 
fluorescence with a large 
single-element detector

Large array



ISM with Bessel beam, and 2 photon ISM
2, 3 photon are for 
same emission 
wavelength as 1 photon

Peak intensity, normalized to conventional

FWHM

Optimum value of a

(NB 2 photon with large detector is 
1.4 times worse than conventional)



Doughnut beam excitation

J. Opt. Soc. Am A 38, 1075-1084 (2021). 

Charge 1 doughnut excitation

Pixel reassignment corrects for doughnut beam!



Axial PSF
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The axial cross-section through the 
PSF for dISM with a circular disk-
shaped detector array and charge 1 
doughnut beam illumination, after 
reassignment. 

The axial resolution (width of the axial 
cross-section through the PSF, 
normalized to unity for conventional 
imaging) for dISM with a circular disk-
shaped detector array and charge 1 
doughnut beam illumination, after 
reassignment. The behavior for ISM,
and for confocal microscopy with a 
pinhole of the same size as the array 
are also shown. 

normalized axial distance

conventional

axial PSF is compact



Integrated intensity: 
A measure of optical sectioning
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with defocus for dISM with charge 1 
doughnut illumination. Curves are 
plotted for array sizes from 0.2 AU to 
2 AU insteps of 0.2 AU. 

The axial distance u1/2 for the integrated 
intensity to fall to half the in-focus value, as 
a function of detector array size, for dISM 
with charge 1 doughnut illumination or with 
Airy disk illumination. The behavior for 
confocal microscopy with a pinhole of the 
same size as the array is also shown. 

doughnut gives better 
sectioning than confocal
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Cross-sections through PSF for offset point 
detector
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Signal from offset detector

• vd=4.9046, 1.28AU, 5 equal peaks in x-z plane
• vd=5.192, 1.355AU, 3 equal peaks in x for z=0
• vd=5.494, 1.434AU, leaves focal plane, I(z) is flat



Pixel reassignment factor, a
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Larger offset can give 
information from defocused 
parts of object

Reassignment to bring different peaks to centre



Signal from centrally illuminated point object

(Well known result. In e.g. Born & Wolf)



Fluorescent sheet, or integrated intensity

(In-focus case)



Volume 
object

(New analytical result)

(New analytical result)

(1st part from Gu M, Sheppard, CJR (1991) 

Effects of finite-sized detector on the OTF 

of confocal fluorescent microscopy, 

Optik 89, 65-69. 2nd part from 

Sheppard CJR, Gan XS, Gu M, Roy M (2007) 

Signal-to-Noise Ratio in Confocal Microscopes, 

Chapter 22 in 

The Handbook of Biological Confocal Microscopy, 

3rd edition, J. Pawley, ed. 

Springer, New York, pp. 442-452)



Intensity in detector plane
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Signal from point, and integrated intensity, 
or background from a sheet 

vd

point (peak)

Integrated intensity, or background from sheet



Background from volume

Bvol

vd

Bvol ~ vd – 3/4

Bvol ~ 3vd2 /8



Detectability

For a point in a plane

For a point in a volume

For a plane in a volume

Defined as signal / background1/2

NB Detectability of integrated intensity in background 
from a plane is independent of detector size



Integrated intensity from offset point detector
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Defocus give broader curve, 
so stronger contribution for larger offsets



Integrated intensity from offset point 
detector with defocus: Fingerprint
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Larger offsets give broader curve, 
so stronger contribution from out-of-focus light



Integrated intensity from a ring of offset 
point detectors
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For small ring radius, signal increases 
with radius, but shape of curve 
changes little. 

For large ring radius, peak of signal 
occurs for defocused sheet.



Defocused sheet with disk detector
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Optical sectioning with finite sized detector
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~4.27+0.79 AU2
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Axial distance for intensity to drop to 1/2



Improvements in resolution

21.

26.



Discussion
• Structured illumination can give improved resolution (x2) 
• Confocal microscopy gives improved resolution but spatial 

frequency response at high spatial frequencies is low (         in 
PSF)

• But signal is also low, so must open pinhole, giving almost no 
improvement in resolution  

• Pixel reassignment increases signal collection efficiency
• Also gives improved resolution, better than confocal
• And speed is increased
• ISM with 2 photon excitation improves resolution
• ISM with pupil filters can improve high frequency response

× 2


