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Abstract—We have developed three-dimensional object pro-
filing system using a highly accurate FMCW optical ranging
system. A DFB laser and a VCSEL are used as the laser source
and the optical frequency is swept by the injection current
modulation with a symmetric triangular wave. The influence
of nonlinearity in the optical frequency sweep is canceled by
utilizing k-sampling technique. Since the optical frequency sweep
range of a VCSEL is larger than that of a DFB laser, high spatial
resolution and high ranging accuracy are achieved by using a
VCSEL. The spatial resolution evaluated by the full-width at
half maximum (FWHM) is 460 ym and the standard deviation
of the ranging accuracy is ¢ = 2.7 um when a VCSEL is used
as the frequency-swept laser source, and the FWHM is 2.3 mm
and 0 = 14.8 yum when a DFB laser is used as the frequency-
swept laser source. Accordingly, fine and clear object profiling
of a coin and a printed circuit board is achieved by using a
VCSEL as the frequency-swept laser source. Finally we speed-
up the measurement time by increasing the repetition frequency
of the injection current modulation and optimizing timing of the
data acquisition, the galvano mirror scan and the FFT analysis
by taking account of the transient response of the galvano mirror,
and the fastest measurement time of 22.6sec is achieved for
201 x 201 points measurement points, which is four times faster
than our previous results. We also discuss the effect of moving
average filtering and median filtering to improve profiling quality.

Index Terms—FMCW optical ranging system, Object profiling,
Optical imaging

I. INTRODUCTION

Frequency-modulated continuous-wave (FMCW) optical
ranging system is a high-resolution interferometric ranging
system using an optical frequency-swept laser source [1], [2].
Fig. 1(a) shows the configuration of the FMCW optical ranging
system. The FMCW optical ranging system is composed of a
frequency-swept laser source and a two-beam interferometer,
and a target is located in an arm of the interferometer. The
reflected light from the target interferes with the reference
light reflected from the mirror on a photodetector (PD). The
reflected light is delayed with respect to the reference light by
7 = 2nL/c, where L is the differential distance between the
reflected and the reference lights, n is the refractive index, and
c is the light speed in vacuum. When the optical frequency of
the laser source is swept with a symmetric triangular waveform
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Fig. 1. Configuration of the FMCW optical ranging system and the waveform
of the optical frequency change of the reference and the reflected lights.

as is shown in Fig. 1(b), the interference signal has a beat
frequency f, given as;

Anf AF I
c

fo=2fnAF x 1= )
where f,, and AF are the repetition frequency of the optical
frequency sweep and the optical frequency sweep range,
respectively. The beat frequency f;, is proportional to the
distance L, and then the distance L can be measured by the
Fourier analysis of the interference signal. The interference
signal in the increasing or decreasing section of the modulation
signal shown in Fig. 1(b) is usually measured to avoid phase
discontinuity in the interference signal at the turning points
of the optical frequency sweep, and then the beat spectrum is
obtained by the FFT. This means that the time domain width
for the FFT is 1/(2f,,) and the beat spectrum is described by
the sinc function, and then the spatial resolution §L defined
by the Rayleigh resolution is given as;

- C
T OnAF’

If there are multiple reflection points in the target, multiple
peaks are observed in the beat spectrum and the locations
of the multiple reflection points can be measured from the
beat frequencies of the multiple peaks. Distributed sensing
is then possible by spectrum analysis of the interference
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signal. Actually the FMCW optical ranging system has been
actively studied as the FMCW reflectometry, also known as
the coherent optical frequency domain reflectometry (OFDR),
to characterize and diagnose optical fibers and optical wave-
guides [3]-[12]. In optical reflectometry application, high spa-
tial resolution is desired to distinguish adjacent fault locations.

The other applications of the FMCW optical ranging system
are optical coherence tomography (OCT) and object profiling
[13]-[17]. For imaging human eye and fingertip, high spatial
resolution is the most important performance because of their
small size, and the spatial resolution of about 10 um is realized
for the measurement range of about 1 cm. For object profiling,
the measurement range should be longer than the case of
imaging human eye and fingertip. The spatial resolution of
15 um at the distance of about 70 cm are achieved by using
a MEMS-VCSEL (micro electro mechanical systems vertical
cavity surface emitting laser) as the frequency-swept laser
source [13]. We have demonstrated tentative experimental
results of object profiling using a DFB laser and a VCSEL
as the frequency-swept laser source [15], [16]. The optical
frequency of the DFB laser and the VCSEL are swept by the
injection current modulation, and the VCSEL is found to be
a suitable laser source for accurate object profiling because
of the large optical frequency sweep range. In the report
[16], the repetition frequency of the optical frequency sweep
fm = 500 Hz and the resultant measurement time for 201 x 201
measurement points was about 84 sec.

Here we describe performance of object profiling using the
FMCW ranging system when a DFB laser and a VCSEL are
used as the frequency-swept laser source. We also describe
speed-up of object profiling by increasing the repetition fre-
quency of the optical frequency sweep and optimizing timing
of the data acquisition, the galvano mirror scan and the FFT
analysis by taking account of transient response of the galvano
mirror. The final measurement time is four times faster than
our previous report [16]. We also discuss the effect of moving
average filtering and median filtering to improve profiling
quality.

II. SYSTEM CONFIGURATION

Figure 2 shows the experimental setup of the FMCW optical
ranging system. A laser diode emitting at 1310 nm is used as a
light source and the optical frequency is swept by modulating
the injection current with a symmetric triangular signal with
the repetition frequency f,, = 1kHz. Two types of laser
diodes are used as the laser source; a DFB laser (Furukawa,
FOL13FIMWS-A4-SA7) and a sngle-mode VCSEL (RayCan,
RC22xxx1-T). The threshold current, the maximum current,
the bias current and the modulation current amplitude of the
DFB laser and the VCSEL are tabulated in Table I.

The laser light is launched from the circulator (Cir) onto
the target to be profiled, and the reflected light from the target
interferes with the reference light passed through the fiber
couplers FC2 and FC3. The laser light is focus on the target
by the lens with the focal length of 20cm. The beam size
at the focal point of the lens is not measured, however is
deduced to be a few tens pum from the profiling results as
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Fig. 2. Experimental setup of the FMCW optical ranging system for object
profiling (FC1, FC2, FC3: Fiber couplers, Cir: Circulator, PD: Photodiode).

TABLE I
THE BIAS AND THE MODULATION CONDITIONS OF THE DFB LASER AND
THE VCSEL.

Parameter [ Notation ]| DFB [ VCSEL
Threshold current Iin 20 mA 1.2mA
Maximum current Imax 150 mA 15mA

Bias current Ipc 90 mA 8 mA
Modulation amplitude Al 100mAp.p | 12mAp
Optical frequency sweep range AF 136 GHz 710GHz
Theoretical spatial resolution oL 1.10mm 211 pm
Theoretical FWHM O LpwHM 2.20 mm 422 pm

shown later. Since the repetition frequency of the injection
current modulation is as slow as 1 kHz, the optical frequency
of the DFB laser and the VCSEL is modulated by thermal
effect in the laser cavity. The optical frequency change of the
DFB laser and the VCSEL lags behind the injection current
change due to slow temperature change in the laser cavity,
and the optical frequency is nonlinearly swept. As a result,
the spatial resolution and the ranging accuracy are seriously
degraded.

To eliminate the influence of nonlinearity in the optical
frequency sweep, we utilized k-sampling technique. The k-
sampling clock is generated from the interference signal of
the auxiliary interferometer, r(¢) in Fig. 2, and the sensing
interference signal, x(¢) in Fig. 2, is sampled with the k-
sampling clock. The beat spectrum of the sampled sensing
interference signal is analyzed by the FFT. The target is
profiled by scanning the laser light over the target by using a
two-dimensional galvano mirror (Thorlabs, GVS002).

In the k-sampling technique, the Sampling theorem should
be satisfied between the sensing interference signal z(¢) and
the auxiliary interference signal r(¢). The measurement range
Lynaz 1s given as [12]

1
Lypaz = —nLa (3)

4
by considering that the sensing interferometer is Michelson-
type and the auxiliary interferometer is Mach-Zehnder-type,
where n and L 4 are the refractive index and the length of the
fiber delay line in the auxiliary interferometer, respectively.
When the beat frequency appears at the data point D in the
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Fig. 3. Measured frequency modulation (FM) efficiency of the 1310nm
VCSEL and the 1310 nm DFB laser.

beat spectrum, the distance L is given as;

D nl
N o Lmaw = T
N/2 ON

where N is the number of data used in the FFT analysis.
Since the beat spectrum is discrete, the exact distance cannot
be obtained from the peak position of the beat spectrum.
The exact distance is evaluated by parabolic fitting around
the peak in the beat spectrum. The value of nL 4 is adjusted
to be nL4 = 1m, and the resultant measurement range is
Lyyee = 25cm. In the measurement, the interference signal
in the increasing section of the modulating triangular signal
is acquired. The number of acquired data is 450 points when
the DFB laser is used as the frequency-swept laser source and
is 2350 points when the VCSEL is used as the frequency-
swept laser source. The difference of the number of acquired
data is attributed to the difference of the optical frequency
sweep range AF. In the FFT analysis, zero values are added
to the acquired data after multiplying the Hanning window
function to the acquired data (zero padding method), and the
beat spectrum is calculated for totally 4096 points to obtain
dense FFT spectrum without degrading the spatial resolution.

Figure 3 shows the measured frequency modulation (FM)
efficiency of the 1310 nm VCSEL and the 1310 nm DFB laser.
The FM efficiency at 1 kHz is 1.6 GHz/mA for the DFB laser
and 60 GHz/mA for the VCSEL. The FM efficiency of the
VCSEL is 38 times larger than that of the DFB laser. As shown
in Table I, the modulation current amplitude is 100mA_,
for the DFB laser and is 12mA,,_, for the VCSEL, and the
resultant optical frequency sweep range AF’ is about 135 GHz
for the DFB laser and 710 GHz for the VCSEL. Therefore
high spatial resolution is expected by using the VCSEL as the
frequency swept laser source. The optical frequency sweep
range AF shown in Table I is slightly smaller than the
value calculated by the product of the FM efficiency and
the modulation current amplitude Al because the interference
signal around the turning points of the modulation waveform
is not used for the FFT analysis.

In Table I, we defined the theoretical full-width at half-
maximum (FWHM) as a measure of the spatial resolution.
Figure 4 shows a schematic beat spectrum without using a
window function (dashed line) and with the Hanning window
(solid line) in the FFT. The spatial resolution given in eq. (2)
is defined as the differential distance between the peak and

L= (4)
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Fig. 4. Schematic beat spectrum and definition of the spatial resolution.
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Fig. 5. Measured reflection profile for a mirror located around 17 cm.

the first zero point in the [sinc| function, which is the beat
spectrum without using a window function in the FFT. In our
experiments, we used the Hanning window in the FFT, and
the spatial resolution was estimated from the FWHM of the
beat spectrum, which is expressed as d Lpwuwm in Fig. 4. The
theoretical FWHM using the Hanning window is given as;

c

nAF’

5LFWHM =20L = (5)

ITI. SPATIAL RESOLUTION AND RANGING ACCURACY

Figure 5(a) shows the measured beat spectrum for a mirror
located around 17cm, and Fig. 5(b) is the enlarged beat
spectrum. Fine beat spectra are observed around 17 cm, and
the beat spectrum when the VCSEL is used is narrower than
the beat spectrum when the DFB laser is used. The measured
FWHM is 2.3 mm when the DFB laser is used and is 460 ym
when the VCSEL is used, which are almost the same with the
theoretical FWHM shown in Table 1. As expected, high spatial
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Fig. 6. Histogram of the measured distance error for 10000-times measure-
ments at the distance of 17 cm.
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Fig. 7. Relationship between the FWHM and the standard deviation.

resolution is achieved by using the VCSEL as the frequency-
swept laser source due to wider optical frequency sweep range
AF.

Figure 6 shows an example of histograms of the measured
distance error; (a) is the result when the DFB laser is used,
and (b) is the result when the VCSEL is used. A mirror is
located at 17 cm, and the distance to the mirror is measured
10000 times. The mirror is put on a measurement table and
is not fixed on the measurement table. The horizontal axis is
the deviation from the averaged distance, and the vertical axis
is the frequency. The solid curves are the normal distribution
with the standard deviation 0 = 14.8 um for (a) and ¢ =
2.7 pm for (b). Smaller measurement error is obtained by using
the VCSEL as the frequency-swept laser source.

We measured the FWHM of the beat spectrum and the
standard deviation with different modulation current amplitude
AI, and the relation between the FHWM and the standart
deviation is shown in Fig. 7. The repetition frequency of the
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Fig. 8. Measured displacement against the small displacement.
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Fig. 9. Schematics of the propagation of the laser light after reflected by a
one-dimensional galvano mirror.

injection current modulation f,, = 1kHz. The peak-to-peak
current modulation amplitude is shown in the figure, and the
result when a DFB laser is used is also shown in the figure.
The standard deviation is proportional to the FWHM, and then
highly accurate object profiling can be achieved by enhancing
the spatial resolution.

Next we measure the beat spectrum when the location
of the mirror is slightly changed to confirm whether small
distance changes can be accurately measured. Figure 8 shows
the measured displacement against the small displacement of a
mirror located around 16.5 cm. The displacement is accurately
measured and the measured displacement agrees well with
the mechanical displacement. From Figs. 6 ~ 8, clear object
profiling of small mechanical workpieces is expected.

IV. OBJECT PROFILING

Next we measured the profiles of a coin and a printed circuit
board by two-dimensionally scanning the laser light by using
a two-dimensional galvano mirror as shown in Fig. 2.

Figure 9 shows the schematics of the propagation of the
laser light after reflected by a one-dimensional galvano mirror.
The initial angle of the galvano mirror is 45° as shown in Fig.
9(a) and the laser light is normally illuminated onto the target,
and the distance L is measured by the FMCW optical ranging
system. If the angle of the galvano mirror is changed by 6,
with respect to 45° in the z-direction, the illuminating angle is
changed by 26, as shown in Fig. 9(b), and the diagonal length
to the target L is measured by the FMCW optical ranging
system. Then the horizontal distance change x and the height
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Fig. 10. Timings of the data acquisition (DAQ), the galvano mirror scan, and
the FFT analysis.

(a) When a DFB laser is used.

(b) When a VCSEL is used.
Fig. 11. Three-dimensional profiling result of a Japanese 100YEN coin.

z at the illuminated point are calculated as;

Lsin(26,,)
= Lcos(20,).

xr =

A two-dimensional galvano mirror is used in our FMCW
optical ranging system. If the angle of the galvano mirror is
changed by 6, and 6, in the z-direction and the y-direction,
respectively, the illuminating angle is change by 26, and 20,
in the z-direction and the y-direction, respectively. As a result,
the horizontal distance change x and y and the height z at the
illuminated point are calculated from the measured diagonal
length to the target L as;

x = Lsin(26,) (6)
= Lsin(26,) (7)
z = Lcos(26;)cos(26,). 8)

Figure 10 shows the timing of the data acquisition (DAQ),
the galvano mirror scan and the FFT analysis. The optical
frequency of the laser source is swept by modulating the
injection current with a symmetric triangular signal. The
interference signal in the increasing section of the modulation
waveform is acquired, and the galvano mirror is scanned to the
next position after the data acquisition, and then the acquired
data is FFT analyzed. As a result, one distance measurement
is completed within the period of 1/ f,,.

Figure 11 shows the measured profile of a Japanese
100YEN coin (a) when the DFB laser is used and (b) when
the VCSEL is used. The number of acquired data is (a)
450 points and (b) 2350 points, and the number of the FFT
analysis is 4096 points by using the zero padding method. The
angle of the galvano mirror is changed from —2.5° to +2.5°
in 0.025° increment and the corresponding profiled area is

3 , , ; , ,
VCSEL f,=1kHz

~ Al=12mA,,
I 2t 4
1S

=

2

2 1l -

0 L 1 L L
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Fig. 12. Two-dimensional profiling result around the center of the Japanese
100YEN coin.

(a) Photograph.

(b) Profiled result.

Fig. 13. Photograph and the three-dimensional profiling result of a printed
circuit board.

26.5 x 26.5mm?. The resultant profiled data is 201 x 201
points, and the measurement time is about 42 sec. It is found
that fine and clear profiling is obtained when the VCSEL is
used as compared to the result when the DFB laser is used
due to the smaller measurement error as shown in Fig. 6. We
can successfully image the incuse on the surface of the coin
(labels “100” and Japanese traditional era name) by using a
VCSEL as the frequency-swept laser source.

Figure 12 shows the two-dimensional profile around the
center of the Japanese 100YEN coin when the VCSEL is used.
The thickness of the coin is found to be about 1.7 mm at the
edge of the coin and about 1.5 mm at the center of the coin,
and the surface of the coin is slightly curved. The step height
of the label “100” is also clearly measured and the height is
found to be about 100 um. Since the standard deviation of the
ranging accuracy is about ¢ = 2.7 um as shown in Fig. 6(b)
and is smaller than the step height of the incuse, the small
step height of the incuse can be successfully measured.

In profiling a coin, the reflected light from the surface of the
coin is relatively strong and large-amplitude interference signal
can be obtained because a coin is made of metal. In order to
extend application field of the FMCW optical ranging system,
it is necessary to prove that the proposed system is applicable
to the object profiling with low surface reflectivity such as
a glass and a plastic. Figure 13 is the photograph and the
measured profile of a printed circuit board. Plastic-packaged
ICs and chip components are clearly profiled, and narrow
wiring between ICs and chip components are also profiled.
The width of the narrow wiring is about 80 um, and then the
beam size on the target is deduced to be a few tens um. We
can then conclude that the proposed system is also applicable
to inspection in mechanical and electrical assembly process.
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Fig. 14. Step response of the galvano mirror.

(a) fm = 1.3kHz, 2250 points.

(b) fm = 1.5kHz, 2050 points.

Fig. 15. Three-dimensional profiling result of a Japanese 100YEN coin for
fm = 1.3kHz and f,, = 1.5kHz.

V. TOWARD FAST PROFILING

In the previous experiments, the measurement time for pro-
filing a Japanese 100YEN coin is about 42 sec with 201 x 201
measurement points since the repetition frequency of the
injection current modulation f,,, = 1kHz (201 x 201 x 1 ms =
40.4 sec). The total processing time of the data acquisition and
the data transfer from the AD board to the computer is less
than 250 us, and then we can profile an object without time
delay when the repetition frequency of the injection current
modulation f,,, < 2kHz. The other factor of determining the
measurement speed is transient property of the galvano mirror.

Figure 14 shown the small signal step response of the
galvano mirror. The input voltage is 100mV which corre-
sponds to the angle change of 0.1deg. The step response
of the galvano mirror is delayed with respect to the input
signal, and more than 350 us is required to stabilize the
scan of the galvano mirror ignoring the small ringing around
400 ~ 600 ps. This means the maximum repetition frequency
of the injection current modulation fy,(mas) 1S given as
Jm(maz) = 1/(2 x 350us) = 1.4kHz for the symmetric
modulation waveform.

Figure 15 shows the measured profiles of a Japanese
100YEN coin for the repetition frequency of the injection
current modulation f,, = 1.3kHz and f,, = 1.5kHz, where
the modulation current amplitude Al for (b) is reduced to
Al = 11mAj , due to limited operation speed of the k-
sampling clock generator, and the number of acquired data
is 2250 points and 2050 points for (a) and (b), respectively.
The number of points for the FFT analysis is 4096 points.
We can get clear profiling result for f,, = 1.3kHz, and
the profiling result for f,, = 1.5kHz is noisy because the
repetition frequency of the injection current modulation f,, >
frm(maz) = 1.4kHz. The measurement time for f,, = 1.3kHz

6
1 Mirror scan
D FFT Modulation
waveform
Interference
signal
Time
1/2fy 1/2fy

Fig. 16. Modified timings of the data acquisition (DAQ), the galvano mirror
scan, and the FFT analysis.

(a) fm = 1.5kHz, 1850 points.

(b) fm = 1.5kHz, 1650 points.

Fig. 17. Three-dimensional profiling result of a Japanese 100YEN coin with
different number of acquired data for f,, = 1.5kHz.

is 34 sec.

To improve the profiling quality for high repetition fre-
quency of the injection current modulation f,,, we decrease
the number of data to be acquired. The modified timing of the
data acquisition (DAQ), the galvano mirror scan and the FFT
analysis is shown in Fig. 16. The data acquisition is finished
before the turning point of the modulation signal, and then the
galvano mirror is immediately scanned to the next position. As
a result, enough time is provided for stabilizing the transient
response of the galvano mirror. Figure 17 shows the profiling
results for f,, = 1.5kHz with the modified timing. The
number of acquired data is (a) 1850 points and (b) 1650 points,
which are 200 points and 400 points fewer than the number
of acquired data of Fig. 15(b). The profiling result becomes
clearer by reducing the number of acquired data because the
transient behavior of the galvano mirror becomes more stable.

Figure 18 shows the profiling result when the repetition
frequency of the injection current modulation f,, = 1.8kHz,
which is the fastest repetition frequency with clear profiling.
The number of acquired data is (a) 1450 points, (b) 1000
points, (c) 800 points, and (d) 600 points. The number of
points for the FFT analysis is 4096 points. The modulation
current amplitude A is reduced to Al = 8mA,, due to
limited operation speed of the k-sampling clock generator. It is
found that the profiling result becomes clearer with decreasing
the number of acquired data, and we can get clear result when
the number of acquired data is 600 points as shown in (d). This
is because enough time is provided for stabilizing the transient
response of the galvano mirror with decreasing the number of
acquired data.

However we can see some spike noise in Fig. 18(d). The
spike noise can be eliminated by filtering. Figure 19 shows
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(a) 1450 points. (b) 1000 points.

(c) 800 points. (d) 600 points.

Fig. 18. Three-dimensional profiling results of a Japanese 100YEN coin with
different number of acquired data for f,, = 1.8kHz.

(a) 3 x 3 moving average filter.

(b) 3 x 3 median filter.

(c) 3-points median filter for z-direction.

Fig. 19. Three-dimensional profiling results of a Japanese 100YEN coin after
different types filtering. f,, = 1.8kHz and the number of acquired data is
600 points.

the profiling result after applying (a) a 3 X 3 moving average
filter, (b) a 3 x 3 median filter, and (c) a 3-points median
filter for z-direction. When a 3 x 3 moving average filter

(a) 3-points median filter for z- (b) 3 x 3 median filter.

direction.

Fig. 20. Three-dimensional profiling result of a Japanese 100YEN coin after
median filtering to the profiling results shown in Fig. 18(a).

is applied, the profiling result is blurred although the spike
noise is eliminated as shown in Fig. 19(a). For median filtering
shown in Fig. 19(b) and (c), the spike noise is eliminated and
the profiling results are clearer as compared to Fig. 19(a), and
3-points median filtering for z-direction shown in Fig. 19(c)
is clearer as compared to 3 X 3 median filtering shown in Fig.
19(b). Applying a 3-points median filter for y-direction gives
similar profiling result with Fig. 19(c). The optimal type of a
filter depends on surface profile of an object to be profiled. A
moving average filter is a kind of a low pass filter, and then
step-like surface profile is smoothed and blurred. Therefore, a
moving average filter is effective for profiling smooth surface
without step-like profile. A median filter is widely used image
filter to eliminate noise without blurring because no averaging
is used. Therefore, a median filter is effective for profiling
step-like surface such as coins and mechanical workpieces.
We tried to apply a 3 x 3 median filter and a 3-points median
filter for x-direction in our study, and which median filter is
effective depends on the shape and size of step-like profile.

Although the decreased number of acquired data is very
effective to speed-up the measurement time with high quality,
the optical frequency sweep range AF’ is also reduced, and the
spatial resolution and the ranging accuracy are degraded. The
600 points of acquired data corresponds to the effective optical
frequency sweep range AF' ~ 180 GHz, and the FWHM of the
beat spectrum and the ranging accuracy can be deduced to be
1.67 mm and about 10 m from eq. (5) and Fig. 7, respectively.
There values are better than the values when the DFB laser is
used, and as a results, the profiling result is clearer than the
result when the DFB laser is used shown in Fig. 11(a). The
measurement time for Fig. 19 is 22.6sec, which is about 4
times faster than our previous result reported in [16].

Finally we applied a 3-points median filter for x-direction
and a 3 x 3 median filter to the profiling results shown in
Fig. 18(a) to confirm effectiveness of median filtering to noisy
profiling result, and the results are shown in Fig. 20(a) and (b),
respectively. Smoother profiling result is obtained by 3 x 3
median filtering as compared to 3-points median filtering for
z-direction, however the profiling result is still degraded as
compared to the profiling results shown in Fig. 19. This means
that a median filter is effective to eliminate spike noise and is
insufficient for noisy profiling results.

VI. CONCLUSION

We have developed three-dimensional object profiling sys-
tem using a highly accurate FMCW optical ranging system.
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The laser light is scanned over a target to be profiled, and
the spatial distance distribution is measured. High spatial
resolution and highly accurate ranging can be realized by using
a VCSEL as the frequency-swept laser source because wide
optical frequency sweep range is achieved. The experimental
spatial resolution defined by the FWHM is 460 um and the
standard deviation of the measurement error is 0 = 2.7 um
when a VCSEL is used as the frequency-swept laser source.
We applied the developed highly accurate FMCW optical
ranging system to three-dimensional object profiling, and we
have successfully profiled a Japanese 100YEN coin and a
printed circuit board. Finally we speed-up the measurement
time by increasing the repetition frequency of the injection
current modulation and optimizing timing of the data acquisi-
tion, the galvano mirror scan and the FFT analysis by taking
account of the transient response of the galvano mirror, and the
fastest measurement time of 22.6 sec is achieved for 201 x 201
points measurement points, which is four times faster than our
previous results. We also discuss the effect of moving average
filtering and median filtering to improve profiling quality, and
a median filter is effective to eliminate spike noise.

We can conclude that the developed system is very useful
to industrial application such as profiling of mechanical work-
pieces and inspection in mechanical and electrical assembly
process. The developed system is a cost effective system
because a low-cost VCSEL is used as the laser source and
the optical frequency is swept by the injection current modu-
lation with low repetition frequency. Higher resolution, higher
accurate and faster profiling is possible by using a MEMS-
VCSEL as the laser source and the system is very useful to
medical application such as OCT. However a MEMS-VCSEL
is very expensive. We can say that the developed system has
enough performance for industrial application with low-cost.
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