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In order to improve the resolution of digital holography with a common-dimension charge-coupled
device (CCD) sensor, the point spread functions are briefly derived for the commonly used and practical
post-magnification, pre-magnification, and image-plane digital holographic microscopic systems. The
ultimate resolutions of these systems are analyzed and compared. The results show that the ultimate
lateral resolution of pre-magnification digital holography is superior to that of post-magnification
digital holography in the same conditions. We also demonstrate that the ultimate lateral resolution
of image-plane digital holography has no correlation with the photosensitive dimension of the CCD
sensor, and it is not significantly related to the pixel size of the sensor. Moreover, both the ultimate
resolution and the imaging quality of image-plane digital holography are superior to that of pre- and
post-magnification digital holographic microscopy. High-resolution imaging, whose resolution is close to
the ultimate resolution of the microscope objective, can be achieved by image-plane digital holography
even with a submillimeter-dimension sensor. This system, by which perfect imaging can be achieved,
is optimal for commonly used digital holographic microscopy. Experimental results demonstrate the
correctness of the theoretical analysis.
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olution and image quality of the most commonly used
pre-magnification digital holographic microscopy (Pre-
MDHM) and post-magnification digital holographic mi-

1 Introduction

Digital holographic microscopy (DHM) has been es-
tablished as a very powerful microscopic imaging and
measurement tool [1] that possesses real-time, non-
contact, non-invasive, high-sensitivity features. More-
over, DHM offers significant advantages over conven-
tional microscopy in accessibility to quantitative ampli-
tude and phase information, and in flexible digital pro-
cessing such as storage, filtering, auto-focusing, aberra-
tion compensation, and display. DHM has been widely
used in many fields such as biomedical science [2-7],
micro- and nano-fabrication [8-10], materials science
[11-13], the particle field [14-17], atomic physics [18],
and the thermal energy field [19]. Nevertheless, the res-

croscopy (Post-MDHM) are restricted by the photosensi-
tive dimensions and the pixel size of the sensor, which has
greatly limited the application of DHM. To improve the
resolution and image quality of DHM, many approaches
have recently been proposed, such as structured light
illumination [20, 21], synthetic aperture [22-24], super-
resolution [17, 25], interferometric microscopy [26], and
vortex light illumination [27]. These methods can im-
prove the resolution theoretically; however, so far, the
improvement has not been achieved in microscopic imag-
ing. In addition, these methods make the holographic
recording system more complicated and the reconstruc-
tion slower. We find that image-plane digital holographic
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microscopy (IPDHM) has many unique advantages over
other kinds of DHM, such as a low-coherent source and
very simple and quick numerical reconstruction. Another
important advantage is that the resolution is indepen-
dent of the photosensitive dimensions of the recording
device and is consistent for each point of the image plane,
which makes high resolution and high-quality imaging
achievable by using only a CCD sensor with very small
dimensions. Recently, Sadnchez-Ortiga et al. proposed a
special DHM system formed by an infinity-corrected mi-
croscopic objective (MO) and a tube lens (TL) in the
object path [28], which has better performance than that
of the most commonly used DHM, especially in accurate
phase imaging. In this paper, however, we discuss only
the conventional DHM system.

The remainder of this paper is organized as follows.
In Section 2, the point spread function (PSF) of prac-
tical Post-MDHM and IPDHM is briefly derived based
on scalar diffraction theory. Then, the ultimate lateral
resolutions (ULRs) of these systems are analyzed and
compared. Some experimental results are presented in
Section 3 to demonstrate the correctness of the analysis.
Finally, Section 4 summarizes the main conclusions of
this paper.

2 Theoretical analysis

2.1 Recording and reconstruction of digital hologram

The setup of off-axis DHM recorded with a plane refer-
ence wave is shown in Fig. 1. The light from the laser
source is divided by PBS into two beams with differ-
ent polarization directions. The half-wave plate between
the light source and PBS adjusts the intensity of the
two beams. Then, the two beams are expanded and col-
limated by BE; and BEs, respectively, to become two
plane waves. One of the beams is the reference wave,
and the other illuminates the sample. The object is pre-

A2 PBS

= il
Laser source .

Fig. 1 The schematic of the setup of off-axis DHM recorded
with plane reference wave.
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Fig. 2 The coordinate schematic of off-axis Post-MDHM
system recorded with planar reference wave.

magnified and imaged by an MO. The digital hologram
formed by interference between the object and reference
waves is recorded by a CCD sensor and stored on a frame
grab card in the computer. In the reference wave path,
another half-wave plate produces the same polarization
states of the two waves on the CCD plane. In Fig. 1,
the plane reference wave will become a spherical wave
by inserting an MO in the reference beam.

Figure 2 depicts the coordinate schematic of off-axis
Post-MDHM recorded with the plane reference wave,
where MO is represented by a positive lens whose focal
length is f. The object plane, MO plane, image plane,
and CCD plane are located at xo — Yo, Tm — Ym, Ti — Vi,
and x —y, respectively. The optical axis z of the MO per-
pendicularly passes through the center of the four planes.
The objective distance and the image distance of the MO
are represented by dgy and d;, respectively. The hologram
recording distance is d, and R is the plane reference wave.
In Fig. 2, if the CCD sensor is located in front of the im-
age plane, the system becomes Pre-MDHM; and if the
recording plane coincides with the image plane, which
meansd = 0, the DHM becomes IPDHM.

According to the paraxial Fresnel diffraction integral
and the Fourier transform properties of lenses, the com-
plex amplitude distribution of the object wave field at
the CCD plane is given by [29]

1] J et

—00 —0O0

(Ve ik
xcirc (D/2) exp { 57 — (22, —I—ym)]
X exp{%;ﬁw[(xxmy‘i’(yymf]} Az dym,

(1)

where A\ is the wavelength of the illumination light,
i =+/—1,k = 2r/X is the wavenumber, D is the aper-
ture diameter of the MO, and ® refers to the convolution

explkd +d
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operation. The complex amplitude distribution of the ob-
ject wave in the front surface of the MO is U (@, Y ) and

is written as
o0 o0
exp (ikdp) / /
o(xo,
YA 0 yo
— 00 — 00

xexp{;:; (@ —70)? +(ym—yo)2}}dxodyo,
(2)

where o(zg, yo) is the complex amplitude transmittance
of the object.

The interference intensity in the recording plane is
given by

U(Imyym

H(z,y) = [O(z,y)]* + [R(z,y)[* + R*(2,y)O(z,y)
+0*(z,y)R(z,y), (3)
where * represents the complex conjugate. As shown in

Fig. 2, R(x,y) is the complex amplitude of the plane
reference wave field and is found by

R(z,y) = Roexp[=i27(fax + fyy)], (4)

where fx and fy are the spatial frequency components
in the two perpendicular directions.

Assume that Az, Ay is the pixel size and N, N, repre-
sents the pixel numbers of the CCD in two perpendicular
directions, and «, 8(0 < «, 8 < 1), which is usually very
close to one, represents the fill factors of the CCD sen-
sor. Taking into account the discretization and the pixel
averaging effect of the CCD sensor, the recorded digital
hologram is written as [1]

HD(x,y):[H( )®reCt< ala ﬂiyﬂ

Y z Y
><comb<A A )rect (NzAx’NyAy)'

The reconstruction of digital holography is achieved by
numerically simulating the diffraction process of the op-
tical wave field. However, for simplicity, the following
analysis is still based on the continuous form of the op-
tical wave field. In Post-MDHM, because the final image
plane is in front of the hologram plane, the image field
is calculated by back-propagating the hologram infor-
mation to the image plane. By applying the frequency
domain filtering method to eliminate the zero-order and
undesired —1 order terms, the +1 order diffraction wave
field of the hologram can be obtained,

Usi(z,y) = FT "HFT [Hp(z,y)] - Wi (fu, fy)}, (6)

where Wii(fz, fy) is the transparent filtering window
function, which is transparent for the +1 order spectrum.

Hua-Ying Wang, et al., Front. Phys. 11(6), 114206 (2016)

The window should be selected not only so that it con-
tains as much high-frequency information as possible but
also so that the +1 order spectrum avoids interference by
the zero-order term. According to the angular spectrum
formula of scalar diffraction and the linear system the-
ory, the complex amplitude of the reconstructed image
field is obtained by

Ulzi,yi) = FT HFT{R(w,y)Usi (2, 9)}G(fz, )}
(7)

and

G(far fy) = exp {—ik:d\/l — (Mf)?— ()\fy)2} RNE

where FT and FT~! denote two-dimensional forward and
inverse Fourier transform, respectively, and G(fz, fy) is
the transfer function of light propagation in free space.
The difference between Pre-MDHM and Post-MDHM in
the reconstruction process is the opposite propagating di-
rection of the optical wave field from the hologram plane
to image plane, which means that the image field of Pre-
MDHM can be determined by replacing d with —d in Eq.
(8).

Because the CCD plane is coincident with the im-
age plane, the hologram recording distance d is zero in
IPDHM. Thus, with d = 0 in Eq. (1), the complex am-
plitude distribution of the object wave field at the CCD
plane can be obtained. For hologram reconstruction of
IPDHM, the collimated plane wave is usually used as
the reconstructing reference wave. Because there is no
diffraction from the hologram plane to the image plane,
which leads to G(fs, fy) = 1, the process of numerical
reconstruction is much simpler. The complex amplitude
of the reconstructed original image wave field is

U(zi,yi) = FT YFT [Hp(z,y)] - Wia(fa, )} (9)
From Eq. (9), one can see that if a proper filtering win-
dow is applied so that the 4+1 order term is completely
selected out, the filtered hologram itself is the amplitude
distribution of the reconstructed image wave field. There-
fore, the recording of a high-quality digital hologram is
of crucial importance [28].

2.2 Ultimate lateral resolution of the DHM system

The ultimate lateral resolution (ULR) of an imaging sys-
tem depends on the main lobe width of the amplitude
PSF of the system. To obtain the PSF of a holographic
system, it is supposed that a point object with unit in-
tensity is located at (£,7) in the z¢o — yo plane and is
represented by d(zg — &, yo — ). Substituting o(xo, yo)
with §(zo — &, yo — 1) into Eq. (2), the amplitude dis-
tribution of the spherical wave field on the MO plane
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formed by the point source can be obtained, and it is

exp(ikdo)
1>\d0

X exp { 25 [(zm—&)? (ymn)zl} - (10)

To obtain the PSF of the Post-MDHM system, we use the
Fresnel diffraction formula for reconstructing the holo-
gram and take into account the finite aperture of the
CCD but ignore the sampling and averaging effect of
CCD pixels in Eq. (5). By combining Egs. (1) and (3)—
(5) with Eq. (10), the PSF of the Post-MDHM system,
whose detailed derivation process is very similar to that
of Ref. [29], is as follows:

U(Zm, Ym) =

PSF+1($¢,yi)

=Cexp |—

<x+%ﬂ

; (gt e o] {22

p
®{smc [

X exp

x; + Mf)} sinc [Nf\ﬁy (yi + Mn)}

ig@u%yﬂ}} (1)
where

p= /(& + M)

and C is real constants. The definition of the sinc{} func-
tion is sinc (x) = sin(wz)/7x, and M = d;/dy is the mag-
nification of the reconstructed image. Moreover, the most
common case in which the square pixel and equal pixel
number in the perpendicular directions and the object-
image relation 1/dy+1/d; = 1/ f has also been used. For
the Pre-MDHM system, the same expression as Eq. (11)
is used except d is replaced with —d in all the exponential
functions.

From Eq. (11), one can see that the Post- and
Pre-MDHM systems are cascade imaging systems, in
which the amplitude distributions of the PSFs of the
CCD and MO imaging units are sinc [NxAx/(Ad)(z; +
ME)|sinc [NyAy/(Ad)(y; + Mn)] and Jy[wDp]/p, respec-
tively. According to the Rayleigh criterion, the lateral
resolution of an imaging system equals the half-width of
the amplitude PSF. Thus, the theoretical ULRs of the
two imaging units, which means the distance between
the closest two points resolved by the imaging system
in the object plane, are dccp = max{Ad/(MNzAz),
Ad/(MNyAy)} and dmo = 0.61\/NA, respectively. Be-
cause the convolution operation has a broadening effect,
the ULRs of Pre- and Post-MDHM systems are inferior
to those of CCD and MO imaging units. Evidently, one
can improve the resolution by choosing a large numerical

+ (i + Mn)?/(Ads) (12)
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aperture (NA), large magnification of the MO, and large
CCD sensor dimensions, but this improvement is very
restricted to the parameters. Furthermore, when other
parameters remain unchanged, the smaller the hologram
recording distance d, the higher is the ULR of the DHM
system. The limiting case of both Pre- and Post-MDHM
is the hologram distance d = 0, in which the system
is only IPDHM. Thus, by inference, the IPDHM system
has the highest imaging resolution compared to the other
two commonly used DHMs.

Although Pre-MDHM and Post-MDHM have very
similar expressions, the ULR of Post-MDHM is inferior
to that of Pre-MDHM in the same conditions because less
high-frequency information is in the hologram recorded
by Post-MDHM. To illustrate this point, a schematic
diagram of the microscopic imaging system is given in
Fig. 3. If we suppose that the imaging system is perfect,
the B’A’ is the magnified replication of AB. If a refer-
ence wave is introduced to the image system, holographic
imaging is achieved. When a CCD sensor is placed at the
image plane, in front of and behind the image plane, such
as B’A’, DE, and FG, as shown in Fig. 3, the digital holo-
grams are recorded by IPDHM, Pre-MDHM, and Post-
MDHM, respectively. Since the dimensions of the CCD
sensor are limited, which is L, = B’C’ in Fig. 3, the ob-
ject spatial frequency information encoded in different
holograms is different. From Fig. 3, one can see that the
high-frequency information recorded by Post-MDHM is
less than that of both IPDHM and Pre-MDHM.

Theoretically, the +1 order diffraction term can be
exactly obtained. In this case, Eq. (9) becomes

Ui )= | B )0l ) @ et (5]

r oy € Y
xcomb (A A )rect (NxAx’ NyAy> .
(13)

By combining Eq. (1), (4), and (10) with (13) and by
some mathematical deduction, the PSF of the original
image field obtained by IPDHM is

PSF1(xi,y;)

= C'exp [2150(52 +n2)] X {{eXp [2]; (aF +yl)]
i)

x expli2m( fos + fyyi)]
T Y Ti Y

Rrect < Az’ Ay )}comb (Ax7 Ay)
T Yi

xrect <N1Ax’ NyAy) : (14)

The pixel averaging and sampling effect have been taken
into account in Eq. (14). For the case of a spherical refer-

Hua-Ying Wang, et al., Front. Phys. 11(6), 114206 (2016)
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Object MO

Focal plane

Fig. 3 The schematic for MO imaging and for recording magnified image of CCD.

ence wave, the PSF has the same form as Eq. (14) except
for the different exponential function.

In Eq. (14), the ULR of the MO imaging unit is
still given by Ji[rDp]/p. The function rect (x;/NxAx,
yi/NyAy) together with the magnification M de-
termines the field of view (FOV). The function
comb (z;/Ax,y;/Ay) describes the sampling process in
the image plane but has no correlation with the system
resolution because of the large imaging magnification and
the smaller pixel size of the commonly used CCD in mi-
croscopic imaging. The effect of the convolution opera-
tion with the function rect (z;/aAx,y; /BAy) is smooth-
ing the sharpness of the function Ji[rDp]/p. Due to the
relatively small size of aAy and Ay, the blurring effect
is very small, which means that the convolution opera-
tions can deteriorate the resolution slightly. There is the
same convolution operation in all kinds of digital hologra-
phy. Moreover, it is evident that the ULR of IPDHM has
nothing to do with the dimensions of the sensor. There-
fore, it is concluded that the ULR of IPDHM depends
mainly on the NA of the MO used and the wavelength
of the laser. The parameters of the recording sensor have
little effect on the ULR, which is very different from other
kinds of digital holography.

If the pixel averaging and sampling effect are ignored,
Eq. (14) becomes

PSF—‘rl(xiayi)

_ i 2 2 i 2 2
= C"exp {2(10(5 +n )} {exp [Qdi(xi ‘1‘%)}

x expli2m( fos + fyyi

L Yi
xrect <NxA:c’ NyAy) . (15)

Hua-Ying Wang, et al., Front. Phys. 11(6), 114206 (2016)

2.3 Advantages of IPDHM

There are many advantages of IPDHM compared to Pre-
and Post-MDHM. Apart from those mentioned earlier,
there are three main kinds of advantages to be analyzed.

(i) High-resolution imaging can be achieved by using
a CCD sensor with very small dimensions.

Since the ULR of an IPDHM system does not depend
on the sensor dimensions, high resolution can be achieved
by exploring a CCD sensor with very small dimensions,
which can greatly reduce the cost of the DHM system.
This is not applicable for other kinds of digital hologra-
phy.

(ii) The imaging quality of IPDHM is much better than
that of Pre- and Post-MDHM.

The high-performance imaging of IPDHM is mainly
reflected in a number of aspects. First, its imaging res-
olution is superior to that of Pre- or Post-MDHM, as
mentioned above. Second, the resolution of the intensity
image of every point in the FOV is the same, which can
be explained by Eq. (14). From Eq. (14), it is evident
that the amplitude distribution of PSF is irrelevant to
the coordinates of the object point except for the term
J1[mDp]/p, thus, the ULR is also irrelevant to the coor-
dinates of the object point. Third, its imaging is perfect.
This is because the image plane is a very special plane
in which the CCD sensor can receive all the frequency
components emitted from any point in the range of FOV
and passed through the MO. However, for Pre- and Post-
MDHM, some high-frequency components emitted from
the edge of FOV and passed through the MO cannot be
received by the CCD sensor. The larger the recording dis-
tance, the greater the loss of information, which means
that the imaging resolution of the marginal area imaged
by Pre- and Post-MDHM is inferior to that of the center
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area. Thus, the imaging of Pre- and Post-MDHM is im-
perfect. Fourth, it is very important to obtain the record-
ing distance accurately in digital holography, which in-
fluences the phase measurement accuracy dramatically.
Because the recording distance of the image-plane holo-
gram is zero, phase error is not introduced by recording
distance error. Therefore, the phase error reconstructed
by IPDHM is smaller than that of other kinds of digital
holography.

(iii) Imaging with large FOV can be easily achieved by
IPDHM.

In DHM, the FOV depends mainly on the parame-
ters of the MO used. To increase the FOV, the image
fusion method is usually adopted by recording multiple
holograms. This is very complicated for Pre- and Post-
MDHM because the object information carried by each
point of the hologram is associated with each other. How-
ever, for IPDHM, because the object information carried
by different points of the hologram is not related to each
other, the fusion of holograms is very easy. On the other
hand, the image reconstructed by IPDHM possesses the
same quality and resolution at the center as at the edge
of the FOV, which makes the fusion of the reconstructed
images also very easy. Moreover, because the recording
device is located at the image plane, the recording pro-
cess is very easy to control. In addition, high-quality
imaging can be achieved by using a low-cost recording
device.

Owing to the effects of the quadratic phase introduced
by the MO, which results in the shift-variant nature of
the regular DHM system, there are different phase er-
rors at different positions in the reconstructed phase im-
ages [28]. According to Ref. [28], the ruining effects can
be eliminated by introducing an infinity-corrected MO

Fig. 4

and a TL system in the object path so that a three-
dimensional reconstructed image with small phase error
can be obtained. Therefore, the above analyses are only
applicable to the regular DHM. Taking into account the
view that the quadratic phase also has unwanted effects
in the digital hologram recording conditions to achieve
diffraction-limited DHM [28], the aforementioned special
DHM system generally performs better than the regular
DHM system for phase imaging.

3 Experimental results

The experimental setup is shown in Fig. 1, in which the
light source was a He-Ne laser with a 632.8 nm wave-
length. The chosen sensor was a 1392 x 1032 pixel CCD
with pixel size 4.65 pm x 4.65 um and 16-bit gray level.
We chose a 40x/0.65 MO for which NA/M = 0.016 and
the focal length f = 4.65 mm. The theoretical ULR of
the MO was 0.594 pum. In all the following experiments,
the magnifications of the MO were adjusted to 40.0.

A negative 1951 USAF resolution target was placed in
the near front of the MO focal plane, as shown in Fig. 1.
Figure 4(a) is an original hologram with 1024 x 1024
pixels. By applying the adjacent pixel average with
2 x 2 to Fig. 4(a), a new hologram with pixel size 9.30
pum x 9.30 pm and 512 x 512 pixels was obtained, as
shown in Fig. 4(e). The corresponding frequency spec-
tra are presented in Figs. 4(b) and (f), in which the red
rectangular areas are the filtered spectra used to recon-
struct the original images. From Figs. 4(b) and (f), one
can see that the size of the +1 order frequency spec-
trum almost achieved maximum to limit the loss of the
high-frequency spectrum information as much as possi-

8 9
=Wz
=Y IE
=

=Y -
=m W=

9

8
= | mns
E I" ms

=i

The holograms (left columns) recorded with plane reference, frequency spectral (second columns), recon-

structed intensity images (third columns), magnified images within the red rectangle (fourth columns). (a—d) pixel size

4.65 pm x 4.65 pm, (e—h) pixel size 9.30 pm x 9.30 um.
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ble. For simplicity, the same operation is applied to the
following experimental results. The reconstructed inten-
sity images of the two holograms are given in Figs. 4(c)
and (g). Figures 4(d) and (h) are the magnified images in
the red rectangle of Figs. 4(c) and (g), respectively, from
which three elements of group 9 of the test target are
clearly resolved. Note that the zero-order spectra were
moved to the four corners in Fig. 4(f) to avoid overlap-
ping the two first-order spectra and to obtain an entire
first-order spectrum. By comparing Figs. 4(d) and (e),
one can see that there is no apparent difference between
them, which means that the lateral resolution of IPDHM
depends very little on the pixel size of the sensor.

Figures 5(a), (d), and (g) are the tailored holograms
from Fig. 4(a) with 512 x 512, 256 x 256, and 128 x
128 pixels, respectively. Figures 5(b), (e), and (h) are
frequency spectra of the three holograms, and Figs. 5(c),
(f), and (i) are the reconstructed intensity images. In Fig.
5(a), the three lines within the white rectangle are the
three elements of group 9 of the test target, and its width
is 0.78 wm, which is larger than the resolvable width of
the system. By comparing the three intensity images, it
is evident that the clarity of the lines does not degrade as
the hologram size decreases, which demonstrates that the
ULR has no correlation with the CCD sensor dimensions.
The hologram size of Fig. 5(g) is just 0.595 mm.

To demonstrate the high performance of IPDHM with
very small sensor dimensions for phase imaging, an ex-
periment using human blood cells was conducted, and
the results are shown in Figs. 6 and 7. Figures 6(a) and
(b) are the original hologram recorded with a spherical

()

Phase (rad)
o

Fig. 6

reference wave and its frequency spectrum, respectively.
The two- and three-dimensional phase images calculated
with Eq. (9) are shown in Figs. 6(c) and (d), respec-
tively, and Fig. 6(e) is the magnified image of the cell
in the red ring of Fig. 6(c). Both Figs. 7(a) and (e) are
tailored holograms from Fig. 6(a). By comparing Fig. 6

\ AN
\‘ \,\\\\\\\\\\\c\\
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SN
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\ ~\\_\\\\\*-'

Fig. 5 The holograms (left columns) recorded with plane
reference wave, frequency spectral (middle columns) and re-
constructed intensity images (right columns). (a—c) 512x512,
(d—f) 256 x 256, (g—i) 128 x 128.

6 &
i\

The experimental results for human blood cell. (a) hologram (512 x 512), (b) frequency spectrum, (c) two-

dimensional phase, (d) three-dimensional display of (c), (e) magnified image of the cell in the red ring of (c).
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Fig. 7 The holograms tailored from Fig. 6(a) (left columns), the frequency spectral (second columns), the 2D reconstructed
phase image and 3D display of the reconstructed phase (right columns). (a—d) 256 x 256, (e—h) 128 x 128.

with 7, it is obvious that high-resolution phase imaging
was also achieved by IPDHM and by using a sensor with
very small dimensions.

Figure 8(a) is an original hologram recorded by Post-
MDHM with recording distance d = 46 mm and pixel
number 1024 x 1024. In the experiment, the MO was the

© g g
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!" 1133
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Fig. 8 The holograms (left columns) recorded by Post-
MDHM, frequency spectral (middle columns) and recon-
structed intensity images (right columns). (a—c) 1024 x 1024,
(d—f) 512 x 512, (g—i) 256 x 256.
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same as the one used in IPDHM. Figure 8(d) is the cen-
ter part of Fig. 8(a) with pixel number 512 x 512. Figure
8(g) is the tailored hologram with pixel number 256 x 256
and from the top-right of Fig. 8(a). The middle column
images are the frequency spectra of the three holograms,
and the right column shows the corresponding intensity
images. It is evident that the clarity of Figs. 8(f) and (i)
is inferior to that of Fig. 8(c), which demonstrates that
the ULR of Post-MDHM dramatically decreases with de-
creasing sensor size. Moreover, the edge of Fig. 8(f) is
very blurry and dark, which demonstrates that part of
the high-frequency spectra emitted from the edge area
of the FOV and passed through the MO were lost in the
recording process.

Figure 9 shows the experimental result obtained by
Pre-MDHM in the same condition as for Fig. 8. Some
high-frequency components of the FOV edge area were
also lost in this case. A comparison of Fig. 9 with Fig. 8
shows that the lateral resolution of Pre-MDHM is higher
than that of Post-MDHM.

()

g—
L TE

il HE

Fig. 9 The experimental results by Pre-MDHM. (a) holo-
gram with 256 x 256, (b) frequency spectrum, and (c¢) recon-
structed intensity images.
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By comparing all the intensity images of Figs. 4 and 5
with Figs. 8 and 9, it is obvious that the lateral resolu-
tion and the image quality obtained by IPDHM is much
better, especially when a CCD sensor with very small
dimensions was used.

4 Conclusions

In conclusion, we have briefly derived the PSF of a prac-
tical regular Post-MDHM system with a finite-aperture
MO and finite-dimension CCD sensor. The PSF of a
regular practical IPDHM system, which takes into ac-
count the digitalization and pixel sampling effect, was
also derived. The ULRs of these systems were analyzed
and compared, and the results show that the imaging
performance of Pre-MDHM is better than that of Post-
MDHM in the same conditions. For the commonly used
DHM, IPDHM is an optimal system, by which perfect
imaging can be achieved. Except for simple numerical
reconstruction and convenient selection of imaging area,
IPDHM also possesses many other features, such as high
resolution, high-quality imaging, and high accuracy of
the phase image. In addition, the resolution has no cor-
relation with the sensor dimensions and almost no re-
lationship to the pixel size, which makes IPDHM more
practical and easy to implement. High-resolution imag-
ing close to the ULR of the used MO can be achieved
by IPDHM even with a submillimeter-dimension sensor.
Moreover, a special DHM with an infinity-corrected MO
and a TL system in the object path performs better than
the regular DHM.
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