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Resolution enhancement in digital holographic microscopy

with structured illumination
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We present a digital holographic microscope wherein the sample is illuminated by structured light to
enable the capture of additional object spatial frequencies. Reconstructed images with increased spatial
resolution are obtained by separating and synthesizing bandwidths of different frequency regions in the
Fourier domain. The theoretical analysis and experimental results are presented.
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Digital holographic microscopy (DHM)[1−4] is a power-
ful imaging tool for studying microstructures, biological
cells, and particles. The lateral resolution of DHM is
given by kλ/NAeff , where NAeff=NAill+NAobj is the
effective numerical aperture (NA) of the recording sys-
tem, which is the sum of the NAs of the illumination
and the objective[5−7]; λ is the wavelength of the light
source; k is a proportional constant determined by the
system configuration.

Several digital holographic systems based on the syn-
thetic aperture have been proposed to improve micro-
scope resolutions. Holograms containing different ranges
of spatial frequencies are obtained by shifting the camera
or rotating the sample. After synthesizing frequencies
into a large-aperture hologram[8,9], high-resolution re-
constructions can be achieved. However, this method is
time-consuming and requires high set-up stability. Mico
et al.

[10,11] proposed several systems to improve resolu-
tion using vertical-cavity surface-emitting laser (VCSEL)
light sources and spatial multiplexing techniques instead
of moving the camera or the object. However, holograms
covering different frequency regions are still recorded se-
quentially. Two or more holograms can be angularly mul-
tiplexed into one frame[12,13], but the recording set-ups of
such systems are complex because many beam splitters
or mirrors are required to produce several references and
object illumination beam pairs with different carrier fre-
quencies. Inserting a grating into the path of the object
in the holographic system shifts higher-frequency infor-
mation into the recording range, which simplifies the
set-up[14,15]. Many gratings with different periods, how-
ever, must be prepared according to the target. Paturzo
et al.

[16] utilized an electro-optical two-dimensional (2D)
tunable grating to improve the resolution of the recon-
structed images, but this method required a reduction
in the object field of view due to the large pixel size
of the electro-optical grating. Structured illumination
is widely used to improve the resolution in microscopy,
and at least three images are required to separate the

overlapped information in each direction by shifting the
phase of the grating[17−20].

In this letter, we present an approach to improve
the resolution of a digital holographic microscope using
frequency-adjustable structured light. The proposed sys-
tem allows the recording of not only object information
as on-axis illumination but also additional frequencies
in two directions in one step and without any physical
variation of the system. The proposed system is thus
easy to implement. In comparison with a system using
traditional structured illumination, the additional fre-
quency in the proposed system can be separated from
low-frequency information by subtraction so that fewer
recordings are required. The complex amplitude of the
reconstructed image is obtained by synthesizing high and
low frequencies. Moreover, the spatial frequency infor-
mation of the recorded object is adjustable and allows
tuning of the resolution.

The proposed digital holographic system is a modified
Mach-Zehnder interferometer, as shown in Fig. 1. A
plane wave obtained by expanding and collimating a
laser beam is divided into reference and object beams
by the beam splitter BS1. The illuminated object (O) is
magnified by a microscope objective (MO) and brought
to the recording plane. The reference wave, reflected by
M2 and BS2, interferes with the object wavefront, and a
charge coupled device (CCD) detector is used to record
the interference pattern. In the reference arm, a lens
L3 is inserted to compensate for the wavefront curvature

Fig. 1. Experimental setup. M: mirror; BS: beam splitter; A:
aperture.
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introduced by the MO.
When the sample is illuminated by an on-axis

plane wave (NAill=0), the resolution of the system is
kλ/NAeff=kλ/NAobj. As in conventional microscopy,
the resolution of a digital holographic microscope may
be improved by increasing the NA of the illumination
(NAill), which can be done by the introduction of a scat-
tering plate. The illumination has a random unknown
phase, and determination of the phase change after re-
construction of the digital hologram will not be possible
because of the sample. Furthermore, the reconstructed
intensity is speckled. To avoid these effects, we illumi-
nate the sample using structured light with a well-defined
amplitude and phase distribution; this light is obtained
by imaging a grating onto the sample using a system
composed of lenses L1 and L2 (Fig. 1). Between L1 and
L2, an aperture (A) exists; this aperture is used to select
the spatial frequency of the structured light and obtain
on-axis illumination when the aperture diameter is small.

We consider an object illuminated by structured coher-
ent light with a well-defined amplitude and phase distri-
bution. We perform a complete analysis of the illumi-
nation of the object with a 2D periodical fringe pattern
produced by imaging a grating and described by
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where px and py are the periods of the grating along the x
and y directions, respectively, and m is the coefficient of
the first diffraction order. If we denote the transmission
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After passing through the MO, the five diffraction or-
ders (Ox−, Ox+, Oy−, Oy+, and O0) interfere with the
reference beam R. The intensity of the interference (holo-
gram) is given by
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and its Fourier transform (FT) is

Ĩ1(fx, fy) = Ã(fx, fy)+C̃(fx, fy)+Ũ(fx, fy)+Ũ∗(fx, fy),
(4)
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correlation between O0 and Ox−, Ox+, Oy−, Oy+. The
third term in Eq. (4) is
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where the factor M has been inserted to take the mag-
nification of the imaging system into account and ∆Fx

and ∆Fy are the carrier frequencies of the reference

beam. Ũ∗(fx, fy) is the complex conjugate of Ũ(fx, fy).

The spectrum Ĩ(fx, fy) is shown in Fig. 2(a). Ã(fx, fy)

and C̃(fx, fy) are located around the center of the Fourier

domain, and Ũ(fx, fy) and Ũ∗(fx, fy) are displaced to
(∆Fx, ∆Fy) and (-∆Fx, -∆Fy), respectively; these pa-
rameters can be separated by applying spectral filtering.

Figure 2(b) shows that Ũ(fx, fy) is the sum of the ob-
ject spectrum and its four replicas produced by 2D pe-
riodic pattern illuminations. The offset distances of
the replica components are given by the frequencies
M/px and M/py. A one-dimensional (1D) sketch of

 

Fig. 2. Schematic representations of (a) Ĩ(fx, fy) and (b)

Ũ(fx, fy); (c) the 1D frequency bandwidth of Ũ(fx, fy).

090901-2



COL 11(9), 090901(2013) CHINESE OPTICS LETTERS September 10, 2013

Ũ(fx, fy) is given in Fig. 2(c), which shows that the
system only allows passage of the frequency components
within the range [–NAobj/λ, NAobj/λ]. Therefore, the
system accepts not only the low-frequency component

of Õ0 but also the high-frequency components of Õx+

and Õx− because of structured illumination. Õx+ and

Õx− usually overlap with Õ0. However, if we assume

that no overlap occurs between Õx−, Õx+, Õy−, and

Õy+, these components can be separated from Õ0 by

performing the subtraction Ĩ1(fx, fy) − Ĩ2(fx, fy), where

Ĩ2(fx, fy) = FT{|O0|
2 + |R|2 + O0R

∗ + O∗

0R} is the
spectrum of the hologram I2(x, y) recorded by on-axis
illumination.

To obtain the correct reconstruction of the object wave-
front, shifting the four high-frequency components by
M/px or M/py and setting them back to their original po-
sitions in the spatial frequency domain is necessary (see
1D sketch in Fig. 3(a)). Shifting of these components to
the center of the frequency domain to compensate ∆F is
also necessary. For instance, the carrier frequency of the

last term Õ(f ′

x−∆Fx, f ′

y−∆Fy+M/py) in Eq. (5) can be
removed by shifting it toward (∆Fx, ∆Fy −M/py) in the
Fourier domain. This “frequency resetting” must be ap-
plied to avoid the appearance of interference patterns in
the reconstructed image[13]. The spectrum obtained af-
ter resetting and stitching of the low- and high-frequency
components is shown in Fig. 3(b). The figure shows
that unrecordable object spatial frequencies under on-
axis illumination become recordable under structured
illumination. In the example shown in Fig. 3, the ob-
tained effective NA (and thus, the system resolution)
shows a twofold increase compared with that obtained
under on-axis illumination NAeff=2NAobj. The highest
spatial frequency recorded is found along the grating
orientations[19]. To obtain resolution enhancement in all
directions, |M |2 the grating must rotate (e.g., by 45˚)
and record more holograms.

An experiment using the set-up shown in Fig. 1 was
performed. The light source used was a He-Ne laser
(λ=633 nm) and digital holograms were recorded by a
CCD with 2 452×2054 pixels (size: 3.45×3.45 (µm)). A
lens system formed by L1 and L2 (focal lengths: f1=120
mm, f2=20 mm) projected a six-time demagnified im-
age of a grating on the object. The spatial frequencies
of the grating are 25.2 and 21.0 lp/mm along the x
and y directions, respectively, and the frequencies of the
demagnified image are 151.2 and 126.0 lp/mm, respec-
tively. The focal length of L3 is 120 mm and a 3.2× MO
with NAobj=0.12 is used to obtain images of the object.

Fig. 3. (a) Shift of the high-frequency components (b) to ob-
tain an enlarged spectrum.

Fig. 4. Spectrum of the hologram under (a) on-axis illumi-
nation, (b) structured illumination, and (c) without low fre-
quencies.

Fig. 5. (a) Intensity distribution under on-axis illumination
and (b) magnified area marked within a white square of (a);
(c) phase distribution.

Given these parameters, the resolution of the system is
kλ/NAeff=4.1 µm (k = 0.77[21], NAill=0 if on-axis co-
herent illumination is used), which corresponds to the
sixth element in Group No. 6 of the USAF1951 test
target.

The spectra of the holograms recorded under on-axis
and structured illumination are shown in Figs. 4(a) and
(b), respectively. From Fig. 4(b), we can see that the
object frequencies recorded in a single contain the ob-
ject spectrum and its four frequency-shifted replicas.
Furthermore, low frequencies overlap with high frequen-
cies. To delineate these frequencies, we subtract the low
frequencies shown in Fig. 4(a) from the crosstalk fre-
quencies shown in Fig. 4(b) to obtain a spectrum with
the four high-frequency components (Fig. 4(c)).

Figure 5 shows the results of the reconstruction of the
USAF test target obtained under on-axis illumination.
The intensity of the reconstructed image, an enlarged
region of this image, and the phase are shown in Figs.
5(a), (b), and (c), respectively. The resolution is 4.38 µm,
which corresponds to the sixth element in Group No. 6.
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Figure 6 shows regions where the resolution has been
improved by superposing the complex amplitude con-
taining low frequencies with the four other complex am-
plitudes containing high frequencies. Frequency reset-
ting can be done without difficulty because the grating
parameters and the four components covering the high-
frequency band are known. The resolutions in both verti-
cal and horizontal directions improve from 114.0 lp/mm
under on-axis illumination to 228.0 lp/mm under struc-
tured illumination.

We also compared the reconstruction results obtained
by inserting a random phase plate into the illumination
beam, which increases the NAill and leads to the record-
ing of higher frequencies under structured illumination
compared with that obtained under on-axis illumination.
Figure 7 shows that the third elements in the seventh
group (161.3 lp/mm) can be resolved, but the intensity
distributions are non-uniform because of speckles. The
phase in Fig. 7(c) is random.

In Fig. 8, intensity plots along the solid lines shown in
Figs. 5(b), 6(b), and 7(b) are reported for comparison.

In conclusion, a method for improving the spatial res-
olution of digital holographic microscopes using struc-
tured illumination is proposed. Low- and high-frequency

Fig. 6. (a) Intensity distribution under structured illumina-
tion and (b) magnified area marked within a white square of
(a); (c) phase distribution.

Fig. 7. (a) Intensity distribution under diffuser illumination
and (b) magnified area marked within a white square of (a);
(c) phase distribution.

Fig. 8. Plots along the white solid lines shown in Figs. 5(b),
6(b), and 7(b).

information can be recorded in one step and separated
in the Fourier domain. After filtering and application
of a reconstruction algorithm, high-resolution images are
obtained by synthesizing the complex amplitudes. Com-
pared with previous methods, the proposed system is
easy to implement and the resolution is tunable by ad-
justing the period of the grating rendered visually on the
object. The proposed system requires low CCD band-
width and the phase information of the object can be
obtained. The resolution of the reconstructed object with
aperture synthesis is improved by a factor of 2 in com-
parison with the resolution obtained from a system with-
out structured illumination. The resolution could exceed
228.0 lp/mm when structured illuminations of higher fre-
quency are used. The proposed system could be used
to investigate small structures, three-dimensional recon-
structions with high micro-object resolution, and biolog-
ical samples.
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