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Interferenceless coded aperture correlation holography
(I-COACH) is an incoherent digital holography technique
developed to record and reconstruct 3D images of objects
without two-wave interference. Herein, we introduce a
novel technique to extend the field of view (FOV) of
I-COACH beyond the limit imposed by the ratio between
the finite area of the image sensor and the magnification of
the optical system. Light diffracted from a point object lo-
cated on the optical axis is modulated by a pseudorandom
coded phase mask, and the central part of the point spread
hologram (PSH) on the image sensor is recorded. The point
object is shifted laterally to predetermined lateral locations
in order to collect the exterior parts of the PSH. The re-
corded PSHs are stitched together to produce a synthetic
PSH (SPSH) with an area nine times that of any individual
PSH recorded by the image sensor. An object with a lateral
extent beyond the FOV limit of the image sensor is placed at
the same axial location as the point object, and the object
hologram is recorded. The object is reconstructed by a
cross-correlation between the zero-padded object hologram
and the SPSH. Hence, the object parts beyond the FOV
limit of the image sensor are recovered. An SPSH library
is created for different axial planes, and the corresponding
axial planes of the object are reconstructed. © 2018 Optical
Society of America
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Digital holography is one of the fastest developing imaging
technologies due to its inherent capability to record a 3D scene
in a single exposure [1]. Many digital holography techniques
are being developed to address various challenges in imaging.
Numerous possibilities with digital holography techniques were
found to unfold when incoherent light sources are used [2]
instead of lasers. One important invention in this domain is
the Fresnel incoherent correlation holography (FINCH) which
defied the Lagrange invariant under special self-interference
conditions and, thus, exhibited a lateral super-resolution [3,4].

Another self-interference incoherent digital holography tech-
nique called coded aperture correlation holography (COACH)
was developed with imaging characteristics similar to that of a
regular imaging system, but with the ability to record 3D in-
formation [5]. In COACH, the light diffracted from an object
is modulated by a pseudorandom coded phase mask (CPM)
and interfered with unmodulated light diffracted from the same
object. Two holograms are recorded, one with a point object
and another with the observed multi-point object. The image
of the object is reconstructed by a cross-correlation between the
two holograms. COACH has shown a high adaptability to
bring forth advanced imaging characteristics such as 4D imag-
ing with a wavelength as its fourth dimension [6] and improv-
ing the lateral image resolution by combining the concept of
COACH and FINCH together [7]. Recently, it has been dis-
covered that the 3D information of the object is present in both
the amplitude, as well as the phase of the object wave modu-
lated by the pseudorandom CPM. Therefore, two-wave inter-
ference is no longer necessary in COACH to record and
reconstruct 3D information of the object [8]. This discovery
simplified the optical configuration of COACH, and the strin-
gent laboratory conditions necessary for an interferometer are
no longer necessary. Several advancements in imaging technol-
ogy have become possible using interferenceless COACH
(I-COACH) [9,10].

In this Letter, we introduce a technique for extending the
field of view (FOV) in I-COACH. The FOV of the investigated
imaging systems is limited by the sensor area. Numerous tech-
niques such as particle encoding [11], convolution techniques
[12], and multiplexing of interferograms [13] are available to
extend the FOVs of imaging systems. We present a technique
implemented on the same I-COACH system [9,10] that in-
volves the same process of acquiring two object holograms.
The only modifications are a longer training stage of the system
and a bit different reconstruction process. The technique can be
generalized and applied to any imaging system.

The schematic of the I-COACH setup is shown in Fig. 1.
The light from an incoherent source critically illuminates a
point object located on the optical axis using a refractive lens
L1, whereas the light diffracted from the point object is colli-
mated by a refractive lens L2. A pseudorandom CPM is syn-
thesized using the Gerchberg–Saxton algorithm (GSA) [9,14],
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with a constraint to produce a uniform intensity pattern within
a square dimensions of 3 × 3 larger than the area of the image
sensor. The algorithm of GSA is shown in Fig. 2, and the com-
puted CPM is displayed on a spatial light modulator (SLM). In
order to satisfy the Fourier conditions of the GSA between the
CPM and the sensor planes, a Fourier lens is necessary. Hence,
the Fourier relation is satisfied by multiplying the CPM with a
quadratic phase mask with a focal length equal to zh, the dis-
tance between the SLM and the sensor plane. The light modu-
lated by the CPM is incident on the image sensor, and the
central part of the intensity pattern is recorded.

Before analyzing the proposed extended FOV system, let us
summarize the analysis of regular I-COACH presented in our
previous researches [8–10]. I-COACH is a linear space invari-
ant system for 2D intensity functions. If the response for a δ
function in the input is I 1, then for a 2D object, assumed as a
collection of uncorrelated point objects

P
jajδ�r̄ s − r̄ j�, the

response on the camera plane is
P

jajI 1�r̄o −MT r̄j�, where
MT � zh∕zs is the transverse magnification of the system,
zs is the distance between the object and lens L2 and aj are
constants. The image of the object is reconstructed by cross-
correlation between the object and the impulse responses.
However, the cross-correlation between two positive functions
introduces an unacceptable level of background noise.
Therefore, both functions are converted to bi-polar functions
by recording additional responses with another uncorrelated
CPM and subtracting the two intensities for each case. In
other words, the bi-polar point spread hologram (PSH) is
h � I 1 − I 2, and the bi-polar object response is

P
j aj

�I1�r̄o −MT r̄j� − I 2�r̄o −MT r̄j�� �
P

j ajh�r̄o −MT r̄j�, where
I 2 is the impulse response with the second independent

CPM. The image of the object is obtained as a cross-correlation
between the bi-polar object response and the phase-only
filtered version of the bi-polar PSH as the following:
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(1)

where �Jfg stands for 2D Fourier transform. �Jfhg �
jH j exp�iφ�, �Jfh̃g � exp�iφ�, and Λ is a δ-like function,
approximately equal to 1 around (0,0) and to small negligible
values elsewhere.

The FOV of regular I-COACH is limited by the size of the
sensor area. For a sensor area of D × D, the size of the FOV is
S × S where S � D∕MT . In order to extend the FOV by a
factor of 3 in the present case, we extend the training process
of the system. Instead of measuring only the response of a single
source point on the optical axis, we measure nine responses
detected separately, each time for the input δ�xs − Sk; ys − Sl�
where k; l � −1; 0; 1. Eight of the nine object points are
located outside the FOV of the system, but part of each
response is recorded by the camera. The recorded part can
be expressed as I 1�xo − Dk; yo − Dl�Rect��xo; yo�∕D�. Next,
each recorded part is shifted to the location of its creating point,
and all parts are summed to one synthetic three times larger
impulse response as in the following:

Ī 1�xo; yo� �
X1
k�−1

X1
l�−1

I 1�xo − Dk; yo − Dl�Rect
��xo; yo�

D

�

� δ�xo − Dk; yo − Dl�; (2)

where the symbol “*” represents a 2D convolution. To obtain a
synthetic bi-polar PSH, the same process of recording the nine
parts is repeated for the second independent CPM, and the
final bi-polar PSH is h̄ � Ī 1 − Ī 2. This relatively long training
process is done only once and, when the training is completed,
I-COACH operates as before [8–10] with an unlimited num-
ber of objects. An object located outside the original FOV
of the system, around the point (kS; lS), can be expressed asP

j ajδ�xs − xj 	 kS; ys − yj 	 lS�, for k; l � −1; 0; 1 [but
�k; l� ≠ �0; 0�]. The recorded part of the response, at the lim-
ited area of the sensor, for the out-of-FOV object, minus the
second camera shot with the second independent CPM, is
given by

R�xo; yo� �
X
j
h̄�xo −MTxj − Dk; yo −MT yj − Dl�

× Rect
��xo; yo�

D

�
: (3)

The bi-polar object response is introduced into the center of
the empty matrix of the size 3D × 3D and correlated with
the phase-only filtered version of the synthetic PSH (SPSH)
as the following:

Fig. 1. Schematic of I-COACH for FOV extension. Only a single
pinhole illuminates in any given time of the training stage.

Fig. 2. GSA for synthesizing the two CPMs.
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where v̄ � �k; l�. The reconstruction is achieved because at
�xR; yR� � �Dk;Dl� there is a high correlation between the
recorded response of the object and the SPSH.

The cross-correlation reconstructs the object information in
the axial plane of recording the PSH with a magnification of
MT � zh∕zs. For 3D imaging, the PSH sets are recorded in a
similar fashion along all the possible axial planes and compiled
into a SPSH library. When a SPSH corresponding to an
axial location is correlated with the object hologram, the
corresponding object plane is reconstructed. The technique
does not require any kind of special processing during the
recording of the object holograms as in the case of other re-
ported techniques [11–13]. The object hologram is recorded
as previously [8–10], with only two camera shots and without
any motion.

The experimental verification of the proposed FOV exten-
sion was carried out using a digital holography setup shown in
Fig. 3. The experimental setup consists of two illumination
channels with identical LEDs emitting light at a wavelength
of 635 nm (Thorlabs LED635L, 170 mW, λ � 635 nm,
Δλ � 10 nm). Two identical lenses, L1A and L1B , were used
to critically illuminate three transparent digits “6,”“0,” and “1.”
In channel 1, the objects “1” and “6” are mounted outside the
FOV of the imaging system whereas, in channel 2, the object
“0” was mounted on the optical axis to be well within the FOV
of the imaging system. The distance of the three objects from
the refractive lens L2 with a focal length of 17.5 cm is about
17.5 cm. The distance between the lens L2 and the phase-only
reflective SLM (Holoeye PLUTO, 1920 × 1080 pixels, 8 μm
pixel pitch, phase-only modulation) is 20.5 cm. The distance
between the lens L2 and the center of beam splitter BS2 is
15 cm. The distance between the SLM and the image sensor
(Thorlabs 8051-M-USB, 3296 × 2472 pixels, 5.5 μm pixel
pitch, monochrome) is zh � 40 cm.

A central square of 11.4 × 11.4 mm from the image sensor
participates in the experimental demonstration. The FOV in

the object plane is reduced by limiting the sensor plane to only
3.8 × 3.8 mm, i.e., one-ninth of the above mentioned large
square. Consequently, the FOV in the object plane is reduced
to 1.7 × 1.7 mm. The pseudorandom CPMs displayed on the
SLM are synthesized using the GSA to produce a uniform
magnitude over the large square of 11.4 × 11.4 mm.

In channel 1, a pinhole with a diameter of 80 μm is
mounted on the optical axis at a distance of 17.5 cm from
the lens L2, and only the central section of the image sensor
of 3.8 × 3.8 mm (out of 11.4 × 11.4 mm ) is recorded. Two
such intensity patterns are recorded using two different
CPMs synthesized from different initial random phase masks.
The pinhole is laterally shifted eight times in steps of 1.7 mm in
order to shift the intensity response on the sensor plane, such
that all the peripheral sections of the intensity are recorded from
the central constricted area of the image sensor of 3.8×3.8 mm.
The magnification of the system is zh∕zs � 2.28; therefore, a
shift of 1.7 mm in the object plane induces a shift of 3.8 mm at
the sensor plane which is of course equal to the central con-
stricted sensor area. All over, for the same two CPMs, nine
times the intensity patterns are recorded for the various shifts
of the pinhole of k · 1.7 mm horizontally, and l · 1.7 mm ver-
tically, where k; l � −1; 0; 1. The nine intensity segments for
each pinhole position are stitched to obtain the large synthetic
intensity pattern. After stitching, the intensity patterns are sub-
tracted from each other to yield bi-polar PSH with the size of
11.4 mm × 11.4 mm. The objects “1” and “6” are mounted in
channel 1, and the object “0” is mounted in channel 2 at the
same axial location as the pinhole. The two intensity patterns
with the same two CPMs used for the PSHs are recorded and
subtracted from each other to obtain the bi-polar object holo-
gram of the size of 3.8 mm × 3.8 mm. For comparison pur-
poses, the object hologram denoted as HOBJ;l with the size
of 11.4 × 11.4 mm is also recorded without area constriction
on the image sensor. The images of the PSH when the pinhole
is on the optical axis, SPSH, large object hologram (HOBJ;l )
without the area limitation, and object hologram with the area
limitation are shown in Figs. 4(a)–4(d), respectively.

Three cases of object reconstructions shown in Fig. 5 are
compared (1) HOBJ ⊗ H 0

PSH, (2) HOBJ;l ⊗ H 0
SPSH, and (3)

HOBJ ⊗ H 0
SPSH, where the symbol “⊗” represents a 2D cor-

relation, and the apostrophe indicates that only the phase of
each H is used in the Fourier plane. It can be noted that when
the object hologram of Fig. 4(d) and the PSH of Fig. 4(a), both
recorded by a limited FOV system, are cross-correlated, only
the object “0” is reconstructed, while the objects “6” and
“1” are lost. When the SPSH is cross-correlated with the full
object hologram (11.4 mm × 11.4 mm), the objects “6” and
“1” are reconstructed along with the object “0.” In the case
of the extended FOV procedure, when the SPSH is cross-
correlated with the object hologram of Fig. 4(d), all the

Fig. 3. Experimental setup of I-COACH with extended FOV.

Fig. 4. Images of (a) PSH when the pinhole is on the optical axis,
(b) SPSH, (c) large object hologram without the FOV limitation, and
(d) object hologram with the limited FOV.
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objects “6,” “0,” and “1” are reconstructed, as in the previous
case. To improve the signal-to-noise ratio of the reconstruction,
multiple holograms of the pinhole and the object are recorded
using CPMs synthesized from different initial random phase
masks, and the complex reconstructions are averaged [15].
The averaged reconstructions are shown in the right column
of Fig. 5. From the comparison between the lines of Fig. 5,
it can be seen that by the use of the SPSH it is possible to image
beyond the FOV limit imposed on the system by the limited
area of the image sensor.

In the next experiment, the 3D imaging capabilities are
demonstrated using a two-plane object constructed by mount-
ing the objects in the channel 1 and 2 axially separated by a
distance of 3 mm. Another SPSH is pre-recorded at the new
location zs1 � zs − 3 mm, with the pinhole and the same
CPM sets, using the aforementioned stitching procedure. An
object hologram is recorded with the constricted image sensor
and zero padded. The recorded H SPSH for each axial plane is
cross-correlated with the HOBJ, and the complex reconstruc-
tions are averaged over 20 different reconstructions. The
reconstruction results for the two planes are shown in Fig. 6.
As is expected, in Fig. 6(a) the digits “6” and “1” are in focus,
whereas the digit “0” is out of focus, since the plane at zs1 is
reconstructed. The reconstruction of the plane at zs is shown in
Fig. 6(b), where only the digit “0” is in focus.

In conclusion, we have proposed and demonstrated a novel
technique for extending the FOV of a 3D imaging system
which is limited by the finite area of the image sensor. In this
technique, a SPSH is experimentally obtained by shifting the
location of the point object and recording the different sections
of a PSH followed by a stitching procedure. Even though the
stitching process seems time-consuming, it should be noted
that the procedure needs to be done only once along with
the creation of the PSH library. Once the SPSH library is cre-
ated, it can be used any number of times to perform 2D as well
as 3D imaging with an extended FOV. The process of acquir-
ing the object holograms and reconstructing the image are the
same as in previous I-COACH demonstrations. The FOV
extension procedure is not applied on an object under study,

but only on the PSH, and the imaging technique is free of inter-
ferometers or wave interference, as in the case of previously
reported techniques [11–13].

The technique is demonstrated using a SPSH which is nine
times that of the original PSH. However, the technique is not
limited only to an enhancement of nine times. A higher FOV
extension is possible by recording an additional number of
PSH segments. The background noise associated with the
reconstruction can be reduced by averaging over an additional
number of complex reconstructions. The technique has been
demonstrated on a I-COACH system. However, the location
of the CPM inside the system is not essential. In principle, the
CPM can be displayed as the input aperture of the system, as is
demonstrated in [7]. Therefore, the CPM can be attached to
many incoherent imaging systems. Extending the FOV of such
systems can be achieved by the use of the training procedure of
stitching the various impulse responses. Hence, we believe that
the proposed technique is not limited only to I-COACH and
can be easily adapted to other imaging and microscopy systems
in which a wide FOV beyond the limit restricted by the size of
the image sensor is necessary. In this technique, the FOV of
I-COACH is extended at the expense of some reduction of
the SNR which can be compensated by averaging over some
number of reconstructed images. The overall result is FOV en-
hancement in exchange of some reduction of the time resolution.
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Fig. 5. Single and averaged reconstruction results of
HOBJ ⊗ H 0

PSH, HOBJ;L ⊗ H 0
SPSH, and HOBJ ⊗ H 0

SPSH.

Fig. 6. Reconstruction results of the object using (a) SPSH of the
plane of objects “6” and “1,” and (b) SPSH of the plane of object “0.”
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