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A new two step on-axis digital holography (DH) is proposed without any assumptions, phase shifting,
or complicated optical components. A dual-channel Mach-Zehnder interferometer was employed. Using
that setup, the object field can be reconstructed requiring only two step measurements. To eliminate position
difference between two charge-coupled device (CCD) cameras, a matched filter algorithm was used.
Experimental results are compared to those of the traditional phase shifting technique. The proposed
approach can also be applied to single-exposure on-axis DH for real time measurement.
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I. INTRODUCTION

DH is a novel technique for recording and reconstructing
the fully complex field of a wavefront [1-2]. Two processes
are involved in DH: the recording process, and the holo-
gram reconstruction process. Due to the nature of holography,
three diffraction components: the dc term, object field and
its conjugate, are produced in the reconstruction process.
In off-axis DH, these three diffraction components are
spatially separated. In contrast, in on-axis DH, the diffrac-
tion components are overlapped. However, on-axis DH has
a larger field of view and space bandwidth product (SBP)
than off-axis DH, features that could be very useful in some
applications [3]. To solve the overlap problem of on-axis
DH, various efforts have been made.

The use of multiple exposures with phase shifting is a
simple solution and could eliminate both the dc term and
conjugate field [4-5]. However, it requires a phase shift-
ing mechanism during measurements. Maleki and Devaney
suggested the recording of two holograms at two different
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distances [6]. By processing the holograms in the spatial
frequency domain, they extracted the object image without
the conjugate image. However, because singularities occur
during the computation, they had to use an inverse filter
and regularization, which requires more extensive computa-
tion. Kim and Javidi [7] also used two holograms. To
reduce the dc term, the average intensity of the hologram
was subtracted from the hologram. However, this method
is limited to an object which has a uniform intensity dis-
tribution. Situ [8] reported a method which records four
holograms from two recording planes. This method still
requires a phase delay of reference beams during measurements,
and it has a singularity problem.

Zhang and Tiziani [9-10] assumed a weak object wave
so that the hologram signal could be approximated as an
exponential function. Although this method involves simple
computation and does not suffer from singularities, the
assumption of the weak object wave is not always valid
and favorable in terms of the signal to noise ratio. Liu and
Poon [11] also assumed a weak object wave, although they
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retrieved the object field by two step measurements.

There are other purely iterative methods that use the
Gerchberg-Saxton algorithm [12-13]. These methods, however,
may strongly depend on initial guesswork and requires
computations to obtain an optimized result.

Another approach using a tilted reference wave was
proposed [14-16]. It has a very simple optical setup and
requires no phase shifting devices. However, the isotropic
phase shifting is not possible in that method. As a phase-
shifting free method like the tilted reference approach, a
single-exposure technique using fractional Talbot effect was
reported [17]. However, the accurate fabrication and align-
ment of the gratings are difficult, and have a great effect
on the resultant image.

Recently, pixelated optical components have been used
[18-22]. These approaches can directly record phase-shifted
holograms with specially designed components. However,
they are difficult to fabricate and align. As a related work,
Nomura [23] suggested a method using a random-phase
reference wave. This method requires only ordinary imaging
devices. However, they assumedthe same object and refer-
ence intensity on any neighboring four pixels.

In this paper, a new two step on-axis DH is proposed.
Unlike the above mentioned methods, it does not require
any phase shifting during the recording process, weak
object wave assumption, and any other complicated optical
components. The proposed method also provides a simple
reconstruction algorithm and system setup.

A dual-channel Mach-Zehnder interferometer was employed
to verify our method. The matched filter algorithm [24]
was also employed to align two CCDs. Simulation and
experiment results are presented as a demonstration.

II. BASIC PRINCIPLE

FIG. 1. is the schematic diagram of the experimental
setup. The light source is a single-mode laser with 635 nm
wavelength. Laser light is collimated by a spatial filter and
lens, and then passes through a linear polarizer (P3) whose
polarization direction is 45" with respect to the x-axis.
This beam is then divided by a beam splitter (BS1) into
two paths, one of which illuminates the transparent object,
and the other, which passes through a quarter-wave plate,
acts as the reference beam. The quarter-wave plate has the
fast-axis along the y-axis. Therefore, 7/2 phase shift occurs
only on the x-axis component (0% of reference beam.
Using two polarizers (P1, P2) whose polarization directions
are 90°, 0’ respectively, we can make a 7/2 phase-shifted
reference wave on CCD2 with respect to that of the CCDI.
That makes it possible to obtain two holograms simultane-
ously with 7/2 phase shift between them.

Generally, in on-axis DH, the hologram can be represented
as follows,

Laser

SF
Lens > X

P3(45°)

object
. M2
BSI1
/
R(x,y,z) O(x.y,2) ; \
v WP(90°) P2(0°)
P1(90°) H

BS2
ol
[a)
““\ [

FIG. 1. Dual-channel Mach-Zehnder interferometer with a
quarter-wave plate. SF, spatial filter; P, polarizer; BS, beam
splitter; M, mirror; WP, wave plate.
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where, x, y are the rectangular coordinates of the record-
ing plane, & is the phase shift, O (x, y), R (x, y) are the
object and reference field, and * denotes the complex
conjugate. To retrieve the object field, a two hologram method
[7] was chosen among many reconstruction approaches.
The method consists of two procedures. First, a complex
field is obtained at the recording plane using Eq. (2),
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|O(x, ) = R(x, )T} )
where, H (x, y, 0), H (x, y, 7/2) are the hologram and its

/2 phase-shifted one. Second, object field is recon-
structed by the Fresnel transformation,

_exp(jkd)
jda

F i, (5,0 explL (57 + 7))

u,(x',y"

Jk o o »
—(x"+
exp[ 2 (x"+y")]

G)

where, x', »' are the rectangular coordinates of the
reconstruction plane, k is the wavenumber, d is the dis-
tance between recording and reconstruction planes, A is
the wavelength of the light, and F denotes the two
dimensional fast Fourier transformation.
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Note that the object field can be obtained by two step
measurements, if we use the Mach-Zehnder interferometer
as shown in the FIG. 1. First, two holograms can be
obtained simultaneously, having a 7/2 phase shift between
them. Second, object intensity can be measured by block-
ing the reference arm. Substituting these two holograms
and the object intensity into Eq. (2), and then using Eq.
(3), the object field can be reconstructed. Here, note that
reference intensity is constant in time. Therefore, there is
no necessity for measuring reference intensity each time.

III. ANALYSIS AND RESULT

However, if the two CCDs have different positions
relative to the object, the position effect should also be
considered in the two hologram approach. For example, a
CCD can have position information relative to the object,
which are x, y, z, roll, pitch, and yaw, as shown in the
FIG. 2. In general, the position information of two CCDs
are different from each other. Therefore, a resolution target
was employed as an object as shown in the FIG. 3(a) to
examine the effect of position difference between two
CCDs on the reconstructed image.

If the two CCDs have the same position relative to the
object, the two holograms obtained using FIG. 1 have a
difference of 7/2 phase shift between them. Therefore, the
object field is reconstructed without any noise components
as shown in the FIG. 3(b). However, if there is any
difference between position information of the two CCDs,
we cannot retrieve a clean object image as shown in the
FIG. 3(c) and (d). FIG. 3(c) was obtained when there was
a lateral shift of two pixels between two CCDs in both x
and y directions. And, FIG. 3(d) was obtained when an
axial shift of 500 um existed between two CCDs in the z
axis. As you can see in the FIG. 3, a small position
difference can badly influence the reconstructed image.
Therefore, it is in practice important that two CCDs be
aligned each other to have the same positions relative to
the object, especially before any measurements.
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FIG. 2. Six geometric variables: X, y, z, roll, pitch, and yaw.
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In the previous paper [24], we proposed an alignment
method between two CCDs using a matched filter al-
gorithm. To put it simply, the algorithm is a kind of
correlation method, which compares intensities of two
CCDs. When two CCDs have the same position for an
object, their intensity patterns may be very similar. There-
fore, the correlation between the intensities is almost one.
On the other hand, when the two CCDs have different
positions, the correlation between the intensities may be a
value lower than one. Therefore, in the process of making
the correlation approach one, the two CCDs should have
the same position for an object. For detailed descriptions
about matched filter algorithm, refer to the previous paper.

FIG. 4 (a) is the reconstructed object intensity obtained
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FIG. 3. Simulation result: (a) original object, (b) reconstructed
object without position error, (c) reconstructed object with
lateral position error, (d) reconstructed object with axial
position error.
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FIG. 4. Experimental result: (a) proposed method, (b) conven-
tional phase-shifting method, (c) on-axis DH without phase
shifting.
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FIG. 5. Three-channel Mach-Zehnder interferometer for
single-exposure DH. NF, neutral density filter.

by the proposed dual-channel on-axis DH. A part of USAF
resolution target (38-257, Edmund) was employed as an
object as shown in the FIG. 4. FIG. 4(b) is reconstructed
by the conventional phase shifting method which has only
one CCD. Therefore, there are not any noises caused by
the position difference between detectors. FIG. 4(c) is
obtained by one-channel on-axis DH without any phase
shifting process. As you can see, the conjugate component
of the object degrades the reconstructed image.

IV. DISCUSSION

As shown in the FIG. 4, the proposed dual-channel
on-axis DH method provides almost the same quality
result compared to the conventional phase shifting scheme.
Therefore, we can retrieve the object field much faster
than by conventional approaches, if the position difference
between two CCDs is eliminated. The proposed method
consists of two processes: measurement of two phase-
shifted holograms and the object intensity. In addition,
there are not any limitations in our method.

Furthermore, single-exposure on-axis DH can be realized
in practice based on our scheme. To realize single-exposure
on-axis DH, we should use one more channel as shown in
the FIG. 5. FIG. 5 is almost identical to FIG. 1, except
the added detector, CCD3. CCD3 measures object intensity,
and CCD1 and 2 measure two phase-shifted holograms.
Then, using Eq. (2), (3), single-exposure on-axis DH can
be realized in practice without any limitations. The neutral
density filter decreases the reference intensity approximately
in half to match the intensity level of reference and object.

V. CONCLUSION

In this paper, a new two step on-axis DH was proposed.
A dual-channel Mach-Zehnder interferometer was employed
to implement the scheme. Object field was retrieved in
two step measurements. We eliminated position differences
between two CCDs using matched filter algorithm, and
then provided a reconstruction image which was of almost
the same quality as the result from the conventional
phase-shifting method. In addition, there are not any
limitations in our method. Furthermore, if we use one
more channel, single-exposure on-axis DH can be realized
in a practical way. We believe that our scheme can be
widely applied to real-time applications like monitoring
dynamics of biological samples or particles in flows.

ACKNOWLEDGMENT

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean
government (MEST) (2010-0016064).

REFERENCES

1. U. Schnars and W. Juptner, “Direct recording of holograms
by a CCD target and numerical reconstruction,” Appl. Opt.
33, 179-181 (1994).

2. U. Schnars and W. Juptner, “Digital recording and numerical
reconstruction of holograms,” Meas. Sci. Technol. 13, R85
(2002).

3. A. Stem and B. Javidi, “Theoretical analysis of three-dimensional
imaging and recognition of micro-organisms with a single-
exposure on-line holographic microscope,” J. Opt. Soc. Am.
A 24, 163-168 (2007).

4. Y. Takaki, H. Kawai, and H. Ohzu, “Hybrid holographic
microscopy free of conjugate and zero-order images,” Appl.
Opt. 38, 4990-4996 (1999).

5. 1. Zhang, “Phase-shifting digital holography,” Opt. Lett. 22,
1268-1270 (1997).

6. M. Maleki and A. Devaney, “Noniterative reconstruction of
complex-valued objects from two intensity measurements,”
Opt. Eng. 33, 3243-3253 (1994).

7. D. Kim and B. Javidi, “3D object recognition using single
exposure on-line digital holography,” Proc. SPIE 6027,
602703-602709 (2006).

8. G. Situ, J. Ryle, U. Gopinathan, and J. Sheridan, “General-
ized in-line digital holographic technique based on intensity
measurements at two different planes,” Appl. Opt. 47,
711-717 (2008).

9. Y. Zhang and X. Zhang, “Reconstruction of a complex
object from two in-line holograms,” Opt. Express 11, 572-
578 (2003).

10. Y. Zhang, G. Pedrini, W. Osten, and H. Tiziani, “Recon-
struction of in-line digital holograms from two intensity
measurements,” Opt. Lett. 29, 1787-1789 (2004).

11. J. Liu and T. Poon, “Two-step-only quadrature phase-shifting



Two Step on-axis Digital Holography Using Dual-channel Mach-Zehnder -

12.

13.

14.

15.

16.

17.

18

digital holography,” Opt. Lett. 34, 250-252 (2009).

Y. Zhang, G. Pedrini, W. Osten, and H. Tiziani, “Whole
optical wave field reconstruction from double or multi in-
line holograms by phase retrieval algorithm,” Opt. Express
11, 3234-3241 (2003).

T. Latychevskaia and H. Fink, “Solution to the twin image
problem in holography,” Phys. Rev. Lett. 98, 233901 (2007).
S. Nakadate and M. Isshiki, “Real-time vibration measure-
ment by a spatial phase-shifting technique with a tilted
holographic interferogram,” Appl. Opt. 36, 281-284 (1997).
Y. Yasuno, S. Makita, T. Endo, G. Aoki, H. Sumimura,
M. Itoh, and T. Yatagai, “One-shot-phase-shifting Fourier
domain optical coherence tomography by reference wavefront
tilting,” Opt. Express 12, 6184-6191 (2004).

H. Toge, H. Fujiwara, and K. Sato, “One-shot digital holog-
raphy for recording color 3-D images,” Proc. SPIE 6912,
69120U (2008).

L. Martinez-Leon, M. Araiza-E, B. Javidi, P. Andres, V.
Climent, J. Lancis, and E. Tajahuerce, “Single-shot digital
holography by use of the fractional Talbot effect,” Opt.
Express 17, 12900-12909 (2009).

. Y. Awatsuji, M. Sasada, and T. Kubota, “Parallel quasi-

19.

20.

21.

22.

23.

24.

- Hyung-Chul Lee et al. 367

phase-shifting digital holography,” Appl. Phys. Lett. 85,
1069 (2004).

Y. Awatsuji, A. Fuyjii, T. Kubota, and O. Matoba, “Parallel
three-step phase-shifting digital holography,” Appl. Opt. 45,
2995-3002 (2006).

Y. Awatsuji, T. Koyama, T. Tahara, K. Ito, Y. Shimozato,
A. Kaneko, K. Nishio, S. Ura, T. Kubota, and O. Matoba,
“Parallel optical-path-length-shifting digital holography,”
Appl. Opt. 48, 160-167 (2009).

T. Nomura, S. Murata, E. Nitanai, and T. Numata, ‘“Phase-
shifting digital holography with a phase difference between
orthogonal polarizations,” Appl. Opt. 45, 4873-4877 (2006).
H. Suzuki, T. Nomura, E. Nitanai, and T. Numata, “Dynamic
recording of a digital hologram with single exposure by a
wave-splitting phase-shifting method,” Opt. Rev. 17, 176-
180 (2010).

T. Nomura and M. Imbe, “Single-exposure phase-shifting
digital holography using a random-phase reference wave,”
Opt. Lett. 35, 2281-2283 (2010).

H. Lee, D. Kim, and S. Kim, “A simple and quantitative
alignment procedure between solid state cameras,” Opt.
Express 17, 23947-23952 (2009).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


