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In this Letter, we present a highly compact and low-cost holographic microscope which is especially suitable for
observing transparent samples with certain specific supports such as microchannels. This microscope employs only
an inexpensive laser diode, a dual precision round aperture, and a digital light sensor. The total cost of the system
except for the digital sensor is less than 400 US dollars, and a hand-held system can be made based on our setup.
Besides the simple, cheap, and compact setup, this system can capture the off-axis interference pattern of two
spherical waves and reconstruct the quantitative phase profile along with the amplitude image of the observed
sample with the twin image eliminated in real time. Experimental results show that the resolution of our system
is better than 2 μm, and the 3D structure of blood cells can be retrieved. © 2014 Optical Society of America
OCIS codes: (090.1995) Digital holography; (120.5050) Phase measurement; (090.2880) Holographic interferometry.
http://dx.doi.org/10.1364/OL.39.004549

Gabor in-line holography was first introduced in 1948 [1].
Microscopes based on Gabor in-line holography can be
made cheaply and compactly [2–4]. However, this
method suffers significantly from the twin image which
smears around the object, lowering the contrast of the
reconstructions. Even though iteration algorithms [2,5]
can effectively suppress the twin image, it is time-con-
suming for real-time imaging systems, and the size of
the sample is restricted by the Fresnel number of the re-
cording geometry. Off-axis holography [6–8], on the other
hand, generates high-quality images and retrieves quan-
titative phase images but is much more complicated.
Researchers employ beam splitters, mirrors, condensers,
and lenses to gain enlarged off-axis holograms, which
greatly increase the cost and size of the whole system.
Recently, great efforts were made to lower the cost of the
off-axis holographic microscope [9–11], where diverse
brilliant holographic interferometers were invented.
However, all of those interferometers were required to
be installed on a traditional optical microscope, leading
to an expanded size of those systems. This Letter aimed
to design a low-cost and more compact off-axis holo-
graphic transmission microscope which has a simple
setup as in Gabor in-line holography but features charac-
teristics of off-axis holography.
The schematic of the system is shown in Fig. 1. Except

for the dual aperture (customized from National Aper-
ture, pinhole size � 5 μm, center to center distance �
1.7 mm), the geometry of our system is similar to Gabor
in-line holography where the object is a few millimeters
away from the point source, and the digital light sensor is
several times farther away. An inexpensive laser diode
(LD-T650H00, λ � 650 nm, measured power ≈120 mW)
casts a light spot on the dual aperture which produces
two coherent spherical light sources. The first point
source, emitted from the object pinhole, illuminates on
the object, while the other one, emitted from the refer-
ence pinhole, illuminates a clean area to create the refer-
ence wave. The two beams interfere with each other at
the sensor plane to create a hologram which is then
captured by the digital sensor (ORIA-2-CL-M-S,

resolution: 2048 � 2048, pixel size � 5.5 μm). This gray-
scale hologram can be represented as

I � jR1�x; y� � O1�x; y�j2: (1)

R1�x; y� is the wavefront of the reference wave at the dig-
ital sensor plane, and O1�x; y� is that of the object wave.
The reference wave in this Letter refers in particular to
the off-axis reference wave, and the object wave is the
combination of the in-line reference wave and the in-line
object wave. The reference wave can be treated as an
ideal point source such that

R1�x; y� � jR1�x; y�j exp�ikrR1�; (2)

where k is the wave number and rR1 �������������������������������������������������������������
�x − xp0�2 � �y − yp0�2 � Z2

q
. The object wave, how-

ever, is modulated by the object. According to the
Huygens–Fresnel principle [2,12], the wavefront of the
object wave at the sensor plane can be calculated using
the wavefront at the sensor plane. For simplicity, we
directly give the convolution form of this principle:

Fig. 1. System diagram.

August 1, 2014 / Vol. 39, No. 15 / OPTICS LETTERS 4549

0146-9592/14/154549-04$15.00/0 © 2014 Optical Society of America

http://dx.doi.org/10.1364/OL.39.004549


O1�x; y� � O0�x; y� � �hZ2�x; y�; (3)

where �� is the convolution operator, O0�x; y� is the light
field right after the object plane, and hZ2 is the Fresnel
kernel, which can be defined as [12,13]

hZ2�x; y� � exp
�
i

π

λZ2
�x2 � y2�

�
: (4)

If we treat the sample as a planar object, the light field
right after the object plane can be regarded as the com-
bination of original in-line reference wave and the in-line
object wave such that

O0�x; y� � �1� f �x; y�� exp�ikrO0�: (5)

f �x; y� is the complex value of the planar sample, and

rO0 �
������������������������������������������������������������
�x − xp1�2 � �y − yp1�2 � Z2

1

q
. If we use a quad-

ratic-phase exponential to approximate the wavefronts
of the object wave [12,14] and substitute Eq. (5) into
Eq. (3), we can simplify the expression of O1�x; y� using
operators (Q, R, and V) defined in Section 5.4.1 of [12] as
follows:

O1�x; y� � ��1� f �x; y�� exp�ikrO0�� � �hZ2

≈ R�Z2�Q
�
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� �hM�Z2�x; y�� exp�ikrO1�;

(6)

where rO1 �
������������������������������������������������������������
�x − xp1�2 � �y − yp1�2 � Z2

q
, and the mag-

nification factor of the system M � Z∕Z1. If we define

O1�x; y� � O1�x; y� exp�−ikrO1�

≈
�
1� f

�
x
M

;
y
M

��
� �hM�Z2�x; y�; (7)

and substitute Eqs. (2) and (6) into Eq. (1), we can get

I � jR1�x; y�j2 � jO1�x; y�j2
� jR1�x; y�jO1�x; y� exp�ik�rO1 − rR1��
� jR1�x; y�jO�

1�x; y�fexp�ik�rO1 − rR1��g�: (8)

The first two terms are the zero-order terms, while the
third and forth terms are known as the object term and
the twin image term, respectively. By first-order approxi-
mation, the term exp�ik�rO1 − rR1�� can be simplified as
C � exp��ik∕Z��dxx� dyy��, where C is a complex con-
stant, dx � xp1 − xp0, and dy � yp1 − yp0. From this equa-
tion, we can see that the term exp�ik�rO1 − rR1�� pushes

the object term and the twin image term into the higher
frequency part, and the shifted frequency

f sh ≈
d
Zλ

; (9)

where d is the distance between two pinholes. Thus, we
can adopt the spatial filtering method [15] used in off-axis
holography with plane waves to reconstruct this holo-
gram grabbed by our system.

The distance between two pinholes, namely d, is the
only parameter which does not exist in Gabor in-line
holography. Several issues need to be taken into consid-
eration when determining the value of the d. First, d is
proportional to the shifted frequency as shown in
Eq. (9). If the sampling frequency of the digital sensor is
fixed, the optimal frequency of the shifted frequency is
fixed as demonstrated in [13,16]. Thus, d should be in line
with the values of Z and λ. If d is badly decided, Z or λ
should be adjusted accordingly in order to generate off-
axis holograms with proper fringes, which may influence
the resolution of our system. Second, d restricts the mini-
mum size of the light spot which covers the reference pin-
hole and the object pinhole, while the size of the light
spot exerts a crucial impact on the light flux through
the dual aperture. As a result, d should be small enough
to ensure that sufficient light can go through the dual
aperture. In the end, d influences the flexibility of our sys-
tem. If d is smaller than W∕�M − 1�, where W is the side
length of the digital sensor, the wavefront of the refer-
ence wave at the object plane will overlap with the object
wave, which may introduce noise into the reconstruc-
tions. Among the aforementioned three issues, we think
that the first one is the most important. This is because
once d is determined, the maximum resolution of the pro-
posed system is fixed no matter how we modify the other
parameters. For the second and third issues, we can rem-
edy the limitations of d by utilizing powerful lasers and
microchannels.

As aforementioned, the most striking advantages of the
proposed system are the capacity of the formation of off-
axis holograms and the elimination of the twin image
with a simple setup similar to Gabor in-line holography.
To verify this characteristic, we first compared the re-
sults of the proposed system with the results of Gabor
in-line holography shown in Fig. 2. Unlike the in-line
hologram shown in Figs. 2(b) and 2(d), high-frequency
fringes show up in Figs. 2(a) and 2(c), which represent
the formation of the off-axis hologram. From the recon-
structed amplitude image in Figs. 2(e) and 2(f), it can be
seen that the contrast of the reconstructions using the
proposed system is much higher than using Gabor in-line
holography with similar configurations. Also, larger view-
ing area can be obtained using the proposed system. This
may be because the object at the edge of the image is
submerged by the smeared twin image of the central
object with the in-line setup. Last but not least, lower
noise can be obtained in the clean area. In contrast with
enlarged amplitude image of area D shown in Fig. 2(h),
smaller intensity turbulence is observed in Fig. 2(g), to
which speckle noise contributes most.

The theoretical resolution of proposed system is the
same as in Gabor in-line holography, which is confirmed
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by Fig. 3. The smallest element of USAF 1951 group 7 is
clearly resolved, which implies that the resolution of our
system is better than 2.19 μm. And with 3 μm apertures,
we predict that the resolution of 1 μm can be easily
achieved with corresponding values of Z and d. However,
further improvement by increasing the NA of the system
and shrinking the size of the pinholes can be found
exceptionally difficult, as nearly no light can go through

the dual aperture. Still, the resolution of our system can
be improved using immersion holography [17].

The alignment of our system is relatively simple in
comparison with Gabor in-line holography, because we
do not use any microscope objective to increase the illu-
mination angle. We just cast a large light spot on the dual
aperture, which can easily cover the two pinholes. How-
ever, as almost all light is blocked by the dual aperture,
we have to use a laser diode with considerably large
power. Based on our experimental results, a laser diode
of about 120 mW can provide enough light in our system
with 3 μm pinholes.

To further demonstrate the feasibility of our system,
we conducted several experiments with biological
samples. Figure 4 shows 2D reconstructions of stained
human stem cells. Unlike USAF 1951, which is a pure
amplitude object, stem cells are not opaque. The quanti-
tative phase profile of those stem cells along with the
amplitude image can be acquired using the proposed
holographic microscope. Figure 5 shows other results
with blood cells. The unwrapped phase represents
the optical delay of the transmissive light. When the
refractive index is homogeneous inside the sample, the
phase profile can reflect the 3D structure of the sample.
Figure 5(d) shows the 3D rendering of the phase profile
of the blood cells. As we can see, the 3D structure can
be clearly obtained.

One major assumption of our system is that the refer-
ence wave illuminates a clean area. If this assumption
does not hold, the twin image of the dirt which contam-
inates the reference wave may be seen in the reconstruc-
tions. Figure 6 shows the reconstruction results under
such circumstances. In this case, the reference wave
illuminates a sample which is highlighted by the black
rectangle in Fig. 6(b). Thus the twin image of this sample
appears at the same position in the reconstructed image
at z � 1270 μm as shown in Fig. 6(a), and this sample
can be reconstructed at the same depth in the opposite
direction. This situation can be easily avoided when
microchannels are used to restrict the samples. Also, flu-
idic samples can be pumped through the microchannel,
which can greatly increase the flexibility of the system.
With one core of GTX 690, the capture and 3D
reconstruction of a hologram of 2048 � 2048 takes only
about 20 ms. This enables us to observe samples with

Fig. 2. Comparison of results of proposed system with results
of Gabor in-line holography. Target: USAF 1951. For the pro-
posed system, the source–sensor distance � 29 mm and the
source–object distance � 1 mm (the distances shown in this
Letter are calculated using the shifted frequency of the image
and the distance between two pinholes); NA � 0.20. For the Ga-
bor in-line system, the configuration is roughly the same as the
proposed system.

Fig. 3. Enlarged image of Fig. 2(e). The width of smallest
element of USAF 1951 group 7 is 2.19 μm. A cross section of
the amplitude image across the smallest bar demonstrates
the resolution of proposed system to be <2.19 μm.

Fig. 4. Reconstruction results of human stem cells using the
proposed system. A photograph captured with 20 × 0.3 NA
lens using a traditional optical microscope is provided for com-
parison. Source–sensor distance � 29.4 mm; source-object
distance � 1.3 mm; NA � 0.2.
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high throughput in real time using multiple graphics
processing units (GPUs).
In conclusion, we have shown a highly compact, low-

cost microscope using two spherical waves created by a
dual precision aperture. The amplitude and phase profile
of the sample can be retrieved using this holographic

microscope. The resolution of this microscope is better
than 2 μm, and 3D image of blood cells can be recon-
structed in real time.

This work is supported in part by the Hong Kong
Innovation and Technology Fund via project ITS/089/
13 and the State Key Laboratory of Robotics and
Systems, Harbin Institute of Technology.
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Fig. 6. Reconstructed phase image of a hologram of human
stem cells (a) at 1270 μm and (b) at −1240 μm.

Fig. 5. Hologram of blood cells and its reconstructions.
Source–sensor distance � 29.5 mm, source-object distance �
1 mm, NA � 0.2. (a) Gray-scale hologram. (b) Phase recon-
structions of (a); an enlarged picture of the highlighted area
is provided on the upper-right corner. (c) Phase value of the
white line on (b). (d) 3D rendering of highlighted area of (b).
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