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Abstract—A new method of increasing the spatial resolution in digital holographic microscopy is
considered. The method is based on supplementing the initial hologram with results measured in the
case of photodetector shifting in space by a value smaller than the resolution used. In contrast to other
known approaches, this method does not require a system of equations to be solved.
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INTRODUCTION

The holographic method appeared due to improvement of electron microscopy. The idea was to write
a hologram of a microscopic object by using an available coherent source of electrons [1]. If this hologram
was illuminated by coherent light waves in the course of reconstruction, obtaining a significantly increased
three-dimensional image of this microscopic object was theoretically predicted. However, this idea was not
realized because of difficulties in working with electron beams [2].

Modern holographic microscopes are based on schemes of image zooming with the use of micro-objectives,
as in usual optical microscopes [3, 4]. Figure 1 shows the optical scheme of a digital holographic mi-
croscope [5]. The object image is reconstructed in the Fresnel or Fraunhofer domain, depending on the
distance d.

The main advantage of such systems is enhancement of the range and accuracy of profile (z coordinate)
measurement, whereas the spatial resolution (in the z and y directions) remains the same as that in optical
microscopy. This resolution is determined by the Rayleigh criterion [6]

R = 0.61(\/N A°PJ), (1)

where NA°PJ is the numerical aperture, which depends on the micro-objective structure. The maximum
theoretical value of the numerical aperture in air cannot exceed unity. Higher values are reached by placing
an immersion medium between the frontal lens and the object. In this case, the value of NA°PJ can be
slightly greater than unity.

In practice, for the wavelength of the order of 500 nm and numerical aperture of 1.4, the resolution along
the x and y axes does not exceed 200 nm. At the same time, the spatial resolution of electron microscopes can
be smaller than 1 nm. Therefore, the attention of many researchers is riveted to various issues of synthesizing
the image from a set of low-resolution patterns obtained by means of shifting the object image by a subpixel
value [7-10]. Such an approach is called the aperture synthesis in radio engineering and “super-resolution”
methods in optics. In the present paper, a new method of increasing the resolution in digital holography is
proposed, which does not require a system of equations to be solved.

301



302 GUZHOV et al.

Piezocrystalline
converter Lens Neutral filter
: e kP | | TR - _h Beam
: e splitter

i
'
Mirror

d > Object

Camera Beam splitter

Micro-objective

Fig. 1. Scheme of the digital holographic microscope.
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Fig. 2. Scheme of recording of the low-resolution signal in the case of a subpixel shift in one line.

FORMULATION OF THE PROBLEM

The general formulation of the problem of forming a super-resolution pattern was described in [11].
Figure 2 shows the scheme used for recording a one-dimensional signal in the case of its scanning by a
low-resolution aperture. Here n is the number of elements of the low-resolution pattern, [ is the number
of high-resolution elements captured by the integrated aperture I;, ¢ = 1,...,n, and nl is the number of
elements in the high-resolution pattern.

The measurements yield a set of values with low resolution I;, which are shifted with respect to each
other by a certain value smaller than the size of the integrated aperture. The main task is to determine
high-resolution elements x; from the system of equations

1+ xo+ ...+ a7 =1I1;
1’2+1’3+...+.’El+1:.[2;

(2)
T(n—-1)+1 +x(n71)l+2 + .t xp =Ly

As the number of the shifting events increases, the size of the system of linear equations becomes very
large. The main investigations in this field are aimed at searching for methods that accelerate and stabilize
the solution of system (2) and for methods that increase the computation speed.

ALGORITHM AND ITS IMPLEMENTATION

An optical system of digitizing holograms recorded on usual photoplates [12, 13] by using a modified
Metam R-1 optical microscope produced by the LOMO company was developed for experimental modeling.
Digitization was performed with a hologram obtained at an angle of 5° between the interfering reference
and object beams. If a hologram region with a size of 3 x 3 mm is scanned with the number of elements
2048 x 2048 and resolution of 1.5 pm, then the chosen resolution is sufficient for reconstruction of the real
and imaginary images (Fig. 3). As the hologram was recorded in the Fraunhofer domain, the image was
reconstructed with the use of the Fourier transform [14, 15].
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(a) (b)

Fig. 3. Hologram reconstruction: (a) digitized hologram with averaging over the vicinity of
3 x 3 points (2048 x 2048); (b) real and imaginary images reconstructed from this hologram.

Fig. 4. Hologram reconstruction in the case of low resolution: (a) hologram with the resolution of
1024 x 1024; (b) reconstructed image.

However, if the resolution is reduced to 3 pm, then complete reconstruction of the real and imaginary
images is impossible for the chosen angle between the interfering bands. The image portions corresponding
to the high frequencies in the spectrum disappear (Fig. 4).

If the hologram (or detector) can be moved in the object area of the microscope by a value smaller
than the chosen resolution, then the images corresponding to the high resolution during digitization can be
reconstructed from a series of holograms digitized with insufficient resolution. Let the results of digitization
of four holograms with the resolution of 1024 x 1024 be available (Fig. 5): without shifting A(z,y); with a
shift along the X axis by a value equal to one half of the resolution AX (x,y); with a shift along the Y axis
AY (z,y); finally, with a shift along both the X and Y axes AXY (z,y). In this case, we can form a matrix
of high-resolution elements from the system of equations (2).

The values of A(x,y), AX(x,y), AY (z,y), and AXY (z,y) can be obtained by applying three shifts.
First, the frame A with no shift is fixed; then it is shifted by one half of the resolution element to the right
and the frame AX is obtained; then the resultant frame is shifted downward for obtaining the frame AXY’;
finally, the frame is shifted to the left and the frame AY is obtained. If the system resolution is 3 pm, then
the shifting step should be 1.5 pm.

Let us form a matrix from the results of low-resolution measurements (see the table). Then the Fourier
transform is applied for obtaining the real and imaginary images.
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Fig. 5. Sequence of spatial shifts with resolution doubling.

Formation of a hologram from a set of low-resolution holograms

A(zo,y0) AX (z0,Y0) A(z1,90) AX (z1,%0) A(z2,y0) AX(z2,Y0)
AY (z0,90) | AXY(z0,90) | AY(z1,90) | AXY(z1,y0) | AY (22,y0) | AXY (w2,90)
A(zo,y1) AX(x0,y1) A(z1,11) AX(z1,y1) A(z2,91) AX (w2,y1)
AY (z0,y1) | AXY(z0,y1) | AY(z1,y1) | AXY(21,91) | AY (w2,91) | AXY (w2,91)
A(zo,y2) AX (w0,y2) A(z1,y2) AX(w1,y2) A(z2,y2) AX (z2,y2)
AY (z0,y2) | AXY(z0,y2) | AY(z1,y2) | AXY(21,y2) | AY (22,y2) | AXY (w2,y2)
A(zo,y3) AX (z0,y3) A(z1,y3) AX(z1,y3) A(z2,y3) AX (z2,y3)
AY (z0,y3) | AXY(z0,y3) | AY(z1,y3) | AXY(z1,y3) | AY (22,y3) | AXY (22,y3)

Figure 6 shows a hologram with a size of 2048 x 2048 pixels, which was formed from a set of four
low-resolution holograms (1024 x 1024) and the real and imaginary images reconstructed from the initial
hologram. It is seen that the resolution correspond to hologram digitization in the case of its doubling.
Increasing the resolution by a factor of 3 requires eight shifts and nine low-resolution frames.

Figure 7 shows a hologram with a size of 2048 x 2048 pixels, which was generated from a set of nine
low-resolution holograms (682 x 682) and the real and imaginary images reconstructed from this hologram.
Such a procedure can be extended to an arbitrary number of steps. The size of the generated hologram
will be n? times greater than the initial hologram, where n is the number determining the increase in the
resolution. In this case, the resolution that can be reached is determined only by the magnitude of shifting.

A constraint of this method is a long time needed for computations. For example, if the field of vision of
the microscope is digitized on a frame 1000 x 1000 pixels with a resolution of 1 pum, then one has to apply
the Fourier transform to an array of nl x nl = 1000000 x 1000000 elements in order to reach a resolution of
1 nm. To reduce the computation time, it is recommended to perform such operations on graphics processing
units.

Another hardware-associated constraint is the complexity of setting the exact value of the subpixel
shift. Modern positioning devices use piezo-ceramics [16, 17], which induces significant errors because of
the hysteresis effects. Figure 8 shows the result of reconstructing the hologram synthesized on the basis of
the low-resolution holograms recorded with an error in shift setting, which was 1/4 instead of the expected
value (by one half of a pixel). There are geometric distortions in the reconstructed images; nevertheless, the
resolution still allows reconstruction of image portions corresponding to high harmonics. Thus, the algorithm
is sufficiently stable to shift setting errors. However, the geometric distortions caused by incorrect setting of
the shift should be taken into account in quantitative calculations.

CONCLUSIONS

A new method of increasing the spatial resolution in digital holographic microscopy is considered. In
holographic microscopy, the images are reconstructed in the Fresnel or Fraunhofer domain; therefore, the
Fourier transform should be applied to the hologram recorded in the object domain for the purpose of image
reconstruction. In this case, it is not necessary to solve the system of equations. The method is based on
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(a)

Fig. 6. Increase in the resolution in the case of subpixel scanning of the hologram: (a) four holograms
(1024 x 1024) with a shift by one half of a pixel; (b) synthesized hologram 2048 x 2048 pixels;
(c) image reconstructed from the synthesized hologram.

(a)

Fig. 7. Increase in the resolution by a factor of 3 in the case of subpixel scanning of the hologram:
(a) nine holograms (682 x 682) with a shift by 1/3 of a pixel along the X and Y axes; (b) synthesized
hologram 2048 x 2048 pixels; (c) image reconstructed from the synthesized hologram.

(b)

Fig. 8. Increase in the resolution along the X axis in the case of subpixel scanning of the hologram
with incorrect setting of the spatial shift: (a) synthesized hologram 2048 x 1024 pixels; (b) image
reconstructed from the synthesized hologram.
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supplementing the initial hologram with results measured in the case of spatial shifting by a value smaller
than the resolution used.

Modern positioning devices ensure shifting along the X and Y axes with a step down to 0.1 nm. In this
case, it is possible to reach the spatial resolution of the optical system smaller than 1 nm.

The constraints of the new method are induced by the long computation time needed for calculating
large arrays with the Fourier transform and geometric distortions of reconstructed images caused by errors
in setting the shifts in space.
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