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Abstract. Hypercentric imaging is a powerful imaging modality that allows for the inspection of a specimen
and its sides in the same recording. Typically, hypercentric imaging involves special lens objectives, which
are bulky and limit the use of interferometric methods. To overcome this, we introduce lensless hypercentric
imaging utilizing digital holography. We show, that the same hologram can be used to render various digital
image perspectives, depending on the size and the position of a virtual aperture. We describe the perspective
imaging model in detail and present experimental results, which proof the main concept and exemplarily show
the dependence of the image perspective from the position of the aperture. To the best of our knowledge, this is
the first time that lensless hypercentric imaging was realized. The results combine the benefits of lensless digital
holography with the hypercentric imaging modality, thereby opening a path to a new class of inspection
systems.
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1 Introduction

Hypercentric imaging is a convenient imaging modality for
optical inspection [1]. It allows for the investigation of an
entire specimen from only one observation direction.
However, the corresponding lens objectives are heavy and
bulky. They also typically have a very short imaging dis-
tance and a large numerical aperture on the image side.
This impedes the application of interferometric methods,
because it is difficult to superpose the object wave with a
reference wave in front of the camera sensor.

A potential solution of this problem could be to avoid
the lens and to establish a lensless hypercentric imaging
scheme. In this publication we show, that digital hologra-
phy [2] is a suitable candidate to achieve this. In digital
holography, no lens is required [3–5]. Instead, light
scattered from the object is superposed with a coherent ref-
erence wave. The recorded interference pattern is referred
to as the digital hologram. From the digital hologram, the
image of the object can be numerically obtained by solving
the Rayleigh–Sommerfeld diffraction integral. Since no lens
is involved, the image plane can be freely selected in the
digital imaging process, thus digital holography facilitates
lensless volumetric imaging [6, 7], unusual imaging geome-
tries like sideways lensless imaging (SLIM) [8] and enhanced
depth of focus [9]. An additional advantage of this approach
is that the hologram can be modified prior to the imaging

process through numerical reconstruction. For example,
the effect of lenses and apertures located in arbitrary planes
can be added [10], and multiple holograms can be combined
to form a synthetic aperture for enhanced image resolution
[11] or speckle noise reduction [12, 13]. Likewise, the same
digital hologram may be used for various imaging perspec-
tives, such as multiple observation directions for example
[14]. Because of the above mentioned benefits, digital
holography has gained large attention in recent years in
the fields of biomedical imaging [15–17] and industrial
inspection [18–20].

In lens based imaging systems, the hypercentric perspec-
tive is obtained by a small aperture located between the
back focal plane and the image plane [1]. The small diame-
ter of the aperture generates ray-like wave fields, which
results in an image with large depth of field. Within this
imaging geometry, the positioning of the aperture creates
the typical perspective distortion, with object parts further
away being imaged larger than those nearby.

Here, we introduce the particularly intriguing case of
lensless hypercentric imaging using digital holography.
We achieve this by introducing a virtual aperture into the
holographic reconstruction process, which has a similar
effect like the small aperture in the lens based case. The
details of the scheme will be outlined and explained in
Section 2. Interestingly, hypercentricity is obtained by
reducing the amount of information. This shows again, that
a hologram contains a large amount of different perspec-
tives [14], which can be addressed by proper filtering.
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We therefore refer to this process as hypercentric rendering.
To the best of our knowledge, this represents the first
demonstration of lensless hypercentric imaging. The
approach combines the inherent advantages of digital
holography with unconventional perspective imaging
modalities. This combination opens new possibilities for
applying hypercentric and related perspectives within inter-
ferometric measurement techniques, thereby significantly
extending the methodological scope of coherent optical
metrology.

2 Methods

2.1 Digital holographic hypercentricity

Figure 1 shows the basic idea of lensless hypercentric imag-
ing, which displays a common configuration in digital
holography. There a numerous ways to record digital holo-
grams. The details of our recording process will be outlined
in the next section. Here we will rather focus on the numer-
ical reconstruction, i.e. the digital imaging of the object. For
this, it is assumed that the wave fieldUð~xÞ, scattered by the
object, has been determined from the digital hologram
across the sensor plane.

In digital holography, imaging involves a numerical
representation of the wavefield propagation process to
calculate the wavefield UOð~xÞ directly in front of the object
in a distance �zO from the camera sensor

UOð~xÞ ¼ P�zO Uð~x 0Þ� �
; ð1Þ

where Pzf:::g denotes the propagation operator, which
propagates a wave field by a distance z. One common
example of such a propagation operator is realized in
the angular spectrum method, where

Pz Uð~x 0Þ� � ¼ F�1 F Uð~x 0Þ� � �Hzð~kÞ
n o

; ð2Þ

with the transfer function of free space propagation

Hzð~kÞ ¼ exp ikz � zð Þ; ð3Þ
and the z-component kz of the wave vector ~k. The inten-
sity I Oð~xÞ ¼ jUOð~xÞj2 is the image of the object in focus.
However, since we can freely select any distance z for
the propagation in equation (1), holography provides
volumetric imaging.

To understand how this can be used for hypercentric
imaging, let us assume that the surface of the object can
be described as a large number of point-like scattering
sources. One of these scattering sources is indicated by PA
in Figure 1. The spherical wave emitted by PA is stored
as part of the digital hologram and will be propagated
through space upon reconstruction, as indicated by the
spherical wave fronts. We can now choose to reconstruct
the wave field in the aperture plane and apply a virtual stop
aperture. This is done by multiplying a window function
Wd, which is 1 inside a disc of diameter d around the optical
axis and 0 otherwise. If d is small enough, the aperture cuts
out a segment of the spherical wave, which is strongly

directed and travels mainly in the direction�~kA. This effect
of the aperture is crucial to hypercentric imaging. It turns
an omnidirectional spherical wave into a directional, almost
plane wave, similar to a ray.

After applying the aperture, the wave field is propa-
gated back to a plane located in the center of the object,
which we may refer to as the perspective plane. Due to its
(now) almost ray-like nature, the wave field associated with
PA will let appear a point at the position ~PA in the perspec-
tive plane. Please note, how ~PA is laterally shifted outwards
when comparing it with its true lateral position. In Figure 1
we also find the point PB as a second example. If the same
procedure is applied to it, it will appear at point ~PB, shifted
inwards across the perspective plane. This behavior is
exactly what we expect from a hypercentric imaging sys-
tem. Object parts far away from the observer, i.e. the cam-
era sensor, appear larger than object parts close to it. The
point PC in the center of the aperture is the convergence
point, where all ray-like wave fields intersect. Its position
defines the characteristics of the perspective and the
amount of hypercentricity.

With the simple geometry given in Figure 1, we can
calculate the position ~PA, depending on the true position
PA and zP. For the sake of simplicity, we will describe
PA = (xA, zA) in two dimensions, with its position along
the optical axis zA and a single lateral coordinate xA. Since
the problem is fully separable, extension two three

Figure 1. Overview over the principle of hypercentric imaging
using lensless digital-holography. The wave field is known across
the camera plane x0 and can be reconstructed in the object plane
x to yield an image of the object. However, for hypercentric
imaging, we numerically apply a virtual aperture with
diameter d. The aperture cuts out a part of the spherical wave
of each object point and turns it into a ray-like wave field. Upon
propagation into the perspective plane, this lets object points
further away from the camera shift outwards across the image,
as seen from PA and P

0
A. In contrast, object points closer to the

camera, on the opposite side of the perspective plane, will appear
shifted inwards. This behavior creates the hypercentric
perspective.
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dimensions is trivial. With this in mind, and conveniently
setting the origin to the convergence point PC, the intercept
theorem can be applied to find ~xA ¼ xA

zA
� zP , or more gener-

ally, for any arbitrary point P = (x, z) in object space

~x ¼ x
z
� zP : ð4Þ

With equation (4), it is possible to calculate the depth
dependent lateral shift of any object point due to the hyper-
centric perspective as

d~x ¼ ~x � x ¼ x � zP
z
� 1

� �
: ð5Þ

With the depth of the object L given, we can use equation
(4) to calculate the perspective spread �~x, which we define
as the maximum shift difference for object points with the
same lateral position x, but at different axial positions along
the object. The maximum shift difference is obtained for
points at z = zP � L/2 and z = zP + L/2. Using equation
(5) we find

�~xðxÞ ¼ x � zP
zP � L

2

� x � zP
zP þ L

2

¼ x � zP � L
zP � L

2

� �
zP þ L

2

� � � x
L
zP

; ð6Þ

where we have assumed that zP is large against L/2 in the
last step. The perspective spread can serve as a measure
for the amount of hypercentricity, since it is zero for tele-
centricity and becomes even negative for entocentricity.

Finally, an important requirement to hypercentric
imaging is, that the depth of field covers at least the depth
of the object along the optical axis, which is denoted as L in
Figure 1. This can be assured by selecting the diameter d of
the virtual aperture properly. With air as medium (n � 1)
and small numerical apertures, the diffraction limited depth
of field is given by

zD ¼
k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðn2 �NA2Þ

q
NA2 � k

NA2 : ð7Þ

In this context, the numerical aperture for digital imaging
into the perspective plane is defined by the diameter d
and the imaging distance zP, so that NA � d/(2zP). Insert-
ing this into equation (7) and demanding zD = L yields a
useful rule to estimate the diameter of the aperture

d ¼ 2zP

ffiffiffiffi
k
L

r
: ð8Þ

Please note, that in our case the depth of field zD in equa-
tion (7) is oriented along the propagation direction of the
ray-like wave fields. The propagation angles can become
quite oblique, because of the large numerical aperture of
the recording scheme. In most cases equation (8) still serves
as a good estimate. However, for large propagation angles,
exchanging zD by its projection onto the opical axis zD,\ is
more accurate.

2.2 Holographic recording process

Figure 2 shows the recording configuration. The object illu-
mination converges at PC and has a particularly large

numerical aperture, so that the sides of the specimen are
illuminated as well. The reference wave is spherical, where
the origin PR has the same distance zO from the camera
sensor as the object’s surface, which is indicated by the
surface point. This configuration resembles the scheme of
Fourier holography [21, 22], even though object wave
Uð~xÞ and reference wave Rð~xÞ need to be superposed by
the 50:50 beam splitting plate to make them interfere.
The camera sensor is a Sony IMX 661 with
13 408 � 9528 Pixel (127.7 MPix) and a pixel pitch of
3.45 lm. With an active surface area of 46 � 32 mm2

(3.600, it is significantly larger than the object, in order to
collect light from the sides of the object. This yields a large
numerical aperture in the observation path, which has to be
matched by the reference wave. In our setup, this is realized
by a microscope lens objective with NA = 0.28. However,
fiber tips with large numerical aperture or pinholes could
be used as well in order to make the setup more compact.
The interference pattern recorded by the camera can be
written as

I ð~xÞ ¼ jUð~xÞj2 þ jRð~xÞj2 þ U �ð~xÞRð~xÞ þ Uð~xÞR�ð~xÞ: ð9Þ
A piezo actuated mirror is placed in the reference path, to
enable the introduction of phase shifts. The phase shifting
process eliminates the twin image and the dc-term. For
the hologram recording, a large number of phase shifting
methods is available [21], where the methods differ in the
achievable measurement uncertainty [22] and the stability
against phase shifting errors [23]. We used 4 phase shifted
digital holograms and a 4-frame 90� phase shifting algo-
rithm [24], to yield the coherence function

Cð~xÞ ¼ Uð~xÞR�ð~xÞ: ð10Þ
In our setup we have chosen a 50:50 beam splitting plate
rather than a beam splitting cube. This allows to position
the object closer to the camera and thus increases the NA
of the recording geometry. Additionally, it has the advan-
tage that spurious reflections from the sides of the glass
cube are avoided. We also recommend inserting the beam

Figure 2. Layout of the digital-holographic recording setup.
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splitting plate so that the 50% reflecting surface is oriented
towards the object. With this, the ghost image from the
back side is negligible. Additionally, we attached some
absorbing black tape to the front side metal parts of the
microscope objective in the reference path. This avoids
spurious reflections from the metal housing due to the
illumination.

2.3 Hypercentric rendering process

The hypercentric rendering process consists of two steps,
which will be detailed below: The first step is a Fresnel
reconstruction into the object plane. This is an efficient
way to transfer the wavefield into object space while adjust-
ing the scaling of the field of view to the size of the object,
which is significantly smaller than the camera sensor. In the
second step, we use the angular spectrum method to prop-
agate the wave field into the aperture plane, apply the
virtual aperture and then propagate the filtered wave field
back to the perspective plane to finally yield a hypercentric
image.

For the first step, we will have a look at the Fresnel
diffraction integral for the (back) propagation of a wavefield
in a distance�zO, which, in our case, is the object plane: [25]

UOð~xÞ ¼ i
kzO

exp
�ikj~xj2
2zO

� ikzO

" #

� F Uð~x 0Þ � exp �ikj~x 0j2
2zO

 !( )
~x
kzO

	 

: ð11Þ

The reference wave is a spherical wave with radius zO,
which can be approximated by a parabolic phase function

Rð~xÞ � exp ik
j~xj2
2zO

 !
: ð12Þ

Comparing equation (11) with equation (10) and equation
(12), we can rewrite equation (11) to

UOð~xÞ ¼ i
kzO

exp
�ikj~xj2
2zO

� ikzO

" #
� F Cð~x 0Þ� � ~x

kzO

	 

:

ð13Þ
This shows, that with the origin of the reference wave
chosen to zO, a simple Fourier transform of the coherence
function Cð~xÞ provides a numerical representation of
the object image. However, to retrieve phase and ampli-
tude of the wavefield UOð~xÞ, we have to fully calculate
equation (13).

For the numerical implementation it is important to
remember that the Fresnel propagation integral changes
the scaling of the sampling grid. For a grid with (pixel)
pitch p0 and (edge) size S0 in the sensor plane, we yield a
new grid with pitch

p ¼ kzO
S 0 ð14Þ

and size S = kzO/p0 in the object plane. This is a very con-
venient side effect of the Fresnel approach, because the

hypercentric imaging scheme requires a large numerical
aperture on the observation side. This means that zO is
comparably small, so that the size of the field of view S will
typically be much smaller than the edge length S0 of the
camera. The Fresnel propagation therefore adapts the field
of view conveniently to the size of the object, which needs to
be much smaller than the camera sensor as well.

For the second step, we can use equation (2) for the
propagation and apply the virtual aperture Wd with diam-
eter d in the aperture plane:

~Uð~xPÞ ¼ PzP P�ðzPþL=2Þ UOð~xÞf g �Wdð~x 00Þ
� �

; ð15Þ
where ~xP is a vector in the perspective plane. Using the
angular spectrum method, the pixel pitch and the field of
view do not change during the propagation operation, so
that we can use the pitch p as found by equation (14) to
determine the size of the aperture in the numerical imple-
mentation. Finally, the intensity ~I ð~xPÞ ¼ j ~Uð~xPÞj2 is the
hypercentric image.

3 Experimental results

For the experimental implementation of our hypercentric
imaging approach, we used the digital-holographic setup
from Figure 2 with high NA illumination from the top.
As an object we chose a stainless steel screw turned upside
down, with a diameter of 3.9 ± 0.1 mm and a depth of
L = 9.9 ± 0.1 mm (not including the screw head), as shown
in Figure 3a. This object offers great dimensions in depth
and diameter and the structured sides of the object with
a thread pitch of 0.7 mm are good indicators for the depth
of field and the level of hypercentricity. Another important
factor is a sufficiently large object roughness to get enough
light scattered onto the sensor.

To attain the hypercentric image of the object from
Figure 3b, we first calculate the object wave using equation
(13) with a measured zO = 9.3 ± 0.1 mm. Now we could
directly obtain the conventional reconstruction of the
recorded hologram, which yields a sharp image of the bot-
tom surface of the screw, see Figure 3c. Because of the spiral
structure of the screw and the angled illumination com-
bined with the high-NA sensor, the first screw threads are
also visible. But for the hypercentric imaging, we now
choose a perspective plane, e.g. at L/2 in the middle of
the object like in equation (15), and propagate from there
to the aperture plane using the angular spectrum method
from equation (2). Here, we apply a virtual aperture Wd
with varying diameter d, depending on the desired lateral
resolution and depth of field. This numerical application
of the aperture marks the transition from the conventional
imaging modality to the hypercentric one, all while relying
on the same recorded hologram. Now, as described by equa-
tion (15), the backpropagation to the perspective plane fin-
ishes the hypercentric imaging process. In this case, all these
steps are implemented numerically with zP = 12 mm,
d = 0.8 mm and the perspective plane 1 mm below the
surface, yielding the hypercentric image of the object from
Figure 3b. The hypercentricity is clearly visible in the high
number of threads that are made visible by the hypercentric

J. Eur. Opt. Society-Rapid Publ. 22, 15 (2026)4



imaging effect, even from depths of approx. 8 mm below the
surface.

Because of the small aperture needed to provide a depth
of field that covers a majority of the object depth, the
hypercentric imaging process generally comes with a drop
in lateral resolution caused by the band limitation that is
introduced with the (virtual) aperture. This is also the case
for our digital-holographic approach, as can be seen in
Figure 3b. Moreover, this band limitation brings about a fil-
ter for the direction of the light rays and establishes a pre-
dominant direction. Therefore, it comes with a side effect
that makes the rough bottom surface of the screw look more
specular. The overall degradation in image quality due to
speckle noise is a common feature of holographic imaging
in general. For further improvement of the image quality,
speckle reduction methods from conventional holography
can be applied. An overview of these de-noising strategies
is given in [13, 26]. The level of hypercentricity �~xðxÞ can
be measured according to equation (6) by comparing the
lateral coordinates in the perspective plane for two points.
For the two positions ~x marked in Figure 3b we get a mea-
sured perspective spread of �~xm ¼ 0:43� 0:02 mm, which
is in very good accordance with the expected theoretical
spread of �~xtheor ¼ 0:41� 0:03 mm.

The great advantage over lens-based hypercentricity is
particularly demonstrated in the flexibility of the virtual
aperture. In the axial dimension, zP can be changed to
adapt the amount of hypercentricity, as given by equation
(6). In the lateral dimension, the purely numerical imaging
process offers adaptation of the aperture diameter, but it
even more offers the possibility to laterally shift the aper-
ture inside the aperture plane and thereby select different
observation directions, i.e. perspectives, from the same holo-
gram. If we denote the lateral shift by Dr and consider the
geometry introduced in Figure 1, it becomes clear that the
effective observation angle towards the optical axis a is
defined by tan(a) = Dr/zP. Two examples for this are
shown in Figures 3d and 3e for zP = 9 mm, d = 1.5 mm
and the perspective plane 4 mm below the surface, where
the shift of the aperture results in a sideways perspective
on one side of the object with an effective observation angle
of a = 7.1� and a = 7.6�. Compared to Figure 3b, in
Figure 3d and Figure 3e the effect of the larger aperture d
is noticeable in the increased lateral resolution, traded
against a smaller depth of field. Here, the perspective plane
was changed afterwards by numerically refocusing to
approx. the middle of the object at L/2 in order to get a
sharp image of the side, even with the larger aperture.

Figure 3. a) The test object is a stainless steel screw turned upside down, with a diameter of 3.9 mm and a depth of L = 10 mm
(not including the screw head). b) Digital-holographic hypercentric reconstruction of the object. The insert shows an image of the
centered aperture with diameter d = 0.8 mm. The featured visible object depth is approx. 8 mm. Concerning the amount of
hypercentricity we get a measured perspective spread of �~xm ¼ 0:43� 0:02 mm, which is in very good accordance with the expected
theoretical spread of �~xtheor ¼ 0:41� 0:03 mm. c) From the same holographic data can also be calculated the conventional numerical
reconstruction of the hologram. This yields a sharp image of the bottom surface of the screw. Because of the high-NA setup, the first
screw threads are visible. (d, e) By shifting the lateral position of the virtual aperture, a sideways observation direction for the
hypercentric imaging is selected. The insert shows an image of the laterally shifted aperture with d = 1.5 mm.
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This ability to refocus to arbitrary perspective planes paral-
lel to the sensor offers the possibility to extend the depth of
field by numerical refocusing, although in this case the
hypercentricity as given by equation (6), is changed with
different zP, which has to be considered. Consequently, in
order to keep the hypercentricity constant the aperture
plane would have to be adjusted accordingly for a constant
zP. In a lens-based system, this would need mechanical
adjustment of the focus position by axially shifting the
objective. However, for our lensless approach this can be
implemented with no great effort, as an exact adaptation
of the virtual aperture position is possible at any time.

For further demonstration of the lensless hypercentric
imaging, a stainless steel spring with a diameter of
4.3 ± 0.1 mm, a depth of L = 26 ± 0.1 mm and a thread
pitch of approx. 2 mm was used, as shown in Figure 4a.
In this case, the hypercentric perspective is realized using
a centered aperture with d = 1.5 mm and an aperture plane
at distance zP = 12 mm from the perspective plane, which
was chosen 1 mm below the top surface. The result is shown
in Figure 4b and features a visible object depth of approx.
4 mm. These results prove the feasibility of digital-
holographic hypercentric reconstruction and open com-
pletely new opportunities for the implementation and
application of the hypercentric imaging process.

4 Conclusion

In this work, we have presented a novel approach for imple-
menting hypercentric imaging on the basis of lensless digital
holography. The imaging translates into the hypercentric
imaging modality by applying a virtual aperture in the
numerical reconstruction of the hologram. We developed
a theoretical model describing the digital hypercentric
imaging including all relevant parameters and tested it in
experiment. Here, we demonstrated the feasibility of our
new method by achieving highly resolved hypercentric

perspectives on the object and showed how the imaging is
affected by the positioning and sizing of the virtual aperture
in axial and lateral dimensions. Moreover, we have shown
that our theoretical model correctly predicts the level of
hypercentricity, measured by the perspective spread,
whereby a geometric model for this imaging modality is
successfully established. It should be noted that our treatise
is limited to the realm of scalar diffraction theory. Very
large numerical apertures in the recording scheme and
highly oblique propagation directions may require further
extension towards vectorial optics.

The purpose and the main novelty of this work is the
introduction of a lensless hypercentric imaging based on
digital holography. Therefore, at the moment, the given
examples mainly focus on qualitative imaging in order to
introduce and demonstrate the lensless imaging functional-
ity and to describe its main governing parameters. How-
ever, in future work this method can be expanded into all
areas where hypercentric imaging is beneficial, especially
in industrial inspection and in optical metrology. Embedded
in the framework of lensless digital holography and its
advantages like numerical refocusing and freely adaptable
virtual apertures, the hypercentric imaging modality offers
great potential for interferometric inspection applications.
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