
 

 

Implementation of PSF Engineering in High-Resolution 3D 
Microscopy Imaging with a LCoS (Reflective) SLM  

 

Sharon V. King1, Ana Doblas2, Nurmohammed Patwary1, Genaro Saavedra2, Manuel  
Martínez-Corral2, Chrysanthe Preza1♦ 

1Department of Electrical and Computer Engineering, the University of Memphis, Memphis, 
TN 38152, USA   

23D Imaging and Display Laboratory University of Valencia, Department of 
Optics, E-46100 Burjassot, Spain  

 
 

ABSTRACT 

Wavefront coding techniques are currently used to engineer unique point spread functions (PSFs) that enhance existing 
microscope modalities or create new ones. Previous work in this field demonstrated that simulated intensity PSFs 
encoded with a generalized cubic phase mask (GCPM) are invariant to spherical aberration or misfocus; dependent on 
parameter selection. Additional work demonstrated that simulated PSFs encoded with a squared cubic phase mask 
(SQUBIC) produce a depth invariant focal spot for application in confocal scanning microscopy. Implementation of PSF 
engineering theory with a liquid crystal on silicon (LCoS) spatial light modulator (SLM) enables validation of WFC 
phase mask designs and parameters by manipulating optical wavefront properties with a programmable diffractive 
element. To validate and investigate parameters of the GCPM and SQUBIC WFC masks, we implemented PSF 
engineering in an upright microscope modified with a dual camera port and a LCoS SLM. We present measured WFC 
PSFs and compare them to simulated PSFs through analysis of their effect on the microscope imaging system properties. 
Experimentally acquired PSFs show the same intensity distribution as simulation for the GCPM phase mask, the 
SQUBIC-mask and the well-known and characterized cubic-phase mask (CPM), first applied to high NA microscopy by 
Arnison et al.10, for extending depth of field. These measurements provide experimental validation of new WFC masks 
and demonstrate the use of the LCoS SLM as a WFC design tool. Although efficiency improvements are needed, this 
application of LCoS technology renders the microscope capable of switching among multiple WFC modes. 
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1. INTRODUCTION 

WFC has been successfully applied, beyond the initial concept developed by Dowski and Cathy for extended depth of 
field (EDF) imaging1, to create a variety of microscopy modes such as: super-resolved localization microscopy, using a 
double helix PSF2;  spatial light interference microscopy (SLIM) using a time-varying Zernike phase contrast PSF3 and 
spiral phase contrast microscopy using a differentiating PSF4. Recently, WFC PSFs engineered with a generalized cubic 
phase mask (GCPM)5 and a squared cubic phase mask (SQUBIC)6 have been shown insensitive to object induced 
spherical aberration (SA). Application of these engineered PSFs to optical sectioning microscopy (computational or 
confocal) has the potential to improve this process in images of thick samples (which suffer most from sample-induced 
SA). 
 
Simulation studies of GCPM and SQUBIC phase masks applied to 3D microscope systems have made clear the 
importance of selecting the appropriate phase mask parameters7,8. In order to validate the influence of phase mask 
parameter choice on WFC PSF performance, a large number of phase masks must be implemented experimentally. For 
this study, a LCoS (LC for short) SLM was chosen as a more cost effective method of experimental investigation. Using 
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the LC SLM as a design tool also allows phase mask parameters to be changed or phase mask designs switched 
electrically without mechanical realignment of the optical system. 
 
To experimentally observe engineered PSF properties, we implemented PSF engineering in a commercial, upright, Zeiss 
AxioImager microscope modified with a dual camera port and a LC SLM adapted to the second imaging path. We 
effectively measured the PSF by capturing images of unresolved fluorescent beads with a high NA objective.  
 
This paper provides new information on adaptation of the LC SLM to an upright microscope and its use in WFC PSF 
engineering for high-NA 3D microscopy. Section 2 briefly presents the theoretical form of the WFC phase masks: CPM, 
GCPM and SQUBIC and the need for WFC in optical sectioning microscopy. Section 3 describes methods used for the 
adaptation of the SLM to the microscope and experimental imaging methods as well as information relevant to the 
simulated WFC PSFs. Methods used for numerically computing simulations are discussed in detail in previous 
publications5. Section 4 presents results of the SLM implementation of the three WFC phase mask designs; the CPM, 
GCPM and the SQUBIC. These results include measurement of SLM implemented WFE PSFs and comparison of 
measured WFE PSFs with their simulated counterparts.   

2. BACKGROUND 

The background information here fulfills two purposes. One is to review the mathematical and theoretical background of 
the WFC phase masks being investigated. Another is to motivate the need for WFC in high NA 3D microscopy. 

2.1 WFC phase masks: CPM, GCPM and SQUBIC 

Wave-front coding techniques are used to manipulate phase and amplitude properties of the optical wave-front at the 
imaging system exit pupil and to create unique engineered point spread functions (PSFs)1. Methods of wave-front 
encoded phase mask design have been thoroughly discussed in the literature9 . Dowski and Cathey describe this approach 
in detail with respect to application in extended depth of field and more generally as a new paradigm for imaging 
systems design1.  
 
The phase of the CPM used in this study, first applied to high NA microscopy by Arnison et al.10, is given by: 

    ( ) )(,: 33
yxyx ffffCPM += αφ ,                                                                           (1) 

where fx and fy are the Cartesian co-ordinates across the pupil and α is the strength of the phase mask. This phase mask 
design was derived by finding an approximate solution, via the stationary phase method, to the ambiguity function of a 
general phase mask function for which the function is independent of phase delay1.  
 
An alternative approach to phase mask design optimizes image quality merit functions to select the parameters of a 
generalized polynomial expression11, given by: 

                    ( ) )()(,: 2233
yxyxyxyx ffffffffGCPM +++= βαφ ,                                                        (2)  

where α and β are design parameters. This approach has been used to select phase masks that improve upon the 
extended depth of focus characteristics of the CPM mask and that may decrease PSF depth variability due to sample 
induced SA5.  Previous work demonstrated that simulated intensity PSFs encoded with a GCPM are invariant to either 
SA or misfocus5. Simulation studies predict that for parameters of α = 50 and  β = -50, a 1.2NA imaging system will 
have a PSF; with an intensity distribution that varies with depth less than the PSF of an equivalent CCA imaging system. 
Alternatively, for parameters of α = 150 and  β = -450, a 1.2NA imaging system will have a PSF; with an intensity 
distribution that extends the depth of field with less axial asymmetry than the CPM PSF. 
 
A WFC phase mask designed specifically for reducing the impact of SA in microscopy was produced with yet another 
approach to WFC design. The design was derived from a model, formalized to assess the effect of SA in high NA optical 
systems. In this case, a squared cubic phase mask (SQUBIC) was produced and has been shown to create an invariant 
PSF in depth-scanning of thick samples for confocal scanning microscopy6. Its form is given by: 
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where A is a design parameter and θ  is the maximum acceptance angle of imaging pupil. 

2.2 PSF depth variability in 3D microscopy 

3D microscopy methods use automation, digital detection and computational processing, and a variety of combinations 
of these, to capture high resolution images of a 3D volume. Sophisticated 3D microscopy methods employ techniques 
for improved isotropy of the resolution, particularly to increase the axial resolution. The most common methods for high 
resolution fluorescence imaging are optical sectioning either by confocal microscopy or by computational optical 
sectioning microscopy (COSM)12.  
 
The variability of the PSF as a function of depth from the coverslip introduces errors and artifacts in both confocal and 
COSM approaches.  The dominant factor causing PSF depth variability is spherical aberration (SA) resulting from the 
mismatch between the refractive indices of mounting and immersion mediums13. SA and its effect on the PSF are depth 
dependent and they increase with depth of focus into the specimen, i.e. the characteristics of the out-of-focus light 
change with depth. Artifacts are created in COSM when these depth varying and object dependent characteristics are not 
rigorously modeled and in confocal optical sectioning when the increased blur requires increased laser excitation; 
eventually reaching signal to noise limitations or damaging the sample. Errors are also introduced in both optical 
sectioning methods because SA causes light to appear in focus at a plane other than its actual location13.   
 

3. METHODS  

The following describes how the implementation of WFC was accomplished and how experimental measurements of 
WFC phase masks and WFC PSFs were acquired. The relevant details of the numerical computation of simulated WFC 
PSFs are also described. 

3.1 The LC WFC microscope imaging path  

PSF engineering was implemented by modifying a Zeiss AxioImager. This commercial upright, wide-field microscope 
system accommodates a dual camera port configuration, installed by Zeiss. The dual port configuration is created by 
inserting a mirror between the filter cube and the ocular housing. The mirror is mounted on a motorized mechanical 
stage that is automatically switched in or out of the optical path via software controls. The dual camera ports are fitted 
with the same model camera (Zeiss Axiocam MRm), effectively creating two imaging systems.  One camera captures an 
image via the original microscope imaging path (referred to as Top in Fig. 1), while the other captures the LC WFC 
image.   
 
The LC WFC imaging path was built by modifying the side camera port to incorporate the SLM. The camera image 
plane and the objective back-focal-plane are reimaged outside this port via a unit magnification, four-f imaging system2. 
This relay system is folded at the SLM, since the SLM does not transmit, so that light reflects from the SLM at a 20 deg 
angle. The LC layer of the SLM is mounted conjugate to the relayed objective back-focal plane. A linear polarizer is 
used to align the orientation of the illumination polarization with the optic axis of the LC layer. The AxioCam is 
mounted in the relayed image plane. In some cases, a small magnification or adjustable zoom may be introduced into the 
four-f imaging system so that the full pixel format of the SLM is illuminated by the exit pupil aperture and the full 
resolution of the SLM can be used to encode the pupil phase. However, since the aperture is round and the SLM is 
generally square or rectangular in format some comprise has to be made. In this study, no magnification was used. This 
approach was taken in order to allow direct comparison between conventional and WFC imaging, without a change in 
image scale.   
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The size of the digital phase mask pattern was matched to the magnification of the pupil at the SLM. The exit pupil of 
the 1.4-NA objective lens was imaged onto a 229x229 pixel area of the SLM.  Each phase mask pattern was computed 
within a circular pupil aperture (on a 229 x 229 grid with spatial frequencies, xf  and yf , ranging from [ -1 to 1] over the 
229 columns/rows).  This grid was set inside a 512 x 512 grid required by the SLM format. The values of the numerical 
CPM, GCPM and SQUBIC masks were normalized and mapped in a range of 16 bits from 0 to 2π in order to project 
them on the SLM. The SLM (Boulder Nonlinear Systems), designed for 400-700 nm illumination at normal incidence, 
was used with a calibration created in situ for 532 nm illumination at 20 deg incidence.  

3.2 Experimental WFC imaging  

Experimental PSFs are measured by using unresolved fluorescent beads as an effective point source. This effective 
fluorescence source (λpeak = 508-nm) emits from 0.175-μm-diameter beads (Invitrogen Point Source Kit, P7220). A 
dilute solution of beads was dried on the cover-slip and then mounted in the glycerol mounting medium (RI ~ 1.47) 
provided with the kit and a high-precision Zeiss cover slip.  Individual beads were imaged with a 63x/1.4NA objective 
lens and a 515nm-565nm emission filter (Zeiss filter set 10). The size of the camera pixels is such that the effective 
experimental voxel size is 0.1 x 0.1 x 0.1 µm3. The imaging system magnification and voxel size are the same as those of 
the simulated system. 

3.3 Simulated WFC imaging 

Simulated PSFs are computed numerically using a WFC imaging model. This model is a modified conventional model 
in which the generalized pupil function is given an additional phase term. Details of the mathematics of this model may 
be found in previous publication13,5. The imaging model was given system and environmental parameters that matched 
the experimental system as closely as possible to simulate its response as accurately as possible.  
 
Simulated PSFs for conventional widefield microscopy were computed using the Gibson and Lanni PSF model13 via the 
PSF computation module of the COSMOS package14. PSFs were computed on a 256 x 256 x 300 grid with voxels of 
size 0.1 x 0.1 x 0.1 µm3. The system parameters used to image the point source are: a 63x/1.4 NA oil-immersion 
objective lens (RI = 1.515) and an emission wavelength λ = 515 nm. The environmental parameters are: a point source 
located at 25µm depth in glycerol (RI = 1.47) just below the coverslip. WFE-PSFs were calculated by first computing 
the 2-D Fourier transform of the complex-amplitude clear circular aperture (CCA) PSFs, thereby obtaining the 
conventional amplitude transfer function. At each focus depth, a 2D WFE-PSF was computed by applying the phase 
mask to the generalized pupil function and finally a 3D WFE-PSF was obtained by stacking the 2D WFE-PSFs. A 
mathematical description of this process is found in5.   
 
The distance of the simulated point source from the cover slip was chosen through a comparison study in which the 
depth variation of the simulated CCA PSF was related to the measured PSF acquired through the conventional 
microscope (Fig. 1). Although the experimental point sources are on the cover glass before mounting, their spherical 
surface may not remain in direct contact with the coverslip after mounting. Evidence of this possibility is seen in the 
axial asymmetry observed in the experimental CCA PSF which may be interpreted as an indicator of SA. Although the 
refractive index RI mismatch, Δn = 0.05, between the cover-glass and the immersion medium is expected to introduce 
some SA, the difference in axial asymmetry is more than predicted by simulation. Therefore, the appropriate depth 
parameter for simulation of the experimental point source can only be determined empirically by investigating the 
differences between normalized PSF intensity distributions at simulated depths in the range 15-40μm, and the 
experimental PSF intensity. 

Proc. of SPIE Vol. 8949  894913-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/04/2014 Terms of Use: http://spiedl.org/terms



...1 . ::, 2n =0.f15

A/PF - ß5K WPM ri a Sil I4a.Sé1

 

 

Fig. 1: E
0.005) em
experime
(Δn = 0.0
experime
and a 515

Experimenta
intensity for 
not in perfec
consistent w
simulated PS
unmodulated

Fig. 2: In
experime
the low s
intensity 
with a 63

mpirical determin
mitted by beads dr
ental CCA PSF (Δn
05) at 25μm below

ental PSF measurem
5nm wavelength. 

ally measured 
the CPM, GC

ct agreement w
with the functi
SFs are the effe
d during WFC. 

ntensity of the 3D 
ent with simulation
signal and low pha
details. The latera
x, 1.4 NA lens and

nation of the point
ried on the covers
n = 0.05) emitted 
w the coverslip, s
ment (Δn = 0.05). 

4

WFC-PSFs sh
PM, and the S

with those pred
on of the pha

ects of experim
 

PSF shows good 
n at both 0μm and
ase mask efficienc
al view is shown a
d a 515nm wavele

t source depth use
lip mounted in UV
by beads dried on

shows an asymme
Simulated WFE a

. RESULT

how a 3D spa
SQUBIC phase
dicted by simul
ase mask desi

ment related noi

agreement betwee
d 25μm depths hig
cy, experimental im
at the best focus ax
ength. 

ed in the PSF simu
V cured optical ce
n the coverslip mo
etrical intensity sp
and experimental P

S AND DISC

atial intensity 
e masks. Altho
lation (Fig. 2),
ign. The large
ise and the infl

en experiment and
ghlights the design
mages are display
xial location. Simu

ulation. In column
ement, shows sign
ounted in glycerol.
pread in the axial
PSFs are compute

CUSSION 

distribution th
ough experimen
, they confirm

est observable 
luence of an in

d simulation at 25μ
ned properties of t
yed using different
ulated and experim

 
n A, the experime
nificantly less axia
. In column B, the
 direction that co
d and acquired wi

hat is compar
ntal properties

m basic properti
differences b

ntensity distribu

μm below the cove
the GCPM and SQ
t intensity scales i

mental PSFs are co

ental CCA PSF (Δ
al asymmetry than
e simulated CCA P
mpares best with 
ith a 63x, 1.4 NA l

rable to the si
 of the WFC-P
ies of the PSF

between measu
ution that appe

erslip. Comparison
QUBIC WFC. Du
in order to show l
omputed and acqu

Δn = 
n the 
PSF 
the 

lens 

imulated 
PSFs are 
 that are 

ured and 
ars to be 

 
n of 

ue to 
ow-
ired 

Proc. of SPIE Vol. 8949  894913-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/04/2014 Terms of Use: http://spiedl.org/terms



 

 

The CPM PS
cause inaccu
PSFs indicate
Δn = 0.05, at
the coverslip
curvature of 
axial variatio
field.   
 
The GCPM 
sensitivity to
measured GC
less effect on
pronounced t
shows less ax
very low mag
measured dif
decreasing a
increasingly 
depth of field
 
The SQUBIC
experimental
intensity. Th
primary area
SQUBIC PS
confinement 
the changes i
an unsuitable
 
The GCPM P
CPM design 
curvature alo
implemented
produced wit

Fig. 3: ED
simulatio
α= -3β, is

SF (α= 30) cu
rate reconstruc
e the expected 
t the coverslip 
p. The measur
the extreme en

on of the latera

PSF (paramet
o misfocus wit
CPM PSF, acq
n its shape than
than that of the
xial asymmetry
gnitude diffrac
ffraction patte

axial intensity 
large lateral ex

d of this particu

C PSF (A =50)
l SQUBIC PSF

he experimenta
a of brightest in
SF that has a 

renders the PS
in SA. The axi
e for EDF micr

PSF (paramete
that can be als

ong the axial di
d with the SLM
th this design w

DF with GCPM c
on at 25μm depth s
s roughly 7µm. Fo

urvature along 
ction of objects

effect of SA, i
to mounting m
red CPM PSF
nds of the later
al intensity pat

ters α= 50, α
th insensitivity

quired with a po
n the CPM or C
e both CPM an
y than simulati
ction effects ar
ern is exactly 

away from it
xtent of the PS
ular GCPM PS

 is also propos
F confirms the

al SQUBIC PS
ntensity and a s
very long axi

SF very robust
al asymmetry o
roscopy.    

ers α= 150, β=
so used to exte
irection. Unfor

M. Nevertheless
without the cur

could be validated
shows good agree
or GCPM with α= 

the axial direc
s in lateral posi
i.e., intensity a

medium interfac
s show compa
ral intensity pa
ttern. The impa

= -β), in cont
y to SA5. Thes
oint source at t
CCA PSFs (see
nd CCA PSFs, 
ion, which may
re not discernib
predicted by s
s central peak

SF with increas
SF as compared

sed to enhance 
e lateral confin
SF is axially as
second area of 
ial intensity d
t to SA. For th
of its shape dis

= -3α) was sele
end the depth o
rtunately, this p
s a GCPM des
rvature of the C

d only for low valu
ment for GCPM w
150, α= -3β the e

ction and away
ition5, can also
asymmetry alon
ce and the loca
arable effects 
attern and in th
act of these SA

trast, is produ
se PSF proper
the same depth
e Fig. 1). Axia
in both simula
y be attributed
ble experiment
simulation. Sim

k that characte
sing amount of
d to the CPM P

optical section
nement of the 
symmetric and
f bright intensit
distribution, pu
hese simulation
stinguishes this

ected, and dem
of field of the im
phase mask ha
ign with param

CPM PSF (Fig.

ues of the design 
with α= 30, α= -3
experimental PSF i

y from the nom
o be seen in the
ng Z, that resu
ation of the poi

visible in the
he XZ view (Fi
A effects is a d

uced by a pha
rties are propo
h as the CPM P
l asymmetry o
tion and exper
to its low sign
ally. However
mulated and e
erizes sensitivi
f misfocus. Th
PSF. 

ning microscop
very brightest 

d appears to ha
ty. This asymm
unctuated by m
n parameters, it
s PSF from the

monstrated in s
maging system

as a rapidly var
meters α= 30, β
. 3). 

parameters of α a
β. The length of t
intensity appears la

minal focus, s
e experimental 
ults due to refra
int light source
e XY view (Fi
ig. 2, bottom r
degradation of 

se mask desig
osed to enhanc
PSF, shows tha
f the GCPM P

riment. The exp
al-to-noise rati
, the scale and 
experimental G
ity to misfocu
is property dem

py, but with di
part of the sim

ave at least on
metry is consist
multiple nulls
t is almost com

e CPM and GC

simulation, as 
m. It produces a
rying phase tha
β= -3α, validat

and β. Compariso
the brightest part o
argely unmodulate

shown in simu
PSFs. Simulat

active index dif
e at 25 µm dept
ig. 2, top row
row) in the asy
f the extended 

gn selected to 
ce COSM. In
at SA has sign

PSF is significa
perimental GC
io. As a result o
spatial varianc

GCPM PSFs e
us. Both also s
monstrates the 

ifferent propert
mulated SQUB
e minimum be
tent with the si
. The lateral i
mpletely invari

CPM PSFs and 

a generalizatio
a PSF for EDF
at cannot be ef
tes that an EDF

 
on of experiment w
of the PSF for α= 
ed by WFC.  

lation to 
ted CPM 
fference, 
th below 

w) in the 
ymmetric 
depth of 

balance 
fact, the 

nificantly 
antly less 
PM PSF 
of noise, 
ce of the 
exhibit a 
show an 
reduced 

ties. The 
BIC PSF 
etween a 
imulated 
intensity 
iant with 
makes it 

on of the 
F without 
fficiently 
F PSF is 

with 
30, 

Proc. of SPIE Vol. 8949  894913-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/04/2014 Terms of Use: http://spiedl.org/terms



 

 

A portion of the disparity between simulated and experimental PSFs can be attributed to a low signal to noise ratio due 
to the small size of the fluorescent point source. However, error due to infidelity of the mask implementation must also 
be considered. A mismatch between the numerical phase mask applied to the SLM and the actual WFC SLM phase can 
occur for several possible reasons.  For example, it is known that the SLM is limited in the spatial frequency with which 
it can resolve 0 and 2π phase modulation depth15. In addition, others have shown that LC SLM may exhibit a frequency 
dependent decrease in efficiency16. We are currently investigating the role of these properties in our implementation and 
their effect on WFC PSF engineering. We will report on this elsewhere. 

5. CONCLUSION 

Incorporation of liquid crystal technologies into the microscope imaging path is a potential method to provide switchable 
WFC capability in a high NA microscope. The LC SLM WFC microscope described in this paper exhibited WFC PSFs 
which validated previously published simulation studies of WFC PSFs for 3D microscopy. The properties exhibited by 
experimentally measured WFC-PSFs agree with the predictions of WFC-PSFs simulated using conventional imaging 
models. With some practical limitations, the experimental LC SLM WFC phase masks can successfully implement a 
wide range of WFC phase function designs for validation and investigation of WFC design parameters. Still, 
improvement of the efficiency of this implementation approach is needed and further investigation of the fidelity with 
which the phase masks can be implemented with the LC SLM is underway. 
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