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Digital Holographic Microscopy (DHM)

Highlights:

O Quantitative Phase Imaging (QPI) modality
largely used for material and biological
applications.

O Provides label-free (i.e., unstained) imaging.

O Reconstructed amplitude and phase information
of the sample.

O Off-axis DHM systems allow for single-shot
iImaging.
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Optical Recording Stage in DHM

A digital hologram is a hybrid imaging method:

= QOptical recording stage: interference between two beams

Reference beam (i.e., plane wave):

r(x)=exp(ikex) My

X =(X,Y);k Z(kx’ky)
Reference angle O (x, J’)

1 X X Laser
Object beam: U, ( X)oc 0 ®., P
J e (%) M2 (MLJ ’ [MTL] [T

BS1

(@B THEUNIVERSITYOF  SR'MERSIDAD | Escuelade

¥l MEMPHIS. EAFIT, iieicess




Optical Recording Stage in DHM

A digital hologram is a hybrid imaging method:

= QOptical recording stage: interference between two beams

Reference beam (i.e., plane wave):

r(x)=exp(ikex)
x=(x,y);k=(kx,ky)

Reference angle

Object beam: u, (x) 120( X j®2 P[
I\/IL I\/IL

Hologram:  h(x)=|u, (X)| +|r(x)] +u, (X)r"(x)+us (x)r(x)
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Optical Recording Stage in DHM

A digital hologram is a hybrid imaging method:

= QOptical recording stage: interference between two beams

Reference beam (i.e., plane wave): h—ﬁL

r(x)=exp(ikex) My

X:(X’y);kz(kx’ky)
Reference angle O(x, y)

1 X X Laser
Object beam: U, ( X)oc 0 ®., P
J e (%) M2 (MLJ ’ [/HTL] I

BS1

Hologram: h(x) =“u,P (x) +‘r(x)ﬂ+ U (X) 7 (x)+up (X)r(x)
Intensity information
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Optical Recording Stage in DHM

A digital hologram is a hybrid imaging method:

= QOptical recording stage: interference between two beams

Reference beam (i.e., plane wave): h—ﬁL

r(x)=exp(ikex) My

X:(X’y);kz(kx’ky)
Reference angle O(x, y)

1 X X Laser
Object beam: U, ( X)oc 0 ®., P
J e (%) M2 (MLJ ’ [/HTL] I

BS1

Hologram: h(X)=|u, (x)‘2 +‘r(x)‘2 +‘u,P (x)r"(x)+u, (x)r(x)‘
Real & Virtual
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Optical configuration of the DHM syste
telecentric versus non-telecentric
Complex amplitude distribution at the image plane (IP)
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Optical configuration of the DHM syste-
telecentric versus non-telecentric
( Non-Telecentric DHM \
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The performance of DHM technologies -
on computational reconstruction metho

provide accurate phase measurements

O The optical configuration of the imaging systems
creates shift-invariant vs shift-variant

measurements.
0
O Telecentric-based DHM systems provide | | | | Paselmdy
accurate phase values over the whole field of 25 TS atentric o
view. ol ::',,;u.."-t‘n _
d Non-telecentric DHM systems should =15
compensate for the spherical wavefront Eﬁ; | |
associated with a non-telecentric configuration p=
0.5 -
od ke L
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Requirement of the linear and quadrati-
compensation for QPl measurements in

telecentric DHM systems et

Hologram

To reconstruct the phase map from a hologram, one
should isolate the +1 term and correct for the distortions:

(0= (0)0 ()8 2 s 2 et Joro )

Fourier Transform

Spectrum

Center +1 term
and IFT

Phase with
Aberration

Correct Aberration

Reconstructed

Phase
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should isolate the +1 term and correct for the distortions:

(0= (0)0 ()8 2 s 2 et Joro )

Fourier Transform

Spectrum
Distortions:
. . _ 2 : : Center +1 term
1. Tilt aberrations - t(X)—T(XSIHHﬁySlnHy) — e

Phase with
Aberration

Correct Aberration

Reconstructed

Phase
UNIVERSIDAD Escuela de

THE UNIVERSITY OF
M MEMPHIS. EAFIT, Sy

—



Requirement of the linear and quadrati-
compensation for QPl measurements in

telecentric DHM systems et

Hologram

To reconstruct the phase map from a hologram, one
should isolate the +1 term and correct for the distortions:
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Fourier Transform
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Requirement of the linear and quadrati-
compensation for QPl measurements in
telecentric DHM systems S

Hologram

To reconstruct the phase map from a hologram, one
should isolate the +1 term and correct for the distortions:

(0= (0)0 ()8 2 s 2 et Joro )

Fourier Transform

Spectrum
Distortions:
- - _ 27 ; ; Center +1 term
1. Tilt aberrations - t(X)—T(XSIn 0, +ysing, ) — e
: : K \
2. Spherical aberrations — s(x) =E[(X—Xc )2 +(Y—Ye )ZJ ide 2 Phase with

Aberration

Corrected Phase Map: |¢, (x)=angle| h. (x) |-t(x)-s(x)

Correct Aberration
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Requirement of the generation of a digital
reference beam for QPl measurements

1. Inverse FT of the filtered hologram spectrum h (x)
2. Generation of a digital reference wave

r,(m,n) = mZr;exp[i%z(m[isix + n[Si)Axy}

Reference angle, 8 = (6,, 6,), is provided by the center pixel position of
the order +1, (P, Q)

Spatial-Filtered

Centered spectrum Holoaram Spectrum

0, =sin™ U ~ P2
‘ XA,
6, =sin™ Vo ~ Q1%

g YA

Xy

(X,Y) = size of the reconstructed image A, = square pixel size
U THE UNIVERSITY OF UNIVERSIDAD gscyela de (m,n) - index p|Xe| pOSItIOﬂ (UO’VO) = (X/2+1, Y/2+1)
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Requirement of the generation of a digital
reference beam for QPl measurements

1. Inverse FT of the filtered hologram spectrum h (x)
2. Generation of a digital reference wave

Spatial-Filtered

Centered spectrum Holoaram Spectrum

ry(m,n)= Zexp[i%(mﬂsin O [X +nsin HyD{)AXy}

3. Complex object information without distortion of the reference
beam

6(x) =15 (X)he ()
4. Estimation of the phase map

o Im|6(x)]
o(x)=t [Re[é(x)ﬂ

(X,Y) = size of the reconstructed image A, = square pixel size
U THE UNIVERSITY OF UNIVERSIDAD ' Escyela de (m,n) - index pixel pOSitiOﬂ
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Need for correct estimation of the cent_
of the +1 term

The angle of the reference wave is determined by the source’s wavelength (A), the features of the
digital sensor (X, Y, 4,,) and the subtraction between the pixel positions of the DC and +1 terms

u Vv A
0, =sin™ s 6, =sin™ v
XA, y YA,

(X,Y) = size of the reconstructed image A, = square pixel size
U THE UNIVERSITY OF UNIVERSIDAD Escyelade (m,n) 9 |ndex plxel pOSItIOﬂ (UO,VO) = (X/2+1, Y/2+1)
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Need for correct estimation of the cent
of the +1 term

The angle of the reference wave is determined by the source’s wavelength (A), the features of the
digital sensor (X, Y, 4,,) and the subtraction between the pixel positions of the DC and +1 terms

u Vv A
0, =sin™ s 6, =sin™ v
XA, y YA,

6ROPOSED STEP TO IDENTIFY AND SELECT +1 TERI\N

L Use of Otsu’s method for global thresholding to identify
the different terms in the hologram’s spectrum.

0 The DC term must be blocked before applying the
Otsu’s method.

O Apply image segmentation technique to the binarized

\ hologram’s spectrum to identify the 1 terms. /

(X,Y) = size of the reconstructed image A, = square pixel size
U THE UNIVERSITY OF UNIVERSIDAD Escyela de (m,n) 9 IndeX p|Xe| pOSI'[IOﬂ (UO,VO) = (X/2+1, Y/2+1)
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Requirement of the generation of a digi_
reference beam for QPl measurements

O , |
TS= |
o § % ‘* 1. Phase Image after compensating the linear tilt
252 | | @' (x) =angle| h (x)]-t(x)
o g = 2. Generation of a quadratic phase factor
7)) c k 2 2
g5 = s(x)= 2| (X% ) +(y=e )|
o
© :
o O
©
2 £
Q DF
S \_ -/
O C
O
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Requirement of compensating the quad_
phase factor for QPl measurements

)
T 2=, N
QT < 1. Phase Image after compensating the linear tilt
O wn © A
252 | | @' (x) =angle| h (x)]-t(x)
3 g = 2. Generation of a quadratic phase factor
0 < 2 2
g§3% s(x)@(x—xg H(y-ve) ]
o
Curvature, C = (C,, C,), is provided by the size of the order +1, (M, N)
2
S C, = (XAxy)
TSI M
+—= O
G < :
S = YA
S C, =( )
CE) @ AN
@) E Sanchez-Ortiga, Doblas et al., Appl. Opt. 53, 2058 (2014).

(X,Y) = size of the reconstructed image A, = square pixel size
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Requirement of compensating the quad_
phase factor for QPl measurements

O , |
T S= N
T = 1. Phase Image after compensating the linear tilt
D un © A
£ 52 | | @', (x) =angle| h (x) |-t(x)
3 % = 2. Generation of a quadratic phase factor
£3* () =g +-e)]
o C »
The center of the quadratic phase "
b factor, (X, Yc), can be measured from
D O the ph '
[T phase image.
T ©
H
o OF a
s £ {
O y=

(X,Y) = size of the reconstructed image A, = square pixel size
U THE UNIVERSITY OF UNIVERSIDAD £ocyela de (m,n) -2 index pixel position
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Need for correct estimation of the quad_
phase factor

The curvature of the quadratic phase factor is determined by the source’s wavelength (A), the features
of the digital sensor (X, Y, 4,,) and the size of the +1 term

ﬁROPOSED STEP TO IDENTIFY AND SELECT +1 TERI\N

L Use of Otsu’s method for global thresholding to identify
the different terms in the hologram’s spectrum.

0 The DC term must be blocked before applying the
Otsu’s method.

O Apply image segmentation technique to the binarized

\ hologram’s spectrum to identify the 1 terms. /

(X,Y) = size of the reconstructed image A, = square pixel size
U THE UNIVERSITY OF UNIVERSIDAD Eqcela de (m,n) - index pixel position
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Need for correct estimation of the quad_
phase factor

The center of the quadratic phase factor is determined from the phase image after compensating

the linear tilt
s(X) = %[(x@z +(y—@1

/ PROPOSED STEP TO IDENTIFY \
CENTER OF QUADRATIC TERM

O Use of Otsu’s method for binarizing the
phase image.

L Select one of the concentric rings.

 Measure distance of the concentric ring

\ to the center of the image /
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Need for a fine-tuning compensation th
minimization

ﬂ. Phase Image after compensating the linear tilt and the \

guadratic phase factogbo(x) =angle[ h. (x) |-t(x)-s(x)

2. Generation of a residual quadratic phase factor

SR(X)ZCL[XZ + yz]

R

Compensated
Phase image

The residual curvature, Cy , estimated by minimizing the standard
deviation of the reconstructed phase image (e.g., minimizing the
number of phase wraps in the image). We found that the best

optimizer was the a hybrid between genetic algorithm and patterns
search (ga+ps).

Fine-tuning
Compensated
Phase Image
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M We outline the implementation steps necessary for automatic
reconstruction method for quantitative phase imaging using a digital
holographic microscope operating in non-telecentric regime.

M Our implementation only requires that the user knows the wavelength
of the laser used and the camera specifications (i.e., pixel and sensor
size).

O Comparison of alternative thresholding image segmentation methods and cost functions
O Investigation of alternative approaches to reduce reconstruction times

O Single reconstruction algorithm for telecentric and non-telecentric DHM systems (e.g.,
generalization)
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