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We present a new technique for fast form measurement
based on imaging with partially coherent illumination. It
consists of a 4 f-imaging system with a digital micro-mirror
device (DMD) located in the Fourier plane of its two lenses.
The setup benefits from spatially partially coherent illumi-
nation that allows for depth discrimination and a DMD that
enables a fast depth scan. Evaluating the intensity contrast,
the 3D form of an object is reconstructed. We show that
the technique additionally offers extended depth of focus
imaging in microscopy and short measurement times of less
thanasecond. © 2020 Optical Society of America

Quality assurance during the fabrication of microscopic tech-
nical objects, e.g., parts from deep drawing, is an essential
requirement within production. Parts have to be tightly toler-
anced since they are the basis for large assemblies. In addition,
mass production requires rapid measurement of the 3D geom-
etry of micro parts. However, due to industrial requirements, the
measurement technique should also be robust against mechani-
cal distortions [1]. Due to its non-contact and non-invasive
properties, optical metrology techniques can offer all of these
properties.

While optical tactile and confocal microscopy approaches are
too slow, interferometric methods such as digital holography [2]
and white light interferometry [3] or coherence radar [4] have
been established for full field measurement. However, the result
of the measurement is prone to environmental disturbances
such as vibrations or thermal fluctuations, since the interfering
wave fields travel along separated paths. In this work, we will
show that in the case of spatially partially coherent illumination,
the 3D shape of an object is encoded into the spatial coherence
function by a simple depth scanning speckle imaging process.
In contrast to the aforementioned interferometric techniques,
speckle imaging is a common path process and therefore has low
demands regarding mechanical stability. Additionally, the lim-
ited spatial coherence is achieved by an extended light source. In
our experiments we achieved depth scanning at kilohertz rates

by means of a digital micro-mirror device (DMD) [5], which
results in a short measurement time of less than a second. Thus,
no mechanically shifting parts are required within the (vertical)
depth scan, in contrast to focus variation techniques [6], for
example. Yet, since the method shares similarities with focus
variation, it can also provide an extended depth of focus image.

Figure 1 shows a scheme of the proposed system. It is based
on a telecentric 4 f-imaging system with a DMD located at the
common Fourier plane of two identical lenses with focal length
/> which enables amplitude modulation.

In analogy to phase retrieval based on a liquid crystal spatial
light modulator (SLM) [7], the DMD is used to modulate the
light with the transfer function (TF) of propagation:

H,(§) =exp [z’/ez\/ 1 mé’@ : (1)

with wave number £, wavelength X, propagation distance z, and
vector £ at the frequency domain. However, since the DMD
is an amplitude-only modulator, we have to find a binarized
amplitude representation of the TF, which will be discussed
in detail below. Since the DMD has switching times in the
kilohertz range, rapid propagation scans across different object
planes can be realized with thisarrangement [5].

We use coherent monochromatic light, which illuminates a
rotating diffuser, as shown in Fig. 1. The spatial coherence of
the illumination can then be adjusted by altering the spot size 7,
across the diffuser’s surface. The object has an optically rough
surface and islocated at a distance of  from the rotating diffuser.
If d > 7, holds, we can describe the illumination by a set of N
mutually independent plane waves, each with a wave vector of

k. We are now interested in the speckle image contrast across
the sensor plane, which is the primary criterion of our method
for focus plane separation.

In this situation, we may refer to a model that predicts the
contrast of propagated speckle images under requirements
spatially partially coherent illumination [8]. However, here we
present a new measurement principle based on speckle contrast.
The main novelty of the work is to (i) define the requirements
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Fig. 1.  Schematic of the 4 f system that employs a digital-mirror

device (DMD) located at its common Fourier plane. The test
object, a United States Air Force resolution target and a diffuser
(USAF + diffuser), is illuminated by a spatially partially coherent light
obtained by illuminating a rotating diffuser with light emitted from a
He—Ne laser. The diffuser is used to generate a speckle field, while the
USAF chart is used to easily visualize in-focus and out-focus. The setup
employs a long distance microscope objective and its associated tubus
(LDM + tubus) and a total internal reflection beam splitter (TI-BS).
The order sorting aperture (OSA) is used to block high diffraction
orders letting only the zeroth, 41, and —1 orders pass.

to realize depth discrimination and (ii) develop the correspond-
ing 3D form reconstruction scheme. Let us assume that the
variations in /;” are small against the aperture of the imaging
system. This basically constitutes a paraxial approximation for
the illuminating plane waves, which is valid in our case because

d > r, holds. A major finding of Ref. [8] is that each of the

independent plane waves £, creates the same elementary speckle
pattern Io(¥, ), which is expressed in the sensor plane as

N
[G2) =) I+ A%, 2). 2

n=1

In the focal plane (z = 0), all of these identical speckle patterns
coincide and form an image with full contrast. However, when
the fields propagate further (z > 0), they shift laterally by Ax,,,
depending on the direction of the plane waves ¢ ,, i.e.,

A;én:z'zl,nv (3)

wheree | , = (ky, k) T/ k are the lateral (in-plane) components
of the illumination directions. We can interpret Eq. (2) as fol-
lows: at every point X in the sensor plane, the intensity is defined
by the average intensity across an area with radius AX, max
which is the maximum shift.

To estimate the impact of this relationship on the contrast, we
have to consider the correlation length, i.e., speckle size, of the
intensity in the sensor plane. For alimited circular aperture with
adiameter D at the DMD plane the correlation length is defined
by the radius of the first root of an Airy disc §x [9]:

oo rf
Sx = 1.223. (4)

As discussed in Ref. [8], the contrast of the intensity /(x, z)
depends on the ratio B of the averaging radius AXp,x to the
radius of the correlation area §x. Thus, B = AXy./8x and
takes values between zero and one. If 8 = 0, which is obtained
when AXp. =0, i.e., in the focal plane z =0 [see Eq. (3)], all
speckle fields generated by the different sources are identical.
Accordingly, the contrast is at maximum. However, AXpay

increases by increasing z. Thus, the contrast decreases and
arrives at its minimum when the intensity is averaged over
the entire correlation area, i.e., where (in contrast to Ref. [8])
AXmay > 8x. Thus, one can discriminate between object points
located at the input plane of the 4 /" system, z = 0, which have
maximum contrast, and other points located at z > 0 or z < 0,
which have lower contrast. Considering the limit AX . = 8x
and using Egs. (3) and (4), the contrast will reach its minimum
atadistance zq of

i (5)

dx
Z20X2d— or zZ~N ,
7 NAimg

based on the spatial coherence length (r, =1.221d/r,) of
the illumination and numerical aperture (NAjng = D/2 f)
of the imaging system. Here we inserted AXp, using the
angular diameter of the illumination @p. =7,/24 and thus
AXmay = 27, /2d. Please note that Eq. (5) gives the resolution of
the axial scan, which depends on 7. and NAp,.

In our setup, we use the DMD to create different propagation
states z of the speckle fields. Yet, the DMD is an amplitude-only
modulator and cannot modulate incoming light with a pure
phase function, such as the TF of propagation H, [see Eq. (1)].
In the following, we will therefore find a binarized amplitude-
only representation of H,, and describe the consequences of
this approach towards both the setup and the measurement
and evaluation process. The transformation is performed in
three steps. In the first step, we consider only the real part Hg, ,
of H,= Hye + i Him ;. The real part is an amplitude-only
modulation creating an additional conjugate —1 order, which
would notbe present with pure phase modulation. In the second
step, we use Hg, , to create the amplitude modulation function
My =1+ Hg,, which is required to avoid negative values
that cannot be generated by an amplitude modulator. However,
M4 will also let arise a zeroth order. In the last step, we have to
finally binarize M 4 by setting all values above one to one, and all
values less than or equal to one to zero. The result of that proc-
ess produces a distribution that looks like Fresnel zone plates.
Modulation of the light with the binarized representation My
will form a multitude of higher diffraction orders, with most of
the energy centered around — 1, zeroth, and +1 orders.

For the measurement process, we are interested only in the
+1 order of the modulated light, so we developed a strategy to
filter all of the additional orders. Higher orders, from %2 on,
are largely separated and can therefore be filtered by an order
stopping aperture (OSA) in the setup, as seen in Fig. 1. However,
this approach does not work for the central orders < 2. They
are so close to each other that considerable amounts of energy
will pass the OSA, thus disturbing the image formation.

To compensate for the —1 and zeroth orders, we will have
a look at the image formation process in the sensor plane. The
intensity is given by

Is=Uy+ U +U-) - (Ug+ Uy + U-))*

1
=Y UL+D U, U (6)

n=—1 n#Em

where U, denotes the complex amplitude of the nth order. We
are particularly interested in the term |U,|? = I;1, which
represents the propagated image. It is important to understand
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Fig. 2. Experimental setup based on scheme shown in Fig. 1. The
red line imitates the propagation of light rays.

the structure of all U,,. The zero-order U is static; we cannot
manipulate or change it using the DMD. The term Uy, is the
complex amplitude of the image in focus, while U_; is the wave
field that has been modulated by the complex conjugate of H,,
and therefore represents the out-of-focus image.

We will use the fact that Uy and U_; are in different
propagation states. If the setup is arranged in a way z has to
be substantially different from zero for U, to form a focused
image of the object, the corresponding U_; will be vastly out of
focus. In accord with geometrical optics, the correlation length
of each position of U_; becomes approx. 75 time larger than
Uj1. Thus, the intensity contributions of U_; are approx. 1%.
In this case, all terms that contain U_; are negligible. In this
situation, Eq. (6) can be approximated to

Is=|Uo|* + Ui P+ Up- Ufy + Uy - Uy (7)

To isolate | Uy 1 |* from Eq. (7), we record two additional images
with the DMD in different states. The first image corresponds
to a phase shifted representation of the TF of propagation,
i.e., H,n = H, exp(im), whichyields

L~ |Ul* + U > = Uy - Uy = Ug - Uy (8)

The second image corresponds to a uniform distribution of the
DMD, i.e., all mirrors are switched on, so that only the zero-
order Iy = |Uy|?* arises in the sensor plane. With these images,
we can finally determine the propagated image 74 to

Lyw=Is+1Isz—2 1. 9)

Figure 2 shows a photo of the experimental setup. A He-Ne
laser (A = 632.8 nm) illuminates a rotating diffuser. Thus, the
spatial coherence of the light is reduced. The spatially partially
coherent light is then used to illuminate the test object. The
object is placed at the working distance (WD) of a long distance
microscope objective (LDM). The LDM is an object side tele-
centric microscope objective having a numerical aperture of
NA =0.21 and a WD of 51 mm. Based on Rayleigh criterion,
the lateral resolution of the system is 1.8 um. The image plane
of the LDM coincides with the input plane of a 4 f* system,
which consists of two identical lenses having a focal length of
/=150 mm and a DMD at the common Fourier plane. The
DMD is a Texas instrument DLP5500 with 10.8 pm pixel
pitch, resolution of 1024 x 768, and a switching rate of up to
5 kHz for binary patterns.

At the front of the DMD, we use a total-internal reflection

prism (TI-BS) to adapt the incident and reflected paths of light

-1-order

(a) +1-order

Fig. 3.  Experimental results demonstrate the temporal phase
shifting scheme that is used digitally to suppress the zeroth order. (a),
(b) Images captured for two 7 shifted My realizing a propagation of
10 um at object plane showing the zeroth, +1, and —1 diffraction
orders. (c) Image recorded by switching all DMD’s micro-mirrors to
be on. (d) Result of suppressing the zeroth order. The dynamic range is
adapted between zero and one for all images.

towards the DMD and the camera, respectively. At the image
plane of the 4 f system, a high-speed camera (VKTZ Fastcam
mini UX 100) with a pixel pitch of 10 pm, and capturing up
to 4 kHz at full resolution of 1280 x 1024 pixels, is employed
for rapid image recording. Both the camera and the DMD are
synchronized during the capturing process. The setup combines
the benefit of depth discrimination through partially coherent
illumination with the high-speed switching capability of a
DMD, to achieve fast depth scan. Consequently, methods based
on focus variation microscopy [6] can be applied to determine
the object’s shape from the recorded intensity measurements.

In the following, we demonstrate the phase shifting approach
given by Eq. (9) to eliminate the disturbing contributions of
the zeroth order. To achieve this, a TF of propagation is used
to achieve a propagation of 10 pm at the object plane. As an
object, the number 3 of group 3 of the non-tilted USAF chart
(no diffuser attached) is selected. We recorded the intensities I
and /s, , which are shown in Figs. 3(a) and 3(b).

One can see three diffraction orders, i.e., zeroth, +1, and
—1 orders, in both images. Additionally, we see interference
patterns that correspond to the cross terms in Eq. (6). The +1
order corresponds to the image in focus, whereas the —1 order is
the de-focused and darker image. Due to the real valued modu-
lation with Ay, the 41 order has a negative beam of curvature
compared with the one resulting from the microscope objective,
and thus the +1 order converges and becomes smaller than the
zeroth order. On the other hand, the —1 order has the same sign
of the beam of curvature as the one resulting from the micro-
scope objective. Thus, the —1-order beam diverges and becomes
larger than the zeroth order. The comparably small propagation
distance of 10 wm is selected to suit all orders across the field of
view of the camera, so that the opposing trend in propagation
of the two orders becomes clearly visible. In a real measurement
situation, the overall propagation distance is much larger, and
the —1 order becomes almost invisible. Figure 3(c) shows the



Fig. 4.

Experimental results demonstrate the contrast variation
across the tilt object during the depth scan from (a) left to (b) right.
High contrast appears only for points located at the working distance
of the LDM objective. The depth scan process at the whole tilt object is
shown in Visualization 1.

image for the case in which all DMD pixels are switched on
and represents the zeroth order, except for the overall intensity.
Figure 3(d) shows the result corresponding to Eq. (9).

In the following, we measure the form of a test object based on
depth discrimination. For this purpose, we attach a fixed diffuser
to the USAF chart (USAF + diffuser) and tilt it by an angle of
45° realizing a 3D object with known depth. The test object is
adjusted so that its left side (across the field of view) is located at
the WD of a 10x magnifying LDM. In consequence, a set of
90 binarized TFs is calculated where 45 of them are un-shifted
and the other 45 are 7 shifted. The step propagation distance
within the setis 22.25 um, thus achieving a depth scan of 1 mm.
Please note that, as discussed above, the —1 order becomes larger
with increasing the propagation distance, and thus it does not
disturb the recorded images since it becomes almost invisible
compared with the high-intensity +1 order. Inscribing the 90
binarized TFs (M4) on the DMD, a set of 90 intensity images in
< 25 ms is recorded. These images are used to digitally suppress
the zeroth order, resulting in 45 images free from the zeroth
order. Figure 4 shows two captured images with a limited depth
of focus after suppressing the zeroth-order beam. Visualization 1
shows the complete scan process. As can be seen from the visu-
alization, the images are laterally shifted. This shift has to be
compensated for as discussed in Ref. [10] before evaluation.

In analogy to the focus variation approach [6], the Michelson
contrast of the images is used as a focus measure to reconstruct
the extended depth of focus image shown in Fig. 5(a). For this
purpose, the contrast is compared within a window of 16 x 16
pixels for the different depth images to determine a maximum,
and the height is defined accordingly. The window is scanned
across the whole set of images using the process described above
to find the maximum contrast. Using the determination of the
local height, i.e., depth of maximum contrast of the intensity,
the 3D form of the test object is reconstructed and shown in
Fig. 5(b), indicating a maximum depth of 21000 pm. Note
that areas outside the optics aperture are not defined and set to
zero. In order to validate the measured results, we use a simple
geometrical consideration given by the fact that the test object
is tilted by an angle of 45°. From the captured images, the part
of the projection of the object captured by the camera has a
diameter of 1008 pm. Due to the tilt of the object, the depth
covered by the camera is also 1008 pm, which represents the
maximum depth scan of the object. Comparing this result with
the reconstructed depth map of #1000 pm leads to a maximum
difference of around 8 pm. It is noted that for smooth surfaces,

mm
0

Fig. 5. Results of the (a) reconstructed extended depth image and
(b) 3D height map.

the contrast is generally zero, i.e., no features are distinguishable,
and thus the proposed approach cannot be used.

In conclusion, we have shown that imaging under spatially
partially coherent light can be used for form measurements.
The technique uses limited spatially coherent illumination
to produce depth discrimination. Thus, images with limited
depth of focus are obtained. For fast object scan, a 4 f-imaging
system with a DMD located at the common Fourier plane of
the two lenses is employed. The DMD is used to manipulate
light with binarized TFs of free-space propagation. We achieve
a depth scan rate of up to 4 kHz. To compensate for the bina-
rization effect, a temporal phase shifting model is presented.
To verify the proposed approach, a tilted USAF test chart with
a diffuser attached to it was used as a test object. The contrast
of the captured images was implemented as a focus measure to
reconstruct an extended depth of focus image that results in the
corresponding 3D height map of the test object.
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