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Recent advances in digital holography in the far‐infrared region of the spectrum

have demonstrated the potential use of digital holography in homeland security as

a tool to observe hostile environments in which smoke, flames, and dust impair

vision. However, to make this application practical, it is necessary to simplify the

optical setup. Here, we show an off‐axis, self‐reference scheme that spills the ref-

erence beam out from the object beam itself and avoids the need for a complex

interferometric arrangement. We demonstrate that this scheme allows the recon-

struction of high‐quality holograms of objects captured under visible as well as

far‐infrared light exposure. This could pave the way to the industrialization of

holographic systems to enable users to see through fire. Moreover, the quantita-

tive nature of the holographic signal is preserved. Thus, the reported results

demonstrate the possibility to use this setup for optical metrology.
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1 | INTRODUCTION

Long‐wavelength infrared radiation (LWIR) digital hologra-
phy (DH) shows some advantages when it is compared to
the equivalent technique in visible light, which makes it
more advisable for nondestructive testing and other applica-
tions in the field of aerospace [1–5], cultural heritage [6,7],
or security [8,9].

Indeed, the use of long infrared (IR) wavelengths reduces
the sensitivity of interferometric measurements to vibrations
and seismic noise by approximately 20 times with respect to
DH in the visible range. In turn, the measurement range
increases by the same factor, which corresponds to the ratio
between the IR and visible wavelengths. Moreover, the high
power of CO2 laser sources, emitting lines around 9.5 μm
and 10.6 μm, and the possibility to have a large field of view
make the extension of holographic/speckle techniques to
LWIR especially advantageous for industrial applications
[10–12]. In fact, the minimum distance, z0,min, between the

object and the detector, whose value can be calculated as
z0,min = (dpD)/λ is inversely proportional to the used wave-
length λ and directly proportional to the camera pixel pitch,
dp, and the object linear dimension, D [13]. From another
point of view, the linear dimension of the objects that can be
imaged by LWIR‐DH increases with the wavelength, and
one can take advantage of the wavelength augment when
passing from visible to IR sources. The opportunity of
recording digital holograms of meter‐size objects paves the
way to the use of LWIR‐DH in the field of cultural heritage,
for example, for 3D imaging and display of goods of cultural
interest, such as statuettes and sculptures made of various
materials, exploitable for academic purposes and as added‐
value products in next‐generation virtual museums. The
holograms acquired by LWIR‐DH can be optically recon-
structed using a visible laser and a spatial light modulator
(SLM) to achieve this purpose. Moreover, by means of a
numerical procedure, synthetic scenes can be created and
optically displayed [6,7].
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Remarkably, LWIR‐DH finds applications in the secu-
rity field as well, where it can be used to see through
smoke and flames [8], being, in principle, suitable for
exploring fire scenes during search and rescue operations,
or in industrial sites, where furnaces and boiler equipment
can be monitored in real time to prevent quality problems
during the entire process line. One of the reasons for the
success of LWIR‐DH is the lensless setup, which avoids
the saturation of the IR sensor elements by unfocused and
noncoherent flame emission [8]. However, the complexity
of the bulky interferometric setup makes the imaging appa-
ratus unportable, but portability is a necessary condition for
on‐field applications. To overcome this issue, Bianco and
others proposed a lens‐based noninterferometric setup
based on laser raster scanning and matched bandpass filter-
ing to obtain a portable compact system for real‐time
inspection of the fire scene [9]. Nevertheless, the simplicity
and portability of the proposed system was paid for by a
poorer signal‐to‐noise ratio (SNR) due to the flame radia-
tion emitted in the filter passband.

The optimal configuration to tackle the problem should
be a simplified holographic setup, avoiding the two‐arm
arrangement. Therefore, in this paper, we propose an off‐
axis self‐reference setup to combine the advantages of the
interferometric system with the portability feature. Here,
we demonstrate for the first time that such a holographic
setup works properly for LWIR.

2 | EXPERIMENTAL METHOD

We implement an experimental setup based on a wavefront
division configuration [14]. The idea is to use part of the
object beam to obtain a reference beam by inserting a pin-
hole in the optical path. This has the effect of cleaning the
wavefront from the object modulation, so that a reference
wavefront can be spilled out. Thus, we obtain a simple
self‐reference setup in an off‐axis configuration both for
the visible and IR laser sources, as shown in Figure 1A, B,
respectively.

In the visible setup, the light source (Mod. Torus by
Laser Quantum, wavelength = 532 nm, power = 500 mW)
impinges on the object mounted on a motorized stage and
equipped with two‐axis piezo‐tilters. Part of the scattered
light is collected by a lens (Doublet F = 50 mm, diame-
ter = 50 mm) that focuses the light on a pinhole, 100 μm2

in size, obtained by using a two‐axis variable slit. It acts as
a spatial filter, effectively creating a reference beam by
erasing the sample information, as shown in the inset of
Figure 1A. In this way, a very low intensity of the refer-
ence beam results. Then, a mirror redirects the reference
wave on a beam splitter (split ratio, R:T = 90:10), which
recombines the two beams and strongly attenuates the

object beam, allowing to obtain a useful object/reference
beams ratio. Further improvements of the fringe visibility
are achieved by introducing proper NDF filters in the
object beam and by adding a polarizer just before the CCD
(CMOS Camera UI‐1242LE‐M, IDS Imaging Systems,
1,280 × 1,024 pixels, pixel size = 5.30 μm, frame rate =
25.8 fps), used to acquire the interference patterns.
The IR setup (Figure 1B) is conceptually the same as

that of the visible setup, although in this case the mirror is
inserted in the object beam path with the aim to optimize
the fringe visibility. In fact, the laser source (Universal
Laser Systems Mod. URL‐50, Wavelength = 10.6 μm,
Power = 50 W) illuminates the object, positioned in front
of the CCD (MicroCAM™2 Thermal Camera, Ther-
moteknix Systems Ltd., 640 × 480 pixels, pixel size = 17
μm, frame rate = 25 fps). Part of the light scattered by the
object is collected by a mirror (gold sputtered on a glass
substrate, diameter = 60 mm) that redirects this object
beam on the beam recombiner, that, in turn, reflects it onto
the CCD. A lens (ZnSe, f = 50 mm, diameter = 32 mm),
placed in the front of the CCD, collects the other part of
the object scattered light and focuses it on the pinhole,
composed by the two‐axis adjustable slit. The obtained
divergent reference beam reaches the sensor passing
through a zinc‐selenide window (diameter = 40 mm, trans-
mittance 70%, reflectance 5%), that acts as a beam recom-
biner, which strongly attenuates the object beam, allowing
the system to obtain a useful object/reference beam ratio
without adding further optical components. The distance
between the object and the detector is approximately
80 cm.

Recently, Prof. Skaked's group developed an off‐axis
self‐reference interferometer, working in the visible spec-
trum, by inserting a pinhole in the arm of a Mickelson
interferometer [15]. However, the configuration proposed
in [15] corresponds to an intensity division configuration,
whereas the scheme we propose can be thought as a wave-
front division setup. Moreover, the technique proposed in
[15] requires specialized optical elements for the creation
of reference wavefront, whereas in this work, we use a por-
tion of the object beam to create the reference one by
means of few optical elements, making compact geometries
possible.

Moreover, similar self‐reference DH techniques have
been proposed based on wavefront division, by using two
lenses [16] or in lensless configuration [17]. However, both
papers deal with a DH setup in transmission mode, work-
ing only for transparent samples. In contrast, our technique
concerns opaque objects, in reflection configuration, and
we demonstrate it is suitable both in visible and in far‐IR
region.

Using the setups shown in Figure 1, we carried out exper-
iments to assess the ability of the proposed self‐reference
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scheme to provide holograms that yield all the useful capa-
bilities of a conventionally acquired DH. In order to demon-
strate the effectiveness of the self‐reference scheme, we
acquired holograms in lensless reflection mode of different
diffusive objects probed by visible as well as far‐IR coherent
light. The acquired holograms are numerically propagated
along the optical axis, and the best‐focus plane is found by
optimizing the sharpness of the amplitude reconstructions at
different propagation distances. Besides flexible refocusing
and imaging using different wavelengths of the probing
coherent beams, the quantitative nature of DH imaging has
to be maintained with the introduced scheme to propose the
setups in Figure 1 as a valuable tool for optical metrology.

3 | EXPERIMENTAL RESULTS

In this section, we provide the results of experiments car-
ried out with the aim to assess both the capabilities of the
introduced scheme as an imaging tool for visible and IR
coherent light, and the assessment of the system as a quan-
titative tool for optical metrology through the use of phase
images.

3.1 | Amplitude reconstruction

In the first experiment, we imaged a test target, shown on
the left of Figure 1A, through the self‐reference setup using
visible wavelength λvis = 532 nm. The object was placed
on a tilter connected to a piezoelectric actuator driven by a
known external voltage, PV. Initially, we set PV = 0 V, so
that no mechanical rotation was delivered to the object.
Figure 2 shows two examples of lensless holograms, H,
captured in this condition. In particular, Figure 2A shows
the DH, and Figure 2B shows the detail of the area in the
green box of Figure 2A. The hologram does not show a
formed image of the object, as expected due to the lensless
setup. By inspection of Figure 2A, it is apparent instead
the formation of two distinct sets of speckle patterns. One
of them is made of small and numerous speckle grains that
are typical of any imaging system relying on coherent light.
The size of the speckle grains depends on both geometrical
factors related to the acquisition distances and the wave-
length of the light source employed [18]. This must be
treated as a source of noise, which can be tackled by
applying denoising methods before reconstructing the holo-
gram, or after as post‐processing filters [19]. Besides, a
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FIGURE 1 Self‐reference scheme.
Sketch of the experimental setup in the case
of (A) visible light and (B) LWIR light.
PT, piezo‐tilter; BS, beam splitter; L, lens;
O, object beam; R, reference beam; M,
mirror; P, polarizer; SF, spatial filter; NDF,
neutral‐density filter; W, window. In the
inset of (A), the optical filtering effect of
the slits is sketched; a reference beam is
generated by cleaning the wavefront from
the object modulation. Photos of the objects
used in experimental tests are shown in the
insets of (A) and (B)
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different set of larger grains is visible in Figure 2A, which
looks like a succession of darker and brighter areas remark-
ably extended in size. These arise as a consequence of the
presence of the lens and of the pinhole in the reference
branch of the self‐reference schemes in Figure 1. Optical
filtering has the effect of cleaning the wavefront from the
object modulation (as sketched in Figure 1A), thus generat-
ing a reference beam. However, the dimension of the pin-
hole (A = 100 × 100 μm2) on which this beam impinges
allows some of these large subjective speckles to pass
through it. Thus, the fringe visibility is amplified satisfacto-
rily in the regions where the grain is higher in amplitude
and, vice versa, is poor in the dark regions of the holo-
gram. The use of a smaller pinhole would generate a more
uniform but less intense reference wave; for this reason, we
cannot reduce the pinhole dimension while maintaining a
good intensity ratio between reference and object beams
and, consequently, a good average fringe contrast in the
hologram. On the other hand, a smaller pinhole could be
used with a more intense laser source or a more sensitive
camera, namely, by means of more expensive setup compo-
nents in respect to those used in our experimental system.
The enlarged detail in Figure 2B shows one of the bright
grains, and the cross‐section profile shown in Figure 2C

shows the amplification of the fringe signal across the red
dashed line in Figure 2B. Although the fringe visibility in
the dark areas is not ideal, the information content of the
bright areas is enough to reconstruct a formed image of the
object. This is a somehow expected result since in DH is
always possible to obtain a lower resolution version of the
object by using only a portion of the recorded hologram.
Figures 2D–F shows another example of the visible lens-
less hologram captured by doubling the SF size
(D = 0.2 mm instead of D = 0.1 mm). It is apparent that,
having fixed the split ratio to R:T = 90:10 and the optical
density of the NDF, the hologram in Figure 2D does not
correspond to the optimal recording condition (too much
light passes through the SF), so that the resulting fringe
visibility is worse in Figure 2F than in Figure 2C. In order
to use this larger SF, the split ratio or the NDF should be
changed accordingly. Hence, in our experiments we kept
the SF size to D = 0.1 mm.

Amplitude reconstructions of the circular target reported
in Figure 1A are shown in Figure 3A, where the different
images correspond to various propagation distances, that is,
they are obtained through the propagation Fresnel functional,
FR . . . ; zf g , by setting different values of the parameter z
[20]. We performed back‐propagation to distances ranging
from z = 0 cm to z = –30 cm. As a contrast metric, for each
propagation distance, we measured the Tamura coefficient,
TC, over an area containing the first order of diffraction.
When DH in reflection mode is performed, this metrics is a
useful automatic focusing indicator as it is known to maxi-
mize in the object best‐focus plane [21,22]. In other words,
we estimate the correct propagation distance as

ẑF ¼ argmaxzTC Cðx; y; zÞj jf g (1)

where C . . . ; zð Þ ¼ FR Hðþ1Þ; z
� �

is the reconstruction of the
first diffraction order, H(+1), and TC ¼ ffiffiffiffiffiffiffiffi

σ=μ
p

is defined as
the square root of the ratio between the standard deviation
and the mean value of the gray level distribution of the
image in the region of interest. The Tamura coefficient is
plotted in Figure 3B as a function of the propagation dis-
tance. The amplitude reconstructions shown in Figure 3A
correspond to the values of TC indicated by colored points
on the plot in (B). From Figure 3, it is apparent that the
sharper the image becomes, the higher TC is. Moreover,
the estimated value ẑF corresponds to an image showing
the object in sharp focus (see the third image in Fig-
ure 3A). This demonstrates the automatic focusing capabil-
ity of holograms recorded using the self‐reference scheme.
Then, we captured holograms using far‐IR wavelength as a
coherent probing beam. At this scope, we adopted the
setup sketched in Figure 1B to image two centimeter‐sized
objects with different reflection properties. The former was
a lens holder containing some highly IR‐reflective parts
and the latter was a highly diffusing metal toy plane. Two
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FIGURE 2 Holograms recorded under visible wavelength. (A,D)
Digital holograms showing two sets of speckles. (B,E) Details of the
areas in the green boxes in (A) and (D). (C,F) Cross‐sectional
amplitude profiles corresponding to the red dashed lines in (B) and
(E). (A–C) D = 0.1 mm. (D–F) D = 0.2 mm
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images of the test objects are shown in the insets of Fig-
ure 1B). Due to the longer wavelength and the hardware
features, the quality of DHs captured in the IR range is
generally worse in terms of resolution and SNR [18].

Figure 4 shows the amplitude reconstructions of the
objects. In particular, Figures 4A, B show the amplitude
reconstructions of the IRDHs in the respective best‐focus
planes before removing the twin image. Due to the off‐axis
carrier, these are in principle separable from the real
images by spatial filtering in a proper domain (such as in
the Fourier domain). As shown in Figure 4, in this case, a

partial overlapping exists between the real image in sharp
focus and the spread signal representing the largely out‐of‐
focus twin image, and acts on the reconstruction as an
additional noise source. This issue can be solved by either
spatially filtering the twin image in a proper domain before
propagating the hologram (by propagating H(+1) instead of
H), or directly post‐processing the portion of reconstruction
containing the first order of diffraction (marked as (+1) in
Figures 4A, B). In this case, we followed the second route
to show the capability to denoise efficiently the recon-
structed object in the worst condition. Enlarged details of

T
c (

Z
) 

0.80 

0.75 

0.70 

0.65 

0.60 

0.55 

0.50 

0.45 

0.40 
–30 –25 –20 –15 –10 –5 0 

Z (cm)

(B) 

Z = Z F

Z = ZF

(A)

FIGURE 3 Automatic DH focusing
based on contrast optimization. (A)
Amplitude DH reconstructions of the test
target in Figure 1(A) after propagation at
various distances. (B) Tamura coefficient,
TC (z), vs. Z
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FIGURE 4 Amplitude reconstructions
of digital holograms in the infrared region.
(A,B) Refocused amplitude IRDH
reconstructions of the objects in the photos
of Figure 1(C). (C,E) Details of the first
order of diffraction respectively extracted
from (A) and (B). (D,F) Denoised
refocused objects obtained from (C) and
(E), respectively
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the (+1) order in focus for the two objects are shown in
Figures 4C and E. Although both the figures show a
formed in focus image of the objects, this is severely cor-
rupted by noise, and the lower resolution of IRDH with
respect to the visible wavelength counterpart contributes to
worsen the image appearance. Hence, denoising steps are
required for these reconstructions. We processed the IRDH
as described in [18,19,23] using the numerical multi‐look
3D block‐matching algorithm (MLDH‐BM3D). From a sin-
gle data capture, multiple holograms are obtained with
numerically simulated noise diversity. This is accomplished
by random resampling masks applied to the captured IRDH
[23]. Then, the multiple reconstructions obtained are inco-
herently averaged and post‐processed using the BM3D
algorithm. The denoised object amplitudes are shown in

Figures 4D, F, where the improvement over the corre-
sponding images shown in (C) and (E) is remarkable. The
object looks sharper and its contrast over the background is
largely enhanced. This is a desired effect of the numerical
ML preprocessing, which is able to reduce the relative con-
tribution of diffuse halos in the background. Thus, the twin
image is treated denoising algorithm as a noise component
and reduced. The post‐processing filter further augments
the sharpness of the object edges and smooths the back-
ground areas while preserving the finest object details. As
a result of contrast enhancement, the image appears
brighter and sharper. Furthermore, its SNR augments as a
processing result. The results of these experiments clearly
show that it is possible to obtain IRDH reconstructions with
acceptable visual quality using the simple self‐reference

(A)

(B)

(C) (D)

FIGURE 5 Quantitative phase imaging using through the self‐reference scheme. (A) Wrapped phase maps of the test target after applying a
mechanical rotation driven by a known input voltage, PV, increasing from the left to the right. (B) Unwrapped phase maps. (C) Displacement,
Δd (μm), of the target points with respect to the center of rotation. The displacement is calculated along the black dashed line shown in the
leftmost figure in (B). (D) Estimated tilt angle θ ̂ vs. PV
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setup of Figure 1. We believe this will be an essential step
toward the development of active IRDH imaging systems
to be used on the field to see moving human size targets
through smoke, dust and flames during search and rescue
operations.

3.2 | Quantitative phase imaging

In order to assess whether the scheme in Figure 1 is able
to yield quantitative phase maps to be used for optical
metrology applications, we carried out a last experiment
using probing light in the visible range. In particular, the
circular target was placed on a kinematic mirror mounts
(Thorlabs, KC1‐PZ) equipped with NEC AE0505D08F
piezoelectric stacks. We applied a known voltage PV ≠ 0
as an input driving signal to a piezoelectric actuator con-
nected to the stage (referred to as PT in the sketch of Fig-
ure 1A). This has the effect of transferring a mechanical
rotation to the stage of an angle θ ≠ 0. The holographic
imaging system is sensitive to the phase of the wavefront
scattered from the object. In turn, the object tilt we intro-
duce is in principle measurable. We acquired a set of
holograms of the object obtained while changing the piezo‐
voltage, which assumes the set of values PV = {2, 5, 10,
15, 20, 25, 30, 35} (V). We reconstructed the holograms
and extracted the phase‐contrast signal that carries informa-
tion about the tilt. Figure 5 shows the results of the
experiment.

In Figure 5A, we show the modulus 2π, or wrapped
phase, which was obtained in correspondence of significant
values of PV. The orientation of the fringes clearly shows
the tilt direction and their density gives a qualitative indica-
tion of its increment as PV increases. The corresponding
phase maps, ψ PVð Þ, obtained after phase unwrapping [24]
are shown in Figure 5B. From each of the obtained maps,
we extracted the cross‐sectional profile corresponding to
the segment marked with a black dashed line in the left-
most map of Figure 5B. The corresponding displacement,
ΔdðμmÞ, of the target points with respect to the center of
rotation (the center of the target) is obtainable as
Δd ¼ ðΔψPVλÞ=ð4πÞ and is plotted in Figure 5C. The dis-
placement values we measured are in good agreement with
the technical specification sheet of the piezo‐actuator [25].
Similarly, from the displacement, we estimated the tilt
angle as a function of the driving voltage, θ̂ðPVÞ�, whose
plot is shown in Figure 5D. The quantitative assessment of
the induced object tilt is further proof of the effectiveness
of the self‐reference setup in maintaining all the advanta-
geous capabilities of DH in reflection geometry with a
remarkably simplified scheme, applicable as an optical
metrology tool for nondestructive testing (NDT) [26,27].
Phase recovery from LWIR holograms can be obtained
with the same numerical procedure. Here, we focused on

visible light holograms since the NDT based on a visible
laser source is widely used in industrial applications
[28–30]. Similar to standard shearography, the proposed
setup has the advantages of being compact, portable, and
tolerant to vibrations. Shearography in the visible range is
effectively assessed for industrial needs and a recognized
standard exists (ASTM E2581‐14). However, unlike
shearography that measures the spatial derivative of the
phase, DH can retrieve the phase directly. In this sense, we
believe self‐reference DH can become a useful tool
and find the same field of applications as visible light
shearography.

4 | CONCLUSIONS

We introduced a self‐reference scheme for recording DHs
that avoids the need for a complex interferometric geome-
try. The reference beam is spilled out from the object beam
itself due to the action of a double slit that cleans the
wavefront from the object modulation. Thus, simple
geometries to capture holograms become practicable and
the holographic setup has the potential to be brought out of
the laboratory. Of particular interest is the proof that was
provide for the LWIR‐DH case, demonstrating the possibil-
ity to obtain good quality holograms in the IR region of
the spectrum. We believe this configuration applied to
LWIR will enable a long step toward the industrial imple-
mentation of enhanced vision systems based on IRDH
technology, such as tools to enable clear vision through
fire, smoke and dust. On the other hand, we have shown
that the proposed configuration maintains the quantitative
feature of DH, and thus it is applicable as an optical
metrology tool for NDT.
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