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Abstract: Accurate and non-invasive optical metrology of transparent objects is essential in a wide
range of scientific and industrial applications, from fluid dynamics to biomedical imaging. In this
work, a digital holography approach for temperature mapping is presented that leverages a double
field of view (FOV) configuration combined with high spatial bandwidth utilization (SBU). By
capturing a multiplexed hologram from two distinct objects in a single-shot, the system overcomes
the limitations inherent to single-view holography, enabling a more comprehensive object
information of temperature-induced refractive index variations. The method integrates double FOV
digital holography with high SBU, allowing for the accurate surface profiling and mapping of
complex optical path length changes caused by temperature gradients. The technique exhibits strong
potential for applications in glass industry and microfluidic thermometry, convection analysis, and
combustion diagnostics, where precise thermal field measurements are crucial. Overall, this study
introduces an efficient holographic framework that advances the capabilities of non-contact
measurement applications by integrating double FOV acquisition in a single-shot with enhanced
spatial bandwidth exploitation. The approach sets the groundwork for real-time, volumetric thermal
imaging and expanding the applicability of digital holography in both research and industrial
settings.

Keywords: digital holography; space bandwidth utilization; double field of view; surface profiling;
3D temperature measurement

1. Introduction

Precise, non-invasive, and three-dimensional optical measurement is critical across a wide range
of scientific and engineering disciplines, including thermal management in microfluidic devices [1],
diagnostics in combustion systems [2], and biomedical imaging [3]. Precise thickness and surface
profiling of transparent and semi-transparent materials is critical for quality control, material
characterization, and performance optimization across several applications [4-7]. Traditional contact-
based methods, including micrometer, caliper, and contact profilometer for thickness measurement
for a thin transparent film and thermocouples or resistance temperature detectors (RTDs) [8] for
temperature measurement, often disrupt the surface/thermal field they aim to measure and do not
provide full-field information and are limited by spatial resolution and response time. These methods
are often unsuitable for environments with rapid temporal or spatial temperature fluctuations [8].
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Consequently, there has been a growing demand for non-invasive optical techniques capable of
measuring physical parameters with high accuracy, resolution, and temporal fidelity.

Among the non-invasive techniques, infrared (IR) thermography has gained prominence due to
its ease of use and capability for real-time surface temperature monitoring [9]. However, IR
thermography is inherently limited to surface measurements and is sensitive to emissivity variations
and environmental interferences. Optical interferometric techniques offer full-field and three-
dimensional measurements, high resolution, and extremely high sensitivity to refractive index
changes induced by temperature gradients [10]. Digital holography [11-14] has emerged as a
powerful tool for non-contact, full-field measurement of physical parameters, including thickness,
deformation, displacement, vibration, refractive index, and temperature, due to its ability to record
both the amplitude and phase of a light field in a single exposure. The phase information encodes
optical path length changes, which can be directly related to refractive index variations caused by
temperature gradients in a transparent or semi-transparent medium. Despite its advantages, the
technique faces several limitations, typically it requires highly stable environmental conditions,
complex optical alignments, and a limited field of view (FOV), therefore, limiting its applicability in
dynamic or field environments. Therefore, the limited FOV is one of the inherent limitations of digital
holography, primarily dictated by the trade-off between spatial resolution and detector size. Since
digital holography relies on recording interference fringes on a pixelated sensor array, the maximum
recoverable field is limited by the pixel pitch and the total number of pixels available [15]. A general
formula for the FOV can be derived considering the relationship between the sensor dimensions, pixel
size, and the magnification factor:

sensor width X pixel size
Fov = —— ey
magnification

Consequently, conventional digital holography systems often face a performance bottleneck
where achieving both high resolution and wide FOV simultaneously becomes challenging. These
limitations are particularly problematic for applications such as full-field thickness profiling,
deformation, displacement, vibration, refractive index measurement, temperature mapping, large-
scale biological imaging, and industrial inspection, where both high-resolution and wide-area
coverage are essential.

However, several strategies have been proposed and developed to address the limited FOV in
digital holography. Some of these methods are: multi-view holography [16], synthetic aperture digital
holography [17], multiplexed digital holography [18-33], computational methods [34,35], lens-based
digital holography [36,37], etc. In multi-view digital holography [16], by capturing holograms from
multiple angles, either by sequentially moving the object or the image sensor, it is possible to stitch
together a larger FOV without sacrificing resolution. This approach requires expensive mechanical
equipment and time-consuming computations, making it unsuitable for investigating quick transient
events. In synthetic aperture techniques [17], holograms are captured at different positions, and the
Fourier spectra are combined to effectively "synthesize" a larger aperture, extending both resolution
and FOV beyond the physical sensor limits. Synthetic aperture digital holography can achieve ultra-
high resolution imaging, though it typically requires mechanical scanning or precise stage control.
Lens-based methods [15,37] for increasing the field of view require certain parameters such as focal
length, location, and diameters, resulting in introducing the aberrations and making a bulkier system
configuration.

In multiplexed holography, several wavefronts, often from different angles or wavelengths, are
encoded onto a single hologram by careful carrier frequency design. This enables the simultaneous
recovery of multiple fields, effectively expanding the observable FOV without increasing acquisition
time. Continued improvements in detector technology, computational power, and optical system
design are expected to further bridge the gap between high-resolution, wide-FOV imaging and real-
time, robust holographic measurement for complex, dynamic systems such as turbulent thermal
fields and biological tissues.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In this work, we experimentally demonstrated the application of a recently developed double
FOV holographic system [28] by our group for enhanced imaging, thickness measurement of glass
plate, and phase mapping of candle flame. By simultaneously capturing holographic information
from two distinct flames in a single-shot acquisition, we significantly increase the system's
information capacity and spatial frequency coverage, resulting in improved object information
characterization. The incorporation of high SBU ensures that the captured data fully exploits the
available spatial frequencies, maximizing the effective resolution without necessitating complex
optical setups or extensive computational post-processing.

This paper details the experimental setup and phase reconstruction methodology for the
proposed system. Furthermore, the experimental results demonstrate its capability to achieve high-
fidelity thickness measurement and phase mapping of candle flame. This multiplexing digital
holographic approach provides a scalable, robust, and versatile solution for advanced optical
metrology applications, extending the frontiers of digital holography-based surface profiling and
temperature sensing.

2. Materials and Methods

Thickness measurement and surface profiling are essential for quality control, performance
optimization, and material characterization in advanced manufacturing and research. They ensure
precision and reliability in applications ranging from thin films to photonic and biomedical devices.
Similarly, temperature measurement and optimization are crucial for quality control in various
industries, such as plastic, automotive, food, ceramics, and textile. Optical methods are more
appropriate and have been extensively employed for non-invasive deformation, surface profiling,
refractive index, and temperature measurements by exploiting the dependence of phase. The non-
contact techniques enable accurate characterization of transparent or delicate materials without
physical interference, making them ideal for thin films, coatings, and photonic devices. Optical
methods offer high resolution, speed, and repeatability, supporting innovation and reliability across
industries such as semiconductors, optics, biomedical engineering, and materials science. Phase can
be visualized optically via the Schlieren method and shadowgraph [38]. These techniques work well
for visualizing the phase object, however, it is challenging to measure phases quantitatively. Various
optical methods, including holographic interferometry [39-41], Moiré deflectometry [42], laser
speckle photography [43], shearing interferometry [44,45], speckle interferometry [46], digital
holographic interferometry [47-51] etc. are commonly employed to measure phase or phase
difference and associated parameters such as deformation, displacement, strain, refractive index,
density, and temperature. Digital holography-based optical methods for optical metrology are more
appropriate than other optical methods because they are easier to implement, faster in operation,
more resilient, and more precise and accurate. However, the limited FOV of the digital holographic
systems is one of the major issues. Recently, we have developed a single-shot double FOV digital
holographic approach for biomedical applications. In this work, the developed single-shot digital
holographic system is verified for a scientific or industrial application by measuring the thickness of
the glass plate and phase distribution of candle flame.

Figure 1 depicts the schematic of the single-shot double FOV digital holographic system. A He-
Ne laser is used as the light source. The laser is spatially filtered by a spatial filter assembly with a
microscope objective of 40x and a pinhole of 5 um. The spatially filtered laser light is collimated by
a lens of focal length 100 mm and diameter of 50 mm. The collimated light beam is divided into the
object and reference beams by using a cube beam splitter (BS1). The object beam of diameter ~ 50mm
is allowed to pass through two objects (say Object 1 and Object 2) placed side-by-side. The object light
transmitted through these objects is then allowed to pass through a cube beam splitter (BSz) oriented
at ~ 45° with respect to the optical axis. The object diffraction wavefields corresponding to the two
objects are allowed to pass through the two different prisms of BSz. The diffracted object wavefield
corresponding to Object 1 is 50% transmitted and 50% reflected through BS:; and the same is
happened for the diffracted object wavefield corresponding to Object 2. Therefore, at the exit of the
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BS2, two sets of overlapped object wavefields corresponding to Object 1 and Object 2 are obtained.
One set of these overlapped object wavefields is allowed to incident on the faceplate of the image
sensor. This overlapped object wavefield carrying the object information of both objects is then
allowed to interfere with the reference beam. This interference is accomplished by introducing
another cube beam splitter (BSs) in between BS:2 and the image sensor. Therefore, a multiplexed digital
hologram is recorded by the image sensor carrying the two object information in the single recorded
hologram. The image sensor used in the experiment is a Sony Pregius IMX 249 model with a pixel
number of 1920 x 1200 and a pixel size of 5.86 um.

Since in the holographic multiplexing approach, a single exposure allows for comprehensive
reconstruction of the complicated wavefront. There is no overlap between the AC spectrum and
conjugation spectra in the multichannel wavefronts' spatial spectra. Therefore, the sensor's redundant
space-bandwidth enhances spatial bandwidth utilization (SBU). The SBU is defined by

2
2mAx? (BO/ 2) , where B, is the bandwidth of the object wavefield, Ax is the pixel size of the image

sensor. The digital hologram took up M x N pixels in the spatial frequency domain. Each conjugate
term has a bandwidth Bo of M/4 in the horizontal direction and N/4 in the vertical direction. Its area
is m(M/8) x (N/8). In this work, the multiplex hologram uses 4m (MN/64)/MN = 19.63% of the
bandwidth. On the other hand, a conventional off-axis digital holography has only 16.1% SBU,
which eventually leads to a limited imaging FOV with the same NA. However, a spectrum usage
limit of 58.9% is possible due to the multiplexing limit of six channels in a single off-axis multiplexing
hologram [21], but at the cost of very complex system configuration.

BS,

BS, Object 1

Mirror, M, —

Figure 1. Schematic of the single-shot double FOV digital holography.

3. Results

First, the experiment is performed on a United States Air Force (USAF) resolution target, in order
to optimize the associated parameters of the holographic system and verify its double FOV imaging
capability. The USAF resolution target (Edmund Optics, USAF 1951 1X) and Thorlabs test target
R1L3S2P are placed side-by-side in the object wavefield, and a multiplexed digital hologram is
recorded, which carries the object information corresponding to these two FOVs of the resolution
target. Figure 2(a) shows the recorded multiplexed digital hologram. The intensity distribution of the
multiplexed digital hologram is represented by

10, y) = 1(x,¥)01 + 1,902 + I

= [1(x,¥)011® + 1106, )02 [P+ (6, ¥) 1 12 4+ 106, ¥) 011 (%, ¥) 52 +
106, Y)021(6¥)o1 + 106, Y) o116, Y)7 + 1%, ¥) 021 (%, y)7 +
1, y)r 106, ¥)o1 + 106 Y)7 (X, Y) 02 1)

where, 1(x,¥)o1, 1(x,¥)02, represent respectively the complex amplitude of the object beams for the
two FOVs and I(x,y), represent the reference beam. * represents the complex conjugation.
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Figure 2. Experimental results of resolution target: (a) the recorded multiplexed digital hologram; (b) Fourier
spectrum of (a); (a) and (d) amplitude distributions corresponding to the two FOVs; and (e) and (f) phase

distributions corresponding to the two FOVs.

The first three terms of Eq. (1) contribute to the auto-correlation (AC) term. The other six terms
are the cross-correlation terms, as depicted in the Fourier spectrum of the multiplexed digital
hologram in Fig. 2(b). The complex amplitudes (amplitude and phase) corresponding to the two
FOVs are obtained by spatially filtering the C terms- I(x,y)o1I(x, )y and I(x,¥)o21(x,y); by
following the Fresnel diffraction reconstruction method [11]. Figures 2(c) and 2(d) show the retrieved
amplitude distribution corresponding to the two FOVs, and Figs. 2(e) and (f) show their
corresponding phase distributions.

In the next experiment, a step object is created by two glass plates (of dimensions -76X26x1 mm?)
by placing one onto the another and then this step object is placed in the object beam and two
multiplexed digital hologram are recorded: in the presence of the glass plate (object hologram) and
in the absence of the glass plate (reference hologram). The multiplexed digital hologram carries the
complex amplitude information of two objects at the same time in a single shot acquisition. The object
and reference multiplexed digital holograms are processed to obtain the phase distributions (A, ;
and A¢,.s). The phase distribution of the reference hologram (A¢,.f) is subtracted from the phase
distribution of the object hologram (A¢,,;) to obtain the phase difference information (A¢). Further,
this phase difference is related to the thickness, t(x,y) by the following expression,

Ap(x,y) = T dn X t(x,y) )
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where, 1 is the wavelength of the light source used and An is the refractive index difference between
the object and the surrounding medium.
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Figure 3. Experimental results of glass plate: (a) and (b) the retrieved wrapped phase distribution corresponding

to the two FOVs, respectively; (c) and (d) thickness profile of the glass plate corresponding to the two FOVs.

The obtained phase difference distributions corresponding to the two FOVs are shown in Figs.
3(a) and (b), respectively. The measured thickness profiles from the obtained phase distributions by
using Eq. (2) corresponding to the two FOVs are shown in Figs. 3(c) and (d).

Further, an experiment is performed for the dynamic phase visualization of two candle flames,
where two multiplexed digital holograms are recorded: one in the presence of the candle flames and
another without the candle flames. These two multiplexed holograms are processed and phase
difference distributions corresponding to the two FOVs are obtained. The phase difference
distributions for the two FOVs are depicted in Fig. 4(a) and (b), respectively. The obtained phase
distributions corresponding to the two FOVs can further be used for the measurements of refractive
index and temperature, similarly to our previous works [49-51] by using the following mathematical
expressions for refractive index and temperature connected to the obtained phase distribution,

Z0
2iCy) = | SanGry)dz ©

)

(. y) = ng + _f [d{Aqb(x y)}]

Vx2 —1r2

where, n, is the refractive index of air, r = vVx2? + z2.
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Figure 4. Experimental results of candle flame: (a) and (b) the retrieved wrapped phase distribution

corresponding to the two FOVs, respectively.

4. Conclusions

The continual evolution of optical metrology has led to remarkable strides in high-bandwidth
digital holography, particularly for the analysis of transparent objects where traditional measurement
techniques often fall short. This article has explored the limitations of conventional digital
holography, especially in terms of the field of view. In this work, the double FOV is achieved by
employing a cube beam splitter in the object beam with the orientation of ~ 45° with respect to the
optical axis, which strategically folds the two distinct FOVs onto the active area of the image sensor.
Therefore, this configuration enables to record two different areas of the object in a single-shot, hence
extends the FOV by double that of a digital holographic system. The proof of the concept is
experimentally demonstrated on different objects. Further, some optical metrological applications are
experimentally demonstrated by performing the experiments on measuring the glass plate thickness
and phase imaging of candle flame with double FOV. Therefore, this digital holographic system,
leveraged with single-shot double FOV capability, can effectively be used for the analysis of scientific
and industrial measurement applications.

Through this advancement—developing a single-shot double FOV configuration, digital
holography has transitioned from a laboratory tool to a versatile, high-precision imaging modality.
This method has enabled real-time, non-invasive optical measurement applications, including
surface profiling, temperature mapping, and refractive index profiling in transparent media with
improved object information.
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