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Abstract: Phase-shifting Fringe projection profilometry (FPP) excels in 3D measurements
for many macro-scale applications, but as features-of-interest shrink to the microscopic scale,
depth-of-field limitations slow measurements and necessitate mechanical adjustments. To
address this, we introduce digital holography (DH) for fringe image capture, enabling numerical
refocusing of defocused object regions. Our experiments validate this approach and compare
depth measurement noise with other DH and FPP methods. Results show that for slight defocus,
incoherent FPP surpasses coherent techniques, while under significant defocus, the new method
minimizes measurement uncertainty and matches the performance of other DH techniques,
facilitating faster measurement of deep, micro-scale objects.
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1. Introduction

Phase-Shifting Fringe Projection Profilometry (PS-FPP) is a non-contact, non-destructive, optical
3D shape measurement technique. In PS-FPP, triangulation is performed with a camera and an
off-axis projector. A phase-shifted sinusoidal pattern is projected onto the object surface, whose
image from a different perspective is modulated by object height. The phase of the pattern is
calculated over the image, unwrapped and transformed from image-space to object-space before
evaluating the topography of the object. Each step in the process has many variants, presented in
an overview by [1].

Projection systems using incoherent light sources enable moderate measurement volumes to
be measured with very low measurement uncertainty. Due to speckles, coherent light sources
typically exhibit much larger uncertainty [2], but can be extremely compact [3–5]. Also, fringes
produced by coherent interference of plane waves are never defocused.

In macroscopic applications, large 3D scenes can be measured with PS-FPP using a few
detector captures, and hence it has enjoyed widespread success. Meanwhile, FPP configurations
for microscopy, reviewed by [6], have more barriers to application. One issue is that high accuracy
measurements are possible only within a small field-of-view and depth-of-field. For example, a
microscope with object-sided numerical aperture (NA) of 0.3, magnification (M) of 1 and 5 µm
pixels, has geometrically-limited depth-of-field of about 17 µm. Field curvature and deviation
from plane of calibration further limit depth range. Extended measurement depth is usually
achieved with mechanical [7] or electro-optical scanning [8], increasing measurement times for
deep microscopic objects. Defocus can occur in projection and detection. Defocus applies a
low-pass filter to spatial frequencies and reduces the modulation of sinusoidal fringes. Depth
from object defocus [9], fringe projection defocus [10] and defocused binary pattern projection
[11] utilizes these defocus effects but are still range limited without mechanical scanning.

The measurement range of microscopic PS-FPP may be extended using digital holography.
Digital Holography (DH) measures the entire complex field of light from an object in a single or
few captured interferograms. The phase and amplitude of the field can be calculated at any plane
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in object space, which is termed ‘numerical refocusing’. By using interference-based fringe
projection and capturing the PS-FPP scene with DH instead of a camera, defocus of the camera
and projection may be eliminated and deep objects may be measured with a single capture per
fringe pattern projected.

Ptytulak et al. have already proposed a combination of DH and Fourier Transform FPP as a
3D shape and deformation measurement method [12]. Yet their approach was to a different end,
and DH was used to measure smooth objects/deformations with slow height variation within a
few-microns range, while FPP measured large object variations. Thus their DH application was
limited to shallower objects than their FPP.

In contrast, we introduce DH to extend the measurement volume of FPP, naming the technique
DH-supported FPP (DH-FPP). We derive an expected relationship between depth-noise and
defocus of imaging and projection for incoherent-, coherent- and DH-FPP. With this relationship
we show that an exponential rise in depth uncertainty, caused by defocus, can be avoided whilst
still using FPP algorithms. We explain similarities and differences of DH-FPP approach to
another holographic approach, DH-AOI [13]. We underscore the complexities in the individual
and combined techniques. To enable comparison, we suggest a setup capable of measuring depth
uncertainty with all 4 techniques on standard step objects under equal conditions. We discuss
expectations, measurements, similarities between techniques and limitations.

2. Theory

Capturing a sinusoidal projection on a flat surface with focused imaging and projection produces
an intensity distribution at the detector Idet(x) = A + Bcos(2πx/T), where A is a background
intensity level, B is intensity modulation and T the fringe period. Height uncertainty for
incoherent FPP can been modeled from projection to 3D geometry as a sequence of uncertainty
transfer models [14]. When temporal phase shifting algorithms (s. Eq. (6)) are applied, normally
distributed intensity noise σI can be mapped to phase noise σϕ by [15]:

σϕ =

√
2

√
NB
σI (1)

Where N is the number of phase-shifted captures. Assuming a linear relation between unwrapped
phase and object height, the standard deviation of the measured object height σz is proportional
to 1/B.

One effect of defocus is to imparting radiometric losses. As the object surface moves further
from the entrance aperture, the captured solid angle of light reduces with (z+δ)2/z2, where z is
the distance to the plane of focus.

At large levels of defocus, geometric effects dominate the PSF [16]. A Gaussian PSF, though
not predicted by geometric optics, is commonly used as a simplification and is seen experimentally
[9,17]. Modelling the defocused projection and imaging as sequential convolutions of Gaussian
kernels with Idisplay(x) = A + Bcos(kx) yields:

I ′det(x) = A + Bexp
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Where σo, σp are standard deviations of the Gaussian PSFs of observation and projection. They
define the gaussian PSF FWHM diameter d = 2

√︁
2 ln(2)σ, which is proportional to defocus δ

and NA for small aperture angles as well, inferring σ2 ∝ δ2NA2. This model assumes unitary
magnification, local object flatness and homogenous reflectivity. Considering radiometric losses
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and comparing modulation before and after defocus yields (derivation in Supplement 1):
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p)/π
2T2] (3)

where B’ is the fringe modulation after defocus and K a constant of proportionality. We infer that
the standard deviation of measured object height for incoherent FPP will scale with this ratio.

The projected fringe pattern for coherent and DH is produced by two-beam interference and
suffers no defocus. Defocus of observation is present for coherent FPP, while it is removable for
DH-FPP and DH-AOI. However, the required dynamic range for holography is higher due to
the added reference beam. Coherent illumination also brings coherent noise. FPP simulations
suggested empirically that coherence effects impact phase noise with the relation [18]:

σϕ = R
(︂
a1C +

a2
B

)︂
(4)

where a1 and a2 are constants, C is the speckle contrast and R is additive white noise at detector
and projector. The first term suggests that speckle noise is fundamentally limiting, while the
second term suggests that modulation reductions further increase noise. The fundamental speckle
limit for triangulation-based methods has been shown to be [19]:

σz =
λC

2πNAsinβ
(5)

where λ is the wavelength of light, NA the numerical aperture of observation and β the
triangulation angle. An explanation for the second term is speckle phase decorrelation noise,
which occurs when speckled intensity captures are compared and increases with defocus, surface
roughness and tilt [20]. References [21,22] show analytically that it is inversely proportional to
modulation, while [23] shows speckles must be highly resolved or highly unresolved to reduce
decorrelation noise in coherent FPP. As defocus can be set to near zero numerically, we expect
DH-FPP to have near-constant depth uncertainty over a large defocus range with some variation
due to radiometric losses.

Two alternate setups are plausible, using very small or very large pixels. For holographic
applications however, reducing pixel size allows a laterally larger measurement volume [24] and
is the approach taken here. Each resolved speckle has different modulation, such that setting a
modulation threshold removes whole speckles and improves measurement noise [25].

The integration of DH into an FPP technique, not merely as adjacent technique but also as
a preprocessing step in the FPP data evaluation chain is complex, as the sources of noise in
depth-measurement by FPP and DH are numerous. Combining the techniques mixes the sources
of depth-noise and has them become inputs to each other. Choices in setup and algorithm
variants become challenging, so the paper contributes not only a comparison of experimental
depth-uncertainty of the new and old techniques, but also an investigation into the best approaches.
As a simple example, reducing the wavelength changes triangulation noise, decorrelation and
interferometrically generated fringe period. The measurement setup and DH approaches used are
the result of a review of the literature, early experimentation and trade-offs under the realistic
constraints of working distance and setup size.

3. Methods and materials

The setup for measurements of both incoherent PS-FPP and DH-PS-FPP is shown in Fig. 1.
The optical axes of detection and projection differ by the triangulation angle β . Incoherent and
interferometric projection coincide. The detector arm contains a ZWO ASI 183 camera with
a Sony IMX183CLK-J image sensor (2.4 µm pixel pitch), a 50 mm focal length lens, imaging

https://doi.org/10.6084/m9.figshare.28014245
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with a magnification of 1.9, and a polarizer for enhancing interference visibility. The incoherent
projection system consists of a front-illuminated LCOS (LED Pico projector from AAXA Tech.
Inc., projection optics removed) and a microscope formed by lenses L2 and L3, which projects the
LCOS on the object with a magnification of 1.2. The LCOS displays 1D phase-shifted sinusoidal
patterns with fringes running out-of-plane.

Fig. 1. Symmetric setup used for comparative deep-microscopic-object measurements of
PS-FPP with incoherent illumination and DH-PS-FPP with coherent illumination. M1, M2,
M3 are mirrors, L1, L2, L3 are lenses, (P)BS are (polarization-) beam splitters, AP are
limiting apertures, HWP a half-wave plate and LP, a linear polarizer to enhance interference
visibility.

The interferometric projection uses a Michelson interferometer with one slightly tilted mirror
to generate fringes in object space. One mirror is piezo-actuated on-axis for phase shifting. To
create off-axis holograms at the detector, a reference beam is sampled prior to the interferometric
projector then recombined with light from the object. A half-wave plate balances beam powers
at the detector. Blocking the reference beam allows for imaging of the coherent fringe pattern.
Recording holograms whilst sequentially blocking light from M1 and M2 allows DH-AOI. The
aperture in the incoherent projection microscope limits the highest spatial frequencies to control
depth-of-field. The camera’s object-side NA was reduced to 0.05 to resolve speckles and optimize
spatial bandwidth for off-axis DH.

For DH-FPP, N numerically refocused holograms are generated by filtering out DC and twin
image components of the raw hologram from its Fourier transform, then propagating until focus
via the angular spectrum method. This generates a set of N phase-shifted pattern images for FPP
processing. For N phase shifts evenly distributed around 2π, the phase mapΦ(x,y) for FPP was
calculated as [26]:

Φ(x, y) = tan−1

(︄ ∑︁N−1
n=0 In(x, y)sin(2πn/N)∑︁N−1
n=0 In(x, y)cos(2πn/N)

)︄
(6)

where In is the intensity in the nth hologram or image, and (x,y) are the lateral coordinates in
object space. The intensity modulation B(x,y) can be calculated as:
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Equations (6) and (7) are valid for both coherent and incoherent fringe projection approaches.
For DH-AOI, the illumination from M1 and M2 are separately, holographically recorded. The
argument of the refocused holograms is the speckled object phase and the difference between
two different speckled object phase distributions yields a phase mapΦ(x,y).

The unambiguous measurement range of DH-AOI, DH-FPP and coherent FPP are in principle
identical and approximated by λ⁄∆θsinβ, where ∆θ is the difference in angle of incidence of
illumination. For the same object, DH-FPP and DH-AOI use different measurement setups
and algorithms, yet arrive at the same mathematical result. Both are subject to coherent and
phase-decorrelation noise, yet different algorithmic and detector noise contributions. Both may
have comparative noise reductions for different reasons: DH-FPP entails more measurements,
while DH-AOI can use longer integration times per capture. The phase-to-height transformation
is applied to obtain the object height:

h
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(8)

where T is the fringe period in the plane of the object, Mo, Mp are observation and projection
magnification and m is the fringe order. Due to phase-shifting inaccuracy of the piezo transducer
used, the number of captures N was increased to 11 for coherent- and DH-FPP to suppress a
double-frequency phase error [27]. Phase shifting algorithms for arbitrary, unknown phase steps
(e.g. [28]) were experimentally found unable to handle the speckled reference field.

Flat which represent the most cooperative shape. One effect of (locally) increasing surface
slope for certain rough surfaces is the change of scattered light incident in the entrance pupil
of the (holographic) camera, resulting in a change of the signal-to-noise ratio of the captured
fringes. Of course, this effect also depends strongly on the surface roughness and observation NA.
Projected fringe spacing is also increased locally, changing the period/speckles and period/pixels
ratios. The period of holographic micro-fringes also changes, as sloped surface and reference
beam wavefronts differ. Algorithms for phase retrieval and unwrapping may be adapted for
specific surface shapes but in general will be noticeably influenced. Phase decorrelation is also
sensitive to surface slope. A theoretical and experimental comparison of the complex effects of
local surface slope in all four techniques is complicated and requires further investigation.

4. Results

Measurements of milled aluminum step profiles coated with white dental scan spray (ScanTist 3D
Permenant) were performed with equal period, camera NA and triangulation angle β in each case.
The samples were then measured with an incoherent PS-FPP instrument (Keyence VR-5200) to
confirm roughness (Ra ∼ 3 µm) and step height were unaffected by coating. The top surface
of the step profile was always in-focus and the bottom surface further away from the camera.
Figure 2 shows exemplary captured images for incoherent and coherent FPP and merged-focus
DH-FPP images. The magnification varies for refocused DH images with changing object and
image distances, but was calculatable with knowledge of the setup and numerical refocusing
distances. The fringe modulation at 5 mm defocus is invisible to human eyes without holographic
refocusing. The intensity profile of the reconstructed holographic measurements is limited by the
diameter of the reference beam. This is a limitation to our DH-FPP setup specifically, not the
technique generally.

Phase was calculated in rectangular regions for the focused and defocused surfaces. Phase
standard deviation was calculated then for each pixel column. The minimum standard deviation
for defocused surfaces is plotted below in Fig. 3.

Coherent noise dominates depth measurement noise for all coherent techniques at low defocus,
setting a baseline noise which is reducible by thresholding or further increasing N. Increasing
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Fig. 2. Unprocessed captured frames from Incoherent FPP, Coherent FPP compared to
DH-FPP merged-focus, processed DH-FPP frames which are refocused above the blue line.

Fig. 3. Standard deviation of depth measurement at varying levels of defocus (plotted in
logarithmic scale) with identical imaging NA for the following techniques: Coherent Fringe
Projection Profilometry (FPP), Incoherent FPP, Digital Holography supported FPP (DH-
FPP), modulation-thresholded DH-FPP and multiple angle-of-incidence digital holography
(DH-AOI). For context, grey dashed lines indicate defocus set at the depth-of-field of
observation and the defocus at which the spot diameter is equal the fringe period.
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defocus impacts coherent FPP earliest, as defocus increases phase decorrelation and speckle
contributors to each pixel. Exponential growth in measurement noise with defocus for incoherent
FPP gives an advantage to DH-FPP where the defocus is very large. Applying a global 50%
modulation threshold within the ROI to DH techniques accentuates the advantage. Applying
holography to refocus for fringe projection is applying two sets of phase computation algorithms.
Yet the differences between coherent FPP, DH-FPP and DH-AOI, due to setup and algorithmic
noise, are much smaller than the in-focus coherent noise level. Despite different approaches
to calculating object height, DH-FPP and DH-AOI have similar uncertainty across the defocus
range. DH-AOI has a simpler setup and fewer needed captures, so it should be preferred over
FPP techniques for fast topographic measurement of strongly defocused microscopic objects.

The effects of numerical aperture on defocus-induced depth uncertainty increases are plotted
for these techniques in Fig. 4. Tolerance to defocus is reduced in coherent and incoherent
FPP with increasing NA, while the depth-uncertainty of DH is unaffected. The 16 mm pupil
measurement was not possible for DH due to the constraint to resolve speckles and interferometric
micro-fringes at the detector for off-axis holography. In other words, a 16 mm pupil would
cause overlap of the +1, 0 and -1 orders in the spatial frequency domain, adding significantly to
measurement noise. This is a limitation of the detector used in this setup. If the DH techniques
were operating at the fundamental speckle limit, the noise level (∼40 µm) should have varied with
NA. Therefore, we can assume the DH methods were not operating at the fundamental speckle
limit and could be further improved.

Fig. 4. Effect of camera pupil diameter on depth uncertainty measurements. Increasing line
density corresponds to increasing numerical aperture.

The quality of fringes is of major importance for achieving low height uncertainty in combination
with good lateral resolution. Indeed, the coherent techniques have here a disadvantage due to
interference effects (speckles) compared to incoherent methods. On the other hand, the coherent
techniques help to achieve a better quality if defocus or depth of focus are a practical issue
(see Fig. 3). To improve the results of coherent approaches, one might use temporal averaging
techniques (e.g. rotation of a diffuser) or a change of other system parameters, most notably the
triangulation angle. At the cost of lateral resolution, algorithms that use some kind of spatial
averaging would further improve the height accuracy.
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Figure 5 shows refocused DH-FPP measurements of a complex object (coin) with sloped
specular surfaces, placed 2 mm from the plane of best focus. The slope angles and orientation
determine which specular reflections improve or destroy fringe modulation. The modulation-based
thresholding applied to the image results in missing data points in the height map.

Fig. 5. Height map and corresponding intensity modulation from refocused DH-FPP
measurements of an embossed coin surface placed 2 mm from the plane of best focus

5. Conclusion

DH-FPP was introduced to alleviate the depth-of-focus issue for microscopic FPP. Measurement
depth uncertainty at different levels of defocus was compared with that of incoherent and
coherent FPP as well as DH-AOI. The results show lower measurement noise for large levels
of defocus when numerical refocusing of fringes and modulation thresholding are exploited.
This allows measurement of highly detailed, deep objects without the need to translate and
repeat measurements at different planes of focus. However, DH-AOI was found to have similar
uncertainty while potentially being simpler and faster than DH-FPP. These results should help
engineers dealing with topography measurement of variable, unknown object sizes to implement
the fastest and most precise methods.
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