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Super-Resolution Digital Holographic Microscopy for Three Dimensional Sample Using Multipoint Light Source Illumination Anh-Hoang Phan, Jae-Hyeung Park, and Nam Kim Department of Computer and Communication, Chungbuk National University, Cheongju 361-763, Korea Received March 7, 2011; accepted June 25, 2011; published online September 20, 2011 In this paper, we use multipoint light source illumination to enhance the resolution of digital holographic microscopy. The specimen is sequentially illuminated from many directions by using multipoint light sources which are created by a lens-array. The high spatial frequency information of the specimen is directed to the limited numerical aperture of the objective lens and captured at a fixed position of image sensor. The threedimensional information of the specimen can be reconstructed with enhanced resolution by reconstructing the captured holograms. # 2011 The Japan Society of Applied Physics



1. Introduction



Digital holographic microscopy is an interesting application of the digital holography. Three-dimensional (3D) structure of the microscopic specimen can be captured and reconstructed by a digital holographic microscopy.1) However, one of the problems of the digital holographic microscopy is the resolution limitation of the reconstructed image. The size and the resolution of the captured holography are limited by objective lens and charge coupled device (CCD), which ﬁnally restricts the reconstruction resolution. In order to increase the resolution, several methods have been proposed. The main idea of those methods is to increase the eﬀective bandwidth of the recorded hologram. An easy way to increase the bandwidth of the recorded hologram is using onaxis digital hologram instead of oﬀ-axis digital hologram which spends much bandwidth for DC and conjugate image terms. The on-axis digital hologram can be reconstructed by phase-shifting method, which was ﬁrst introduced by Yamaguchi et al.2) and has been used successfully in many applications.3) Further increase of the bandwidth can be achieved by enlarging the eﬀective numerical aperture (NA) of the objective lens or eﬀective size of the CCD. Lluis et al.,4) Massig,5) and Zhang6) presented the synthetic aperture method by moving the CCD camera to enhance the resolution of the reconstructed image in digital hologram. Di et al.7) used a linear CCD camera scanning to capture high frequency component of the object. These systems need a highly accurate motion or translation in order to capture holograms for reconstruction of enhanced resolution. Another approach is redirection of the high frequency beam to the CCD camera. Liu et al.8) used a ﬁx grating and after that Paturzo et al.9) used a two-dimensional (2D) dynamic phase grating, which was controlled electrically, to redirect the high frequency component to CCD camera. Using tilted beam is also a method to increase the NA of objective lens. Mico et al. used vertical-cavity surface-emitting laser (VCSEL) array10) or a complex system of mirror and grating11) to create tilted beam illumination to capture more information of specimen. These previous methods, however, require complex optical devices including gratings and mirrors or integrated VCSEL array, which are not ﬂexible in parameters and diﬃcult to make in larger size. In this paper, we present a simple method to enhance the resolution of the digital holographic microscopy. The 
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proposed method uses multiple point light sources (PLSs) created by a lens array. An aperture is placed at the focal plane of the lens array for each PLS to illuminate the specimen sequentially. The PLSs illuminate the specimen from the diﬀerent directions such that diﬀerent frequency part of the specimen is directed to the NA of the objective lens. By combining the multiple holograms captured with diﬀerent PLSs, the 3D structure of the specimen can be reconstructed with a higher resolution. Using lens array allows us a higher ﬂexibility in implementing PLSs of desired parameters. The spacing between neighboring PLSs and diverging angle of each PLS can be easily adjusted by using proper lens array. In addition, the use of the lens array makes it easier to ﬁnd the global phase shift between multiple PLSs and maintain uniform light intensity since only one light source is used to generate all PLSs. The position of CCD camera is ﬁxed, hence any high accuracy mechanical motion is not required. The point light source created by a lens array illuminates the specimen in a two-dimensional (2D) grid, hence system does not require the integrated light source such as VCSEL array as well. In the following sections, we explain the principle of the proposed method and present the experimental results for its veriﬁcation. 2. Methodology



The eﬃciency of CCD camera is optimum when on-axis phase-shifting digital hologram is used. The optical ﬁeld of object is found by using phase shifting digital holography technique.2) In this paper, we propose a method that enhances the resolution further by using multipoint light source illumination. The multipoint light source is created by a lens array. The conﬁguration of the proposed method is shown in Fig. 1. A plane wave passes through the lens array, creating a 2D array of the PLSs at the rear focal plane. Denoting the position of the PLS at i-th row, and j-th column as (x0ij ; y0ij ; d1 ) where d1 is the distance from the PLS plane to the specimen plane, the spherical wave emitted from the PLS is represented at specimen plane (z ¼ 0) as   k PLSi j ðx; yÞ ¼ exp j ½ðx  x0ij Þ2 þ ð y  y0ij Þ2  ; ð1Þ 2d1 where k is wave number of illumination light. In this equation, the amplitude of each PLS is assuming to unit and the initial phase of each PLS is the same (assuming to zero). The specimen Uðx; yÞ illuminated by this spherical wave PLSi j ðx; yÞ is imaged by the objective lens to the image plane
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Obj d1



source is separated into two parts. The ﬁrst one is a constant value which can be ignored. The second one is a shifted Fourier transform of the magniﬁed specimen with a quadratic phase factor. The amount of the shift in frequency domain is x0ij =d1 and y0ij =d1 in x and y direction, respectively. On the other hand, Fourier transform of the impulse response of the objective lens is given by
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F½hðx; yÞ ¼  2 d32 Pðud3 ; vd3 Þ:



Fig. 1. (Color online) Setup conﬁguration of the proposed method



(Ls: lens array, A: aperture, Obj: specimen).



as shown in Fig. 1. The optical ﬁeld of the image Uimg;ij ðx; yÞ is given by    ZZ 1   Uobj;ij ; Uimg;ij ðx; yÞ ¼ hðx  ; y  Þ jMj M M  d d ð2Þ ¼ hðx; yÞ  Ug;ij ðx; yÞ; x y 1 Uobj;ij ; Ug;ij ðx; yÞ ¼ ; ð3Þ M ZZ M M    1 u v Pðu; vÞ exp j2 x þy hðx; yÞ ¼ 2 2 d3 d3  d3  du dv;



ð4Þ



where  represents convolution, Uobj;ij ðx; yÞ ¼ Uðx; yÞPLSi j ðx; yÞ is the optical ﬁeld right after the specimen, hðx; yÞ is the impulse response of the objective lens,12) M is the magniﬁcation factor, and Pðu; vÞ is the pupil function of the objective lens. Finally, the optical ﬁeld at a CCD plane captured by four-step phase-shifting technique Hi j ðu; vÞ is represented by Z Z Hi j ðu; vÞ ¼



Uimg;ij ðx; yÞ   k 2 2 ½ðx  uÞ þ ð y  vÞ  dx dy  exp j 2d  4  ZZ k ¼ exp j ½ðx  uÞ2 þ ð y  vÞ2  2d4  fhðx; yÞ  Ug;ij ðx; yÞg dx dy: ð5Þ



Since the captured optical ﬁeld Hi j ðu; vÞ is a simple Fresnel transform of Uimg;ij ðx; yÞ, let us see the frequency spectrum of Uimg;ij ðx; yÞ in order to investigate the frequency spectrum of the specimen captured in the holography. Taking Fourier transform of the Uimg;ij ðx; yÞ, we obtain F½Uimg;ij ðx; yÞ ¼ F½Ug;ij ðx; yÞ  F½hðx; yÞ;



ð6Þ



where F½ represents Fourier transform. From eqs. (1) and (3), the Fourier transform F½Ug;ij ðx; yÞ is given by   x y  1 x y U ; ; F½Ug;ij ðx; yÞ ¼ F PLSi j M M M M M   1 k 2 exp j ðx0ij þ y20ij Þ ¼ M 2d1     x y k 2 2 ; F U ðx þ y Þ exp j M M 2d1 M 2   k  exp j ðxx0ij þ yy0ij Þ ð7Þ d1 M As indicated in eq. (7), the Fourier transform of the magniﬁed specimen with the illumination of a point light



ð8Þ



Assuming a simple circular aperture of radius D for the objective lens, F½hðx; yÞ in eq. (8) represents a circle function of a cut-oﬀ frequency D=2d3 which corresponds to the NA of the objective lens. From eqs. (6)–(8), it can be observed that the frequency spectrum of the specimen with a quadratic phase factor is ﬁrst shifted by (x0ij =d1 ; y0ij =d1 ), and its central circular portion with a cut-oﬀ D=2d3 is captured in the holography. Since the amount of the shift (x0ij =d1 ; y0ij =d1 ) is determined by the position of the point light source, the specimen frequency spectrum lager than the NA limit of the objective lens can be obtained by capturing multiple holograms with diﬀerent point light source positions. In the reconstruction, the multiple holograms are merged considering the frequency spectrum shift to give higher resolution reconstruction. 3. Experimental Results



Figure 2 shows the schematic conﬁguration of the experimental setup for the proposed multipoint light source digital holographic microscopy. A polarizing beam splitter (PBS) splits the coherent beam from the 532 nm laser source to two beams; one is a reference beam and the other one is an object beam. In the reference arm, the ﬁrst half-wave plate is used to rotate horizontal polarization to vertical polarization; the second half-wave plate and a quarter-wave plates are used to create four diﬀerent phase steps. The combination of halfwave and quarter-wave plate to generate four diﬀerent phase steps can be replaced by a mirror with a piezo actuator to increase the recording speed. The reference beam is reﬂected by a mirror M3, and then combined with the object beam by a beam splitter (BS). In the object arm, the object beam passes through a lens array to create the multipoint light sources. Due to the solid structure of the lens array with a ﬁxed lens pitch, it is easy to ﬁnd the value of x0ij and y0ij in eq. (7). In the experiment, we used a movable aperture to select a PLS that illuminates the specimen. By moving the aperture manually, the specimen is illuminated from diﬀerent PLSs. In ideal case, an electrical shutter array can be used instead of the movable aperture in order to avoid any mechanical motion. The specimen is magniﬁed by an objective lens. The multiple holograms are captured by a CCD camera (AVT Oscar F-810C, 3.4 m pixel size) sequentially with diﬀerent point light sources and diﬀerent phase steps. In this experiment, we used a lens array with 5  5 mm2 lens pitch and 30 mm focal length. The objective lens was Nikon 10M, 0.21NA. A USAF-1951 resolution test target is used as a specimen to verify the performance of the system. At each position of the PLS, four holograms are recorded. The reconstruction of these holograms for the center PLS is shown in Fig. 3(a). The holograms of the other PLS positions can also be reconstructed by the same process. By
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Fig. 2. (Color online) Experimental setup conﬁguration for the proposed method (M#: mirror, Sp: spatial ﬁlter, PBS: polarizer beam splitter, BS: beam splitter, Ls: lens array, A: aperture, Obj: specimen, =2: half-wave plate, =4: quarter-wave plate).



(a)



Fig. 4. (Color online) The modulate transfer function of single center reconstruction and the propose method.



(b)



Fig. 3. Reconstruction with (a) single hologram and (b) synthesized hologram.



compensating the reconstructed images with corresponding spherical wave which was generated by the PLS, each part of object’s frequency spectrum can be shifted to its correct position and added together. However, in the experiment some error on alignment of devices could be occurred. The main eﬀect to initial phase and intensity of each point source is the error on setup of lens array. The ﬁrst error: the lens array surface is not perfect perpendicular to the incident beam. Therefore, the distance d1 in eq. (1) is not the same for every PLSs. The second error: The optical axis of center lens is not at the center of beam or impales the center of object. These kinds of error are re-corrected as follows. The optical ﬁeld of object at the CCD plane is generated from the recorded holograms by four-step phase shifting method. Using Fresnel back propagation, the object at the object plane is reconstructed. However, the back propagation also can be reconstructed the ﬁeld at the PLSs plane. When the object ﬁeld was back propagated to exactly the position of PLS, the information we got is the highest intensity dot. The PLS’s intensity and the distance between the specimen and the PLS are detected. By these parameters and the lens pitch we correctly compensate the diﬀerence phase of the ﬁrst error. In the ideal case, the dot, which was created by center lens, will located at the center of the optical ﬁeld at the PLSs plane. In the experiment result, however, it was located somewhere around the center position. The gap between this dot and the center position is measured. After that, all the optical ﬁelds are compensated by this factor to ﬁx the second error. These processes were executed in the computer as the post-processing.



Fig. 5. (Color online) Image of water-insect with very small tails and



beards.



The reconstructed image of synthesized frequency spectrum of the object is shown in Fig. 3(b). As shown in Figs. 3(a) and 3(b), the pattern at the group number sixth and element number sixth (114 line pairs per millimeter) of the resolution target is reconstructed well. However, it can be seen that the pattern reconstructed by the proposed method remains clear even for group number seventh and element number fourth (181 line pairs per millimeter) unlike the conventional method. It can also be observed that the characters appear clearer in the proposed method. The modulate transfer function (MTF) is shown in Fig. 4. The proposed method shows much higher modulate than the center single from the frequency of 128 line pairs per mm. We also applied the proposed method to another specimen (shown in Fig. 5). The new sample is a water-insect with a size about 200 m. The sample was prepared as follows. A drop of water and sticky material with some insect inside was dropped on glass. The glass was kept to dry in room temperate for 2 h. After that, the proposed method was executed. The reconstruction image of the new sample is shown in Fig. 6. In comparison with the conventional method shown in Fig. 6(a), the reconstruction by the proposed method shows higher resolution with low noise in Fig. 6(b).
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(a)



(b)



Fig. 6. (Color online) Reconstruction image of the water-insect sample: (a) single center hologram and (b) synthesized hologram.



Note that, the resolution can be further enhanced by using the lens array with larger lens pitch and shorter focal length together with higher NA of objective lens. An objective lens of a higher NA will enhance the resolution of each elementary hologram. The use of larger lens pitch and shorter focal length will increase the shift factor in the frequency domain over the limit of the objective lens NA. Consequently, more information of the specimen can be captured and reconstructed with higher resolution. 4. Conclusions
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We proposed a simple and compact method for the superresolution digital holographic microscopy. In our conﬁguration, a lens array is used to create the 2D point light sources. A movable aperture is used to select a PLS which illuminates the specimen. The on-axis setup together with phase-shifting system is used for optimal use of the pixels in a ﬁxed CCD camera. The holography of each PLS records the diﬀerent parts in the object frequency spectrum. The synthesis method is then used to combine all the frequency part of object and reconstruct them. The reconstruction result of the proposed method shows clearer and sharper image with higher details than the conventional method. The proposed method is suitable for 3D low-reﬂective biological microscopy application.
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