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This paper demonstrates the feasibility of using phase stepping and a multicore optical fiber to calculate
an object’s depth profile. An interference pattern is projected by an optical fiber onto the object. The
distorted interference pattern containing the object information is captured by a CCD camera and pro-
cessed using a phase step interferometry method. The phase step method is less computationally inten-
sive compared to two-dimensional Fourier transform profilometry and provides more accuracy when
measuring objects of high frequency spatial variations. © 2012 Optical Society of America

OCIS codes:

1. Introduction

Three-dimensional profilometry is the measurement
of an object’s depth using noninvasive methods and is
useful in many fields, including artwork inspection,
object recognition, and roughness analysis [1-3]. One
method of profiling an object is to project an interfer-
ence pattern onto an object and then analyze the pat-
tern to determine the depth map of the object.

A standard practice to generate an interference
pattern is to use two single-core fibers [1,4]. A fiber
coupler is typically used to achieve coherence be-
tween the two fibers. The outputs of the fibers act as
coherent point sources. A multicore fiber can also be
used to generate an interference pattern using the
individual cores as the coherent point sources. Using
a single fiber optic cable with multiple cores adds tre-
mendous stability to what would normally be a fra-
gile system. By combining the fiber cores into one
cladding, the need for a fiber coupler is eliminated.
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Vibration, temperature, and other external factors
have less effect making the system more robust.
This paper is an extension of the multicore Fourier
transform work of Bulut and Inci [5]. With similar
equipment and setup, but using the three-step
phase-shift method instead of the Fourier transform
method, the computational intensity required for im-
age processing can be reduced, and the accuracy of
reproducing higher spatial frequency data can be in-
creased. The reduced computational intensity of the
phase-shift method could potentially allow for image
processing to be done by a cheap microprocessor. The
Fourier transform method is limited in its ability to
show higher spatial frequencies due to the necessity
of applying a low-pass filter to the frequency data.
Light was coupled into two cores of a four-core op-
tical fiber and projected onto an object. Only two
cores of the four-core fiber were used because employ-
ing a two-point instead of a four-point interference
pattern increased the phase-shifting accuracy and
decreased the time needed for the phase shifting.
The interference pattern projected by this source
was deformed by the surface of the object. Three
images were taken with the phase shifted by /2
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between each pattern. These images were then used
to calculate the object’s depth profile.

2. Theory

Since two adjacent cores of the fiber were used, the
fringe analysis can be done for a two-point source as
opposed to a four-point source. Acting as two coher-
ent sources, the laser light creates an interference
pattern described as [5],

I(x,y) = 2I5(1 + cos (A(x cos 6 —z(x,y) sin 0))), (1)

276
A=— 2
o (2)
where 6 is the separation between fiber ends, A is the
wavelength of light, and f is the distance from the
end of the fiber to the object. I, is the light intensity
of a single core, and z(x,y) is the depth map of the
object. As shown in Appendix A, the phase at the ob-
ject’s surface (¢(x,y)) is given by
2 — 13

¢(x,y) = tan~! sz) = A(x cos 6 —z(x,y) sin 6).
3)

Plugging three different images with phase shifts
of #/2 into (3) can be used to obtain the depth profile,

z(x,y).
Ax cos 60— ¢(x,y)

A sin 0 )

z(x,y) =

The arctan function returns the phase value in
wrapped form that is in the range (-7 < ¢ < 7). An
unwrapping algorithm must be used to find the true
phase [6-8].

3. Experiment

An infrared beam with a wavelength of 798 nm is
emitted from a titanium-sapphire laser, pumped by
a 5 W, 532 nm beam. The beam is directed into a
110 cm four-core fiber. The light is focused into two
adjacent cores so that the fiber behaves equivalently
to a two-core fiber. Each core is 10.6 ym in diameter
with a core separation of 40.6 ym. After the light tra-
vels the length of the fiber, the resulting interference
pattern is projected onto the object, 49 cm from the
output end of the cable (see Fig. 1). The pattern has a
projection angle of approximately 21° from perpendi-
cular. This angle is minimized to decrease the areas
of shadow that contain no phase information. The re-
sulting image is captured by the CCD camera, which
has a line of focus perpendicular to the object plane.

A phase shift with an error of 0.01 radians or less
must be obtained between the images. A micrometer
mount is used to bend a constrained section of the
fiber. The light travels further on the outside core
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Fig. 1. Experimental setup.

of the bend than on the inside core, resulting in a
phase shift [9,10].

After acquiring a photo at each of the three conse-
cutive phase steps, the images are uploaded to the
computer and processed using MATLAB software.
Once the wrapped phase map is obtained from the
images, the phase is unwrapped using the block-least
squares algorithm [8]. This algorithm divides the do-
main into blocks, unwraps each block individually,
and then merges the blocks by minimizing disconti-
nuities. Block-least squares was chosen specifically
for its ability to quickly unwrap the phase while
avoiding discontinuities due to noise.

4. Results

A number of objects were profiled using this method,
of which two are shown in Figs. 4 and 5. The first ob-
ject is a triangular prism, 24 mm in width and
17.2 mm in height. Figure 2 shows the comparison
of a cross section from the triangular prism with
the result using the phase step method. The root-
mean-square error is 0.7 mm.

It is important to note that the reported technique
is limited when applied to dark objects or objects of
high reflectivity. Dark objects had lower signal-to-
noise ratios and were harder to unwrap. On the other
hand, some metal and plastic objects were too reflec-
tive, causing the interference pattern to saturate the
CCD camera. This effect is mainly due to absorption
or scattering of light and is directly related to the dy-
namic range of the camera used, but not related to
the method itself. Using a camera with a higher dy-
namic range would allow us to model a wider variety
of objects.

The largest source of noise was speckle noise,
which is caused by the interference of the light with
itself due to small path deviations. Smoother objects
decreased the speckle, increased the signal-to-noise
ratio, and produced higher quality depth maps.
White plastic and standard white printer paper
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Fig. 2. Profile of a triangle.
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produced good surfaces with a high reflectivity and
satisfactory smoothness.

5. Discussion

The use of a multicore optical fiber provides sizable
advantages over a two-fiber system. With a multicore
fiber, the setup is simpler, cheaper, and easier to
maintain. There is no need for a fiber coupler to pro-
duce the two coherent sources for the interference
pattern. The use of a single fiber eliminates the need
for adjusting the path difference between two fibers
and calibrating a phase-stepping transducer.

A four-core fiber as shown in Fig. 3 is employed in
our experiments. All cores are 10.6 ym in diameter
and are separated by a distance of 40.6 ym. The se-
paration between cores is large enough that coupling
from one core to another is negligible. Each core is
designed to guide a wavelength of approximately
1.3 ym. The fiber is coiled a number of times before
phase stepping to completely filter out the higher
modes so that only a single mode at 798 nm remains.
Since each fiber core guides a single mode, the bend-
ing during the phase-stepping process only affects
the phase of the signals in each core, and not their
modal pattern.

Since only two cores of the four-core fiber were
needed, the problem of coupling into just two cores
would have been solved by employing a two-core fi-
ber, but none were available. Additionally, only four
to five fringes were projected by the fiber. A larger
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Fig. 4. Result comparison for triangular object.
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Fig. 5. Four-core fiber cross section.

number of fringes compacted into the same space
would increase the accuracy of the system. The core
separation could be increased to allow for more
fringes using the same wavelength.

As noted above, the largest single source of error
was speckle. The most successful technique used to
minimize speckling was to vibrate the object and
background to average out the speckles. Increasing
the amount of vibration decreased the noise due to
speckle, but also decreased accuracy due to the image
blurring.

The drawback of the phase step method is the need
to take multiple pictures and the difficulty in control-
ling the phase stepping. The phase must be adjusted
extremely accurately between pictures. When two
single-core fibers are used, the phase can be shifted
by extending one path relative to the other. This is
often done with a mirror mounted on a precisely ca-
librated piezoelectric transducer [11]. As both light
paths in the setup are wrapped in a single cladding,
one path cannot be isolated and lengthened. Instead,
a micrometer was used to bend the fiber and move
the fringes into the correct position. This was an un-
predictable method for phase shifting, as the amount
of bending was not linearly related to the phase shift.
An automated fringe tracking system was employed
to direct the manually phase-shifted fringe pattern.
Because of the relative nature of the phase-stepping
process, the fringe tracking system was able to com-
pensate for phase shifts due to vibration and tem-
perature fluctuations.

Currently, the phase-stepping procedure is limit-
ing the speed of the method. It takes 20-30 seconds
to take the three pictures needed to calculate the
depth profile. This time can be reduced by using a
fiber in which a higher percentage of light is coupled.
This would allow for a higher frame rate from the
camera, essential for accelerating the capture of all
three photos. A servo motor could also be introduced
to allow for high speed shifting with a greater degree
of accuracy than the manual shifting method. If all of
these methods were employed, it is reasonable to es-
timate a capture time around 1s, allowing for a
depth profile stream of about the same speed.

Object discontinuities also pose a difficulty for this
method. Since phase wrapping is done by correcting
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phase discontinuities, any physical discontinuity lar-
ger than half of a fringe (z) has a chance of causing
unwrapping errors.

6. Conclusion

The feasibility of using a multicore fiber optic cable
in obtaining a depth profile with the phase-shift
method has been demonstrated. The system is com-
pact and reliable. Sensitivity can be increased with
an increase in the number fringes, a reduction in
speckling, and the use of a two-core fiber. The method
of bending the fiber to obtain the necessary phase
shifts has been shown to be practical. The method
could be improved by the use of a modified fiber,
along with a servo motor, which would enable a
streaming three-dimensional image with a frame
rate around one Hertz.

Appendix A: Three-Step Phase-Shift Derivation

The output from the optical fiber is a two-point
source with an intensity pattern:

I, = 2I)(1 + cos(Ax cos 6 — Az sin 0)). (A1)

Each subsequent image is taken with a z/2 phase
shift such that the other two image intensities are
given by

I, = 2Iy(1 + cos(Ax cos 0 — Az sin 6 + n/2))

= 2Iy(1 - sin(Ax cos 0 — Az sin 0)), (A2)
I3 = 2I5(1 + cos(Ax cos 0 — Az sin 0 + n))
= 2Iy(1 - cos(Ax cos 0 — Az sin 0)), (A3)

I,-I3  cos(Axcosf-Azsin6)-sin(Axcos-Azsind)
I,—I; cos(Axcosf—Azsin@) +sin(Axcosd—Azsinb)’
(A4)

Using  sin(x) + cos(x) = /2 cos(x — z/4)  and
sin(x) - cos(x) = +/2 sin(x — z/4), we rewrite the in-
tensities as

I, -1I3 sin(Ax cos 0 — Az sin 0 - n/4)
I, —I;  cos(Ax cos 0 — Az sin 0 — n/4)
= tan(Ax cos § — Az sin 0 — z/4).

(A5)
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The extraneous /4 is thrown out since the starting
phase does not matter. Rearranging this equation, z
can be isolated,

Ax cos - ¢
*= " Asin@) Ao
where the phase (¢) is given by
I, -1
— 122 3
¢ = tan (12 _Il). (A7)
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