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Abstract In this work, an optical FMCW (frequency modulated continuous wave) sensor
system fed by a current-modulated semiconductor laser is analyzed theoretically and
experimentally. The frequency-tuning nonlinearity of the laser diode and its effect on the
sensor system are considered. For a current-frequency modulation with a linear function,
effects from the frequency dependence and the current dependence of the FM efficiency
of the laser diode are taken into account. Theoretical and experimental results obtained
show good agreement. As an improvement approach, a new, linearly frequency-tuning light
source is proposed. The linear frequency tuning is achieved by a frequency comparison
and a feedback control to the current modulation signal. Applications of the sensor system
for characterizations of optical waveguide devices are discussed and measured results are
demonstrated. Good improvements in the spatial resolution and the detection sensitivity
of the sensor system are obtained.

Chapter 1 Introduction

The optical FMCW technique as a useful frequency modulation technique has been widely
utilized in files of the optical communication and the optical sensor. Developed Optical
FMCW sensor systems possess a very simple constitution and an easily adjusting detection
range for satisfying various sensing needs whether in basic physical measurements or in
the optical internal diagnosis. As active utilization of the current-frequency modulation
characteristic of the laser diode and the coherent heterodyne detection, with the adoption
of high-coherent laser diode with a very wide frequency-tuning range, optical FMCW sensor
systems are of very great potential in optical internal diagnosis applications where a high
spatial resolution, high sensitivity detection will be required. A critical element in FMCW
sensor systems is its light source which can determine the achievable spatial resolution
and detection range. In optical FMCW sensor systems, the frequency-tuning nonlinearity
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of the light source is an important problem, which results mainly from large thermal response
time constants in the laser module and a current dependence of the FM efficiency of the
laser diode. This nonlinearity can directly induce a broadening of the detection signal
spectrum and a noise floor rising, which degrade the spatial resolution and the detection
sensitivity of the FMCW sensor system. Our study purpose is to resolve this problem,
meanwhile to develop a high-performance, linearly frequency-tuning FMCW sensor system
for optical internal diagnosis applications.

Chapter 2 Optical FMCW Sensor System

In this chapter, the basic FMCW technique and its applications in optical sensor systems
will be mentioned. With a optical FMCW sensor system, we measure the absolute and relative
distances of the object under test. By an analysis, we know that in the measurement of
the absolute distance, the maximum detection, distance will be determined by the coherence
length of the light source, and in the measurement of the relative distance, detection errors
are induced mainly from the phase noise of the light source. A large frequency tuning range
in FMCW sensor system will be necessary not only to improve the spatial resolution, but
also to enhance the measurement procision.

The frequency and current dependence of the FM efficiency of laser diode used in our
study, as well as its spectral linewidth under a large-amplitude current modulation condition
are measured. Measured results illustrate that (a) the FM efficiency will change with the
modulation frequency and the bias current (injection current), which can cause the frequency
tuning nonlinearity even using a linear modulation current, and (b) a linewidth increasing
with the modulation current amplitude, which will generate large phase noises in the output
spectrum of the beat signal, causing large measurement errors.

The operation principle of balanced heterodyne detection scheme is mentioned. An
analyzed results on the SNR of the sensor system indicates that the balanced detection
scheme allows one to attain a shot noise detection limitation as using a large local optical
power, and a slight inequality in optical characteristics of detection components will
immediately lead to a substantial degradation of the SNR.

Chapter 3 Optical Internal Characteristic Diagnosis

In this chapter, we first introduce a nonlinearity compensation technique in the FMCW
sensor system using a frequency equalizer to modify the triangular current modulation signal.
The principle of this method is through an enhancement of the high-frequency components
in the current modulation signal to compensate the decrease of the FM efficiency in
high-frequency regions. This technique can effectively improve the spatial resolution and
the detection sensitivity of the sensor system.

As an important optical sensor application, we developed an optical FMCW diagnosis
system (see Fig. 1) for characterizations of various optical waveguide devices. In practice,
we have diagnosed some optical waveguide devices which included two glass-based optical
waveguides (see Fig. 2), the optical fiber and the fiber coupler (see Fig. 3) for measurements
of internal reflections, loss estimations and so on. We also measured the bending and splice
losses in optical fibers. These results demonstrate that this diagnosis system has satisfactory
detection performances in optical internal diagnosis applications.
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Fig. 1 Optical diagnosis system configuration.
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Fig. 2 Internal reflection distribution in an optical waveguide.
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Fig. 3 Return power distribution in a fiber coupler.
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Chapter 4 Theoretical and Experimental Investigations on Optical Frequency Tuning
Nonlinearity '

In this chapter, we will present some theoretical investigations on reasons of the
frequency-tuning nonlinearity, as well as nonlinearity effects on the detection signal in FMCW
sensor systems. A simple calculation model is proposed (see Fig. 4) and analyses was taken
in the time domain. We first investigate the thermal response process of the laser model
with a large-amplitude step modulation current and a fiber polarimetric interferometer (see
Fig. 5). By measurements, we found four thermal response time constants existing in our
laser module. These thermal response time constants basically determine the behavior of
the current-frequency modulation of the laser diode. With these time constants, we
constituted a temporal impulse response function h(t) for this laser module.

~ Michelson interferometer ™~
i Mirrors
£00) Laser Diode (1) E(t)
————> K(1), H(f) ~--—>—--—-E ———————
Injoction B+ T)
|
Calculation Model Y
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Fig. 4 Calculation model.
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Fig. 5 Step current response of laser diode.

We simulate a current-frequency modulation process of the laser diode, in which the
thermal response time and the current dependence of FM efficiency are considered (see Fig.
6). The calculated result indicate that the large time delay between the modulation current
and optical frequency changes will cause an obvious nonlinear frequenéy tuning. Calculated
results for the beat frequency indicate that maximum beat frequency deviations will occur
at turning points of the triangular current modulation signal, where there is a large current
change (see Fig. 7). Owing to this nonlinearity, the beat spectrum will be degraded and become
broadening. Also the beat spectrum will become more broadening as the detection distance
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Fig. 6 Optical frequency shift under current modulation.
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Fig. 7 Beat frequency deviation.

L increases, because the nonlinearity including in the beat signal was proportional to t/T,
thus to L/cT. The calculation results above are in fair agreement with those obtained from
experimental measurements.

Chapter 5 Linearly Frequency-Tuning Optical FMCW Sensor System

We propose a new light source configuration based on an optical-electrical PLL operation
principle. This light source with an automatic detection and compensation capacity for the
frequency-tuning nonlinearity, is very suitable for FMCW sensor systems. The light source
configuration comprises an auxiliary fiber interferometer and an electrical feedback control
loop (see Fig. 8). The nonlinearity elements in the beat frequency are picked out as a frequency
error signal through a phase comparison operation. Then this error signal is negatively
fed to the current modulation signal. With this, the time-frequency change rate §f/st of
the laser diode is controlled to keep constant, consequently, a linear frequency tuning is
obtained.

Measured results on the sideband suppression (see Fig. 9), the linearity and the long-term
frequency stability (see Fig. 10) of the beat signal demonstrate that this light source has

-122 -



|
|
__________ |
--------------------------------------- - ‘) ]
(T=09)BS |
_——______"'"_““_“-_—____““_—_l . |
T I — |
|

: | :
g - Electrical feedback 1 s I
] Synthesizer ¢ | 2|
e ]y I 3|

o = S - _—»| E
g , ) s

e-processing N v
C [l fore el &
/ PC ¢ Limiter 1 1 |
y'y frer Filter I | L P, :
’ Amplitier i ! |
Lock-in Amp ¢} TV Corvenar Ll | @ |
I7 I
|

| Reference SG I

Fig. 8 Linearly frequency-tuning light source configuration.
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Fig. 9 Measured beat spectrum.

a very good frequency-tuning linearity and stable operation performances.

With this light source configuration, we constitute a new, linearly frequency- tumng FMCW
sensor system. Several internal diagnosis results demonstrated that improvements both in
the frequency-tuning linearity and the beat frequency stability, finally led to a lot of
substantial enhancements and improvements in detection performances of the sensor system,
especially in the spatial resolution and the detection sensitivity (see Fig. 11).

Chapter 6 Conclusions

In this chapter, we give some conclusions for our study work in developing the optical
FMCW sensor technique and its applications in the optical sensor field.

-123-



02 _F 147 ki o,=3.263x 10° ] -
107 a, =048 Hz 1= 100x THT T T ¥ N
E _J 4102 &
,: Free-running 3 &
- N=50 4 c
s R
- 3]
o 107k , 3
s} 3 410" 5
@ i 2
& 1 %
> 4 [5)
c ] S
] 05 N=60 3
= - 3
< ¢ 410° ®
o r N=50,2510 3 o
o] 1 =
14 b [}
Frequency-locked 4 -8
4 K7
]

10-6 PRt Anunl_ 3111l il 1ot gl L2 1111
1072 107 10° 10° 107 100 &

Averaging Time t (sec.)

Fig. 10 Long-term beat frequency stability.
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Fig. 11 Rayleigh backscatterings in a fiber.
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