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Single Grating Reflective Digital Holography
With Double Field of View

Byounghyo Lee “, Changwon Jang

Abstract—Since 1960s, digital holography (DH) has been
developed significantly as an exquisite optical sensing
technique with its computational interpretation. Recent ad-
vances in the image sensor and the coherent light source
have suggested the possibility of using DH in portable form
that can be utilized in industrial fields. Field of view (FOV)
should be sufficiently wide and the system be simple for
successful landing of DH on the industrial market. To em-
body the possibility, in this paper, we present a method for
implementing off-axis reflective DH using a single diffrac-
tion grating. Beam splitter and mirror in the conventional off-
axis DH are replaced with a single diffraction grating. This
replacement enables the implementation of simple interfer-
ometer while maintaining the performance of the holog-
raphy. In addition, we apply the multiplexed illumination
method to enhance space-bandwidth product of off-axis
hologram. Using the wavelength dependence of the diffrac-
tion grating, the FOV can be doubled without additional opti-
cal element. We demonstrate the proposed method by three
holographic imaging experiments with two laser diodes. The
prototype provides lateral resolution of 19.69 um with the
FOV of 6.85 mm x 8.72 mm. The FOV is 1.9 times wider than
the image sensor area of 6.85 mm x 4.59 mm. Overall size
of the prototype is 12 cm x 17 cm Xx 5 cm, showing the
suitability of implementation to the various industrial fields.

Index Terms—Digital holography (DH), field of view (FOV),
grating, off-axis DH, phase retrieval.

[. INTRODUCTION

IGITAL HOLOGRAPHY (DH) is a label-free imaging
D technique that can completely measure the complex am-
plitude of light using interference property [1]-[5]. The acqui-
sition of complex amplitude provides various applications be-
yond the conventional imaging systems. For example, it allows
to numerically propagate the wavefront over the measurement
system’s depth of field that enables quantitative investigation
of three-dimensional (3-D) biological cells [6] and optical ele-
ments [7]. Despite the significant merits of DH, the performance
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and the complicated structure of interferometer were considered
as main factors that hinder the system from a wide use in indus-
try. With the recent development in technology such as small
pixel size of the image sensor and high coherency of the light
source, it is possible to implement the DH system using a few es-
sential components [8]-[10]. Although these works alleviate the
limitation by reducing the number of optical elements required,
more simple and high-performance system is desired.

DH can be categorized in on-axis [11], [12] and off-axis [13],
[14] configuration according to the angle of interference be-
tween signal and reference beams. The off-axis system collects
data without any moving component. In addition, single-shot
imaging can be adopted in the field of dynamic imaging and is
known to be robust to experimental noises [15], [16]. To imple-
ment the off-axis DH system, an optical component that splits
the beam and at least one additional optical component for tilt-
ing a beam are required. DH system that consists of a beam
splitter and a mirror is a widely used method, but it would rather
be more effective to replace these components with a single
multifunctional element.

In the post processing of the off-axis DH, most of the fre-
quency information is filtered in the Fourier domain to remove
twin image and noises. Therefore, the filtered hologram contains
relatively a small amount of space-bandwidth product (SBP)
than that can be acquired by the image sensor. Although the
off-axis configuration has useful advantages for practical ap-
plications, the limited SBP should be addressed. Frequency
multiplexing that simultaneously records several different in-
formation in the remaining parts of frequency domain has been
investigated to alleviate the SBP loss. This method is used in a
variety of ways, such as reconstructing a phase profile with syn-
thetic wavelength [17]-[20], acquiring a super-resolution image
[21], [22], and capturing an image corresponding to multiple
field of views (FOVs) [23]-[25]. Each multiplexed information
should have a different carrier frequency to avoid signal alias-
ing. Therefore, the conventional multiplexing technique has a
limitation that the system becomes complicated and bulky.

Here, we present a novel approach in constructing reflective
off-axis DH system with a single diffraction grating as a multi-
functional component. Since the grating can modulate incident
beam of high quality, it has been widely used in DH field for
extending the FOV [26]—[28], common-path configuration [29],
[30], and diffraction phase microscopy [31], [32]. Although the
previous studies have used the grating as an additional optical
element, we adopt it to replace two essential components of
conventional off-axis DH, a beam splitter, and a mirror. This
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substitution simplifies the interferometer by reducing the num-
ber of optical elements. The system becomes more robust to
experimental noise because the degree of freedom in alignment
is reduced. Moreover, the proposed method does not need a
constraint on the specimen, such as sparsity, to use the signal
beam as the reference beam because it takes the clear reference
beam. We adopt wavelength multiplexing method to mitigate
the limited SBP problem using two laser diodes (LDs). The
single grating (SG) diffracts the incident beams at different an-
gles as a function of wavelength. Although prior multiplexing
research requires lots of optical elements for various propaga-
tion angles, proposed method can adopt the method even if two
beams are in line. Thus, the proposed system does not need
any additional optical components to make the beam of each
wavelength propagate in a different angle.

In this paper, we apply the lensless DH technique for compact
design [8], [33], [34]. Through the lensless method, wide FOV of
hologram, which has a small optical aberration, can be obtained.
To demonstrate the proposed method, three holographic imag-
ing experiments are carried out using a 1951 USAF resolution
target, a biological specimen, and a concave mirror. The size of
prototype is 12 cm x 17 cm x 5 cm. The imaging performance
shows resolution of 19.69 yum and FOV of 6.85 mm x 8.82 mm,
1.9 wider than the recording area of 6.85 mm x 4.59 mm. The
proposed system shows the potential use in the biomedical and
forensic fields with its high performance of quantitative phase
retrieval.

Il. METHOD
A. SG Off-Axis DH

When normally incident beam is reflected on the grating, it
is split into several waves. The corresponding diffraction angles

are
A
— ain—!
0,, = sin <mA> (1)

wherem =0, £1,+2,...,isthe index of order, X is wavelength,
and A is grating period. An SGDH method in off-axis config-
uration is devised with zeroth and first orders of the diffracted
beams. Fig. 1 shows the schematic diagram of the proposed
system. The optical system consists of a coherent light source
(LD), a lens, 1-D diffraction grating, and an image sensor. A
diverging beam from LD is collimated by the lens and perpen-
dicularly illuminated on the grating, as shown in Fig. 1(a). The
incident beam on the grating is divided into 31 orders, each of
which diffracts in opposite angles. The blazed grating designed
to have high grating efficiency in the —1st order is utilized to
enhance interference efficiency. In this case, the +1st order of
the beam directly enters the image sensor and is used as a ref-
erence beam. On the other hand, the —1st order of the beam is
incident on the specimen and then reflected back to the grating
with signal information. We set the specimen plane to have an
angle with the reflected signal beam, as shown in Fig. 1(b). The
normal vector of specimen is n and the angle difference between
the specimen plane and the signal beam is § = (d,, J, ). The re-
flected signal beam (s) has difference of 26 with incident beam
of the specimen, which results in off-axis configuration. Then,
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Fig. 1. SG off-axis reflective DH system. Only the beams detected on
the image sensor are illustrated. (a) After collimated by a lens, normally
incident beam is diffracted by the diffraction grating and split into ref-
erence and signal beams. (b) —1st order of beam is reflected on the
specimen and interferes with the reference beam on the image sensor.

the signal beam is reflected by the grating through Oth order and
propagated to the image sensor. In the image sensor, the sig-
nal beam and the reference beam make an off-axis interference
pattern with a carrier frequency as

L _ (sin(24,) sin(24,)
V= sin(24) = ( PR > . 2)

The number of interference fringe pixel created by the carrier
frequency should be more than 2 pixels to satisfy Nyquist sam-
pling condition. Meanwhile, the number of pixels is also upper
limited to mitigate signal aliasing and 3 to 4 pixels are reason-
able compromise in practical implementation [35]. The angle
difference é should be bounded by

I,
5sin~! (/4p) <[]

max (15,1, 16,) < 3sin~! (4/2p) )

where p is the pixel size of image sensor. The optical path dif-
ference (OPD) should be smaller than coherence length of light
for interference. The reference beam reaches the image sensor
directly after diffracted by the grating, but the signal beam expe-
riences a longer optical path because of the additional round trip
to the specimen. The OPD is about twice the distance between
the grating and the specimen. In lensless DH, the specimen
information of a wider area than that of the image sensor is
measured due to diffraction of signal beam. Since most of the
energy of the signal beam is concentrated on the dc component,
we define the FOV as a bright field and the outer part is fil-
tered during the reconstruction process. Therefore, the FOV is
determined to be identical to the image sensor size.

B. Double FOV Implementation With Multiplexed
llumination

In Section II-A, we present a method to implement an efficient
interferometer using a diffraction grating. Although SGDH pro-
vides an alternative interferometer with the fewer optical com-
ponents, it is necessary to address the limited SBP of off-axis
DH. In this section, a method to obtain a hologram of double
SBP (double FOV with identical resolution) with a single-shot
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Fig. 2. SG with multiplexed illumination system. Note that only signal
beams incoming to image sensor are illustrated. (a) Because diffraction
angle depends on the wavelength, although two beams are incident on
the grating with the same angle, they diffract in different directions. (b)
Two signal beams of adjacent regions of FOV1 and FOV2 are reflected on
the diffraction grating. The image sensor measures multiplexed hologram
without additional optical components to change the carrier frequency.

configuration is introduced. The key idea is to use the remaining
regions in the Fourier spectrum that are supposed to be filtered
in conventional off-axis DH. Inspired by multiwavelength DH
[17]-[20], we devise multiplexed illumination SGDH aiming for
obtaining the hologram with double FOVs. Although methods
for multiplexing FOVs have been proposed [23]-[26], they are
not suitable for compact applications because the optical system
becomes complicated and bulky to multiplex FOVs at different
carrier frequencies. In our approach, however, diffraction grat-
ing makes it possible to apply the multiplexing method with its
compact system. Fig. 2 shows the schematic diagram of the pro-
posed double FOVs system. Combining multiwavelength light
source with the lens, two plane waves that have different wave-
length of A; and A, are illuminated on the grating, as shown in
Fig. 2(a). The grating diffracts these waves in the angle of 0 ;,
and 64, ;, according to (1), depending on wavelength. Since the
diffraction angle from the grating is a function of wavelength,
even if the light source system is constructed in line, the beams
with two different wavelengths can reach different regions at
different angles without additional optics for tilting and shift-
ing. The two —1st order beams are sequentially reflected on the
specimen and grating, as shown in Fig. 2(b). The reference and
signal beams of two wavelengths (total four beams) make an
interference pattern on the image sensor. When A; and A, are
mutually incoherent, the measured intensity on the image sensor
is given by

I(;L‘7y) = |RM ($7y)|2 + ‘Rlz(mvy”z + |SM (x7y)|2
+ 180 (2, 9) [ + Ry, (2,9), (2,y)" + Ba, (2,9)"S), (2, )
+ sz (ZL’, y)skz (:L’, y)* + R)tz ({E, y)*SM (.’E, y) 4

where R, and S} are complex amplitudes of reference and sig-
nal beams of X, and * denotes conjugation operator. The sixth
and eighth terms on the right-hand side of (4) can be decom-
posed separately by spatial frequency filtering. By designing
the multiplexing system to satisfy the carrier frequency condi-
tion, we obtain holograms of two adjacent FOVs while keeping

e Phone

Mobil

Fig. 3. Experimental setup of proposed method with multiplexed illumi-
nation. We combine two LDs for double wavelength illumination. The size
of the system is measured in the area indicated by the yellow dashed
line. The mobile phone is placed next to the system for size comparison.

a single-shot acquisition. In order that both FOVs correspond
to adjacent regions without overlapping or discontinuance, the
distance from specimen to the sensor should be satisfied
d— FOV,
|tan(6k17y) - tan(é)»z-,y”

&)

where FOVy is y-directional length of sensor, and 6, , is y
component of the difference angle with wavelength of A.

Ill. RESuULT

To demonstrate SGDH with multiplexed illumination, we
carry out three holographic imaging experiments. A 1951 USAF
resolution target, a latent finger print on slide glass, and a con-
cave mirror are used as specimens. Fig. 3 is the experimen-
tal setup of the proposed system. The system consists of two
LD modules (Thorlabs, CPS650F and CPS670F, wavelength
of 650 and 670 nm), a plano-convex lens (Thorlabs, AC254-
075-A-ML, focal length of 75 mm), a SG (Edmund, 43-210),
and a CMOS sensor (Artray, 100MI-USB3-T2, pixel pitch of
3.34 um). We merge the beams from LDs of two different wave-
lengths by implementing a beam splitter and a collimating lens
to create two plane waves. Note that it is possible to substitute the
merged light source with a single LD (without beam combining
process) by using the commercialized dual or multiwavelength
LD. The period of grating is 1200 grooves/mm, which diffracts
two normal incidence beams in 51.3° and 53.5°, respectively.
The diffraction efficiency varies with the angle between the
polarization of incident beam and the direction of the grating
vector. We measure the efficiency for all the linear polarization
states and choose around 60° with grating vector where the ref-
erence beam and the signal beam are of similar intensity. With
multiplexed illumination, a single multiplexed hologram is cap-
tured on 1376 x 1920 pixels of the sensor, which corresponds
to 4.59 mm (H) x 6.41 mm (V). We set the angle difference
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Fig. 4. Experimental results of 1951 USAF resolution target imaging. (a) Captured image using SGDH with multiplexed illumination. (b) Fourier

spectrum of the captured image. The signals of different FOVs appear with different carrier frequencies. (c) and (d) Intensity images of the filtered
regions in the spatial domain. Each filtered image is digitally propagated with its wavelength and makes the wide FOV of the hologram. (e) Stitched
double FOV of the hologram. The size of image sensor is presented using the red arrows. (f) Zoom-in image that presents high-resolution part. (g)
Cross section of the intensity through the vertical line of group 5, which corresponds to the white line in (f).

as 0;, = (1.5°, —1.1°) and 4;, = (1.5°, 1.1°). It makes signal
spectrum of two wavelengths appear at the opposite sides from
x-axis. In our prototype, amplitudes of the § are 1.86° for both
wavelengths. From (3), the lower bounds are given by 1.39° and
1.44°, and the upper bounds are given by 2.79° and 2.88° for 650
and 670 nm, respectively. Therefore, our system satisfies both
conditions. OPD of the prototype is about 10 cm, short enough
to achieve interference pattern using LDs. Following (5), we
set the distance from sensor to specimen as 10.5 cm to obtain
the adjacent FOVs of holograms with a minute overlapping.
Although the ideal distance is 11.7 cm, the overlapped region
helps to stitch holograms and remove edge artifacts. When the
distance from sensor to specimen (/) is smaller than d, the lateral
overlapped ratio is given by (100 — 8.4 x )%. The overall size
of the prototype is 12 cm x 17 cm X 5 cm, corresponding to
the area indicated by the yellow dashed line shown in Fig. 3.
A mobile phone (Samsung, Galaxy 9) is shown to compare the
form factor. We believe this comparison shows the potential
that the proposed system can be applied to industrial fields in
the form of a hand-carriable form.

Fig. 4 shows experimental results using a 1951 USAF reso-
lution target (Edumund, 51-152). Fig. 4(a) and (b) shows the

captured image and the Fourier spectrum of this image. As we
set 9,y = —0y,,y» two shifted signals appear at nearly oppo-
site sides in x-axis and are sufficiently separated from each
other. The signals are filtered around each carrier frequency
considering the bandwidths. Fig. 4(c) and (d) are the frequency
filtered images acquired by applying inverse Fourier transform
to the noted regions of Fig. 4(b). In the reconstruction process,
these holograms are digitally propagated to 10.5 cm through an-
gular spectrum method with corresponding wavelength. Then,
hologram with double FOV is acquired by stitching the two
holograms, as shown in Fig. 4(e). The area of the image sensor
is indicated by the arrows. In this experiment, we allow 10%
overlapped region in lateral direction between two images to
connect the images smoothly. The FOV of a synthesized image
is 6.85 mm x 8.72 mm, which is 1.9 times larger than the
image area of the sensor (6.85 mm X 4.59 mm). Fig. 4(f) is a
magnified image of high-resolution parts of Fig. 4(e). To check
the resolution of our system, we plot the cross section following
the white vertical line. Element 5 of group 5 is resolved, which
corresponds to resolution of 19.69 pm, as shown in Fig. 4(g).
Abbe diffraction limit for coherent illumination is A /NA, where
NA denotes numerical aperture. As we measure high-resolution
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Holographic imaging experimental results using the latent fingerprint. (a) Synthesized double FOV focused image. (b1) and (c1) Zoom-in

intensity images corresponding to the noted boxes in (a) before the numerical propagation. Focused zoom-in (b2) and (c2) amplitude and (b3) and

(c3) phase images reconstructed by numerical propagation.

n
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Fig. 6.

Quantitative phase imaging using a concave half-mirror. (a) Stitched wrapped phase image. (b) Unwrapped phase profile. (c) Cross section

of the wrapped phase along x-axis, which corresponds to the black dash line of (a). (d) Unwrapped phase profile of (c) with theoretical value. (e)

3-D distribution of the reconstructed result.

part using wavelength of 650 nm, the resolution limit of our
system is 19.94 ym (NA of 0.0326). Therefore, we confirm that
SGDH can provide a high-resolution hologram that accords with
theoretical diffraction limit.

Next, we carry out another holographic imaging experiment
using a latent finger print on slide glass as a specimen to show
the potential use of SGDH in the biomedical and forensic fields.
The specimen is made by pressing the thumb on the slide glass,
mimicking the process of leaving the actual latent fingerprint.
Applied to SGDH with multiplexed illumination, the synthe-
sized image is acquired, as shown in Fig. 5(a). Our method
reconstructs double FOVs of image without degradation of

resolution compared to conventional off-axis DH. Fig. 5(bl)
and (cl) are the enlarged images without the numerical prop-
agation of the orange dashed region and yellow dotted region
shown in Fig. 5(a). Fig. 5(b2) and (c2) are digitally focused
amplitude images that show the core and ridges of fingerprint.
Fig. 5(b3) and (c3) are phase images.

Finally, we obtain a phase profile of a concave half-mirror
(Thorlabs, CM750-500-GO01, focal length is 500 mm) to verify
that SGDH provides quantitative phase profile. Fig. 6(a) is the
synthesized wrapped phase profile acquired by the proposed
method, where the left half is a result for 650 nm and the right
half is a result for 670 nm. In order for two phase profiles getting
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Fig. 7. Zernike polynomials coefficients of the experimental result and 2r
theoretical model. -3
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continuous values near the boundary of two images, one of the 3 2 A 0 1 2 3
two phase profiles (e.g., ¢,,) is updated to arg {exp(j¢s,) + b}, mm
where arg is the phase angle operator, and b is the constant
Fig. 8. 2-D phase error between the reconstructed result and the the-

bias. The phase profiles are unwrapped by applying Goldstein
algorithm [36] for individual wavelength units. Then, two phase
maps of 1| and X, are presented with respect to the wavelength
of A;. The converted phase profiles can be presented by

Oroy; = @,
Al

0] =®, x
FOV2 A P

(6)
where @, is an unwrapped phase with wavelength of A. The
unwrapped phase profile that is converted to 650 nm is recon-
structed, as shown in Fig. 6(b). Fig. 6(c) plots the cross section
of unwrapped phase profile, labeled by black horizontal line
shown in Fig. 6(a). In Fig. 6(d), the unwrapped phase pro-
files of experimental result and theoretical value are shown. It
seems that experimental result is in good agreement with the
theoretical value. Theoretical phase profile of concave mirror
is given by k(z* + y?) /2f, where k is wavenumber and f is
focal length of the concave mirror. In addition, we visualize
the 3-D distribution of the reconstructed phase profile, which
is a quadratic surface, as shown in Fig. 6(e). To quantitatively
analyze the phase reconstruction performance, we present the
reconstructed result using the Zernike polynomials expansion
[37]. The Zernike polynomials correspond to orthogonal opti-
cal aberrations such as tilt, astigmatism, defocus, coma, etc. By
projecting the reconstructed phase map of the concave mirror to
the polynomials, it is possible to confirm how the results are op-
tically accurate. The first 12 orders of the Zernike polynomials
coefficients without piston (P = 1) are shown in Fig. 7, using
the Fringe indexing scheme [38]. From the bar diagram, the de-
focus (P = 4) coefficient is the main contribution of the Zernike
function for both of theory and experiment. It is a reasonable re-
sult because we modeled and measured the spherical mirror. By
comparing the relative amplitudes of the coefficients, the optical
aberrations of the other terms are negligible and the results are
in good agreement with the theory. Fig. 8 shows the phase error
between the reconstruction result and the theoretical value on a
2-D image. It seems that the holograms of the two FOVs have
continuous phase distributions including the vertical boundary.
Most regions show phase errors smaller than 2 rad and the edge

oretical value.

regions show, where the largest errors appear, about 4 rad. Fur-
thermore, 2-D peak signal to noise ratio of an unwrapped phase
image [see Fig. 6(b)] is calculated as 102.64 dB, assuring an ac-
curate reconstruction. From the results, it is confirmed that the
proposed method is able to provide quantitative phase profile.

IV. CONCLUSION

This paper presented a method to implement a simple in-
terferometer for off-axis DH by adopting a diffraction grat-
ing. Considering multifunctional application of the grating, the
beam splitter and the mirror widely used in conventional off-axis
reflective DH were replaced. Furthermore, wavelength depen-
dence of the grating allowed to enhance SBP of the hologram
without additional optical components to make multiplexed
beams propagate in different directions. The prototype showed
a compact design and provided hologram of the diffraction lim-
ited resolution and the double FOV. The obtained hologram was
digitally propagated to confirm 3-D imaging. Lastly, we demon-
strated that SGDH provided quantitative phase profile using a
concave half-mirror. We believe SGDH has a potential in various
practical use including inspection, identification, cell imaging,
and where the compact holographic sensing system with high
imaging performance is required.
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