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Abstract. We demonstrate a novel active fibre-optic interferometric sensor
based on a temperature-stabilized low-finesse fibre-optic Fabry—Perot. In this
apparatus, information on the optical phase was extracted from the frequency
shift of the He—Ne laser of which the cavity length was thermally tuned to
compensate change in the interference signal. It is shown that an improvement in
the stability of the interference signal by two orders of magnitudes can be
realized. The tracking achievable between the Fabry—Perot interferometer and
the laser was better than 1 part in 108, That is, the relative frequency stability of
the laser was <1:0x 1078 over an interval of tens of minutes. Detection of a
change of 5 nm in the optical path length of the fibre-optic Fabry—Perot was also
demonstrated. The dynamic range of this interferometer is over 40 dB and the
linearity characteristics are excellent. These performance characteristics were
limited by the long-term thermal drift of the apparatus, not the low reflectivity of
the fibre ends of the Fabry—Perot interferometer.

1. Introduction

Nearly a decade ago, Shajenko and Green [1] first proposed that interferometric
hydrophones could be actively stablized by using a tunable laser in a feedback
configuration. Since then, these so-called active laser interferometers have been
investigated by a number of authors [2-5]. In these interferometers, the change in
the interference signal was compensated by tuning the frequency of the laser such
that the change in the optical phase was nulled. The theoretical limit of measurement
resolution was determined by the linewidth of the laser, while the laser tuning range
and the optical path length of the interferometer determined the measurement range.
It is interesting to contemplate a fibre-optic version of the active interferometer. In
particular, an active fibre-optic interferometric sensor based on a fibre-optic Fabry—
Perot interferometer (FFPI) [6-13] is attractive. The FFPI’s are very compact and
can be easily packaged such that they are immune to environmental disturbances.
Basically, there are two types of FFPI’s. One is the high-finesse type which uses an
optical fibre with ends coated as high reflectivity mirrors or with butt-coupled
mirrors at both ends [6-10]. The other is the low-finesse type for which both ends
were just cleaved and hence could be fabricated very easily [11-13]. The sensitivity,
AS/A@, of a high-finesse type FFPI is in general superior to that of a two-beam type
interferometer because of steeper slope of its transmission function [14]. Here AS
represents the change in the interference signal and A¢ is the change in the optical
phase due to variation in the optical path length of the sensor. Nevertheless, it should
be pointed out that the laser phase noise operates through the same discriminator
slope as the signal so that the signal to noise ratio remains unchanged in the short
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noise limit. Furthermore in some applications, the linearity and dynamic range
characteristics of the interferometric fibre sensor are more important than its
sensitivity. The high-finesse type FFPI is not suited for such applications: except in
the region around the resonances, there exist wide ranges of optical path length for
which the output signal of the interferometer is very weak. In this paper, we present
for the first time, the operation principles and experimental realization of an active
fibre-optic interferometric sensor based on a low-finesse FFPI. By employing a deep
phase modulation technique, we show experimentally that a low-finesse FFPI is
indeed equivalent to conventional two-beam type interferometers. Simultaneous
stabilization of the interference signal and the operation wavelegnth of the laser was
demonstrated. We have also measured the static change in the optical path length of
the order of nanometers. The linearity and dynamic range characteristics of this
sensor is examined. We point out that the basic sensitivity limit of the active FFPI
sensor is dominated by the long-term thermal drift of the apparatus, not the low
reflectivity of the fibre ends.

2. Basic principles
Let us consider a fibre-optic Fabry-Perot interferometer of length L. The
intensity of the transmitted light at the output port of the interferometer is given by
(1—R)? o
(1—R)?>+4Rsin? (¢/2)’
where I, is the peak transmitted intensity corresponding to ¢ =2pm, p is an integer, R
is the Fresnel intensity reflection coefficients of the fibre ends, ¢ is the phase delay for
a round trip through the fibre and is given by

¢ =2kL
=4nnlyv/c, 2)

I=1I,

where & is the propagation constant and L is the fibre length, v is the laser frequency,
¢ is the velocity of light in vacuum and # is the mean refractive index of the core of the
fibre. For as cleaved fibre ends, R« 1, equation (1) reduces to a sinusoidal function of
L;

I=T+1,cos2kL, )

where I=1,—I,, and I,,=3RI,, which is a factor of R smaller than that of a high-
finesse type FFPI. Equation (3) is of the same form as the transmission function of a
Mach—Zehnder or Michelson interferometer. This is reasonable, since multiple
reflection effects can be ignored for R« 1. Consequently, a low-finesse type FFPI
should exhibit the same linearity and dynamic range characteristics as these two-
beam type interferometers.

When the fibre is path-length modulated at the angular frequency o, the a.c.
components of the detected interference signal becomes

Iy, =1, cos (¢, sin wt— )

= Im{[-]o((bm) +2 i J20(,) cOs antjl cos ¢

+|:2 i Jon_ 1(p) sin (2n—1)a)t:| sin (b} , “)

n=1
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where ¢,, is the maximum phase deviation due to modulation of the fibre length,
J»(¢m) is the Bessel function of order #. The amplitude of the output signal of the
synchronous detection circuit used for demodulating I, at the fundamental
frequency, o, is then:

V0=2KImJ1(¢m) sin d)) (5)

where K is constant representing the system gain of the synchronous detection
circuit.

If the amplitude of the sinusoidal waveform employed as the phase modulation
signal in equation (4) is adjusted such that ¢,, is much larger than 7 radians, the so-
called deep phase modulation condition is operative [15]. Under this condition, the
sinusoidal waveform can be approximated by the triangular waveform within some
effective time periods, T, Within these periods, the optical phase is linearly swept
such that a beat frequency is generated:

Lo 0CCcOS (gt — ), (6)

where w.c=B(27n/T.), B is an integer. The value of w,g can in principle be any
integral harmonics of the modulation frequency, depending on the modulation
amplitude. For this work, T, =t, —t,, where ¢, and ¢, are respectively the 20%, and
70% points in the half period of the phase modulation signal. Experimental
observation of w,g would be an independent confirmation of equation (3). That is,
the output format of a low-finesse FFPI is identical to that of a two-beam
interferometer.

Let us consider the sensor in the configuration of an active interferometer. We
further assume the mean index of refraction of the fibre core, 7, is a constant. From
equation (2), we can show that

A =4’C‘—" (VAL +LAv). %)

In an active interferometer, the phase change is nulled by tuning the frequency of the
laser such that

Av= —<1) AL. (8)

External disturbances as well as actual change in the length of the fibre contribute to
AL. The scale factor, v/L, is a characteristic quantity of the active FFPI. Equation (8)
indicates that the range of AL that can be measured for a given tuning range of the
laser, Av, is linearly proportional to L. By employing a laser with sufficiently large
tuning range or appropriate choice of L, either AL« A or AL> A can be measured.

3. Experimental methods

The block diagram of our experimental set-up is shown in figure 1. An internal-
mirror He—Ne laser (Spectra Physics model 155, A=0-633 pm), oscillating in two
axial modes, was used as the light source. A polarizer with an extinction ratio of 30 db
was used to select the one of two orthogonal modes of the He—Ne laser. The relative
output power level of the two modes depends on the operating point, i.e., the cavity
length of the laser. An isolator was used to prevent the optical feedback froin fibré
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Ip-Is| compmusos| F(S) | |\ PSD

Figure 1. The block diagram of the experimental set-up; P, polarizer; I, isolator; 0O,
objective lens; PD, photodetector; PZT, piezoelectric transducer; PSD, phase sensitive
detector; PWM, pulse width modulator; PBS, polarization beam splitter; F(S), the
Laplace transfer function of the compensating circuit.

ends. A 10 x objective lens focused the laser light into the fibre core. The Fabry—
Perot interferometer consisted of a 30 cm length of single-mode non-polarization-
maintaining fibre with as cleaved ends. The fibre was wound several times around a
disk-type piezoelectric transducer (PZT) used for path-length modulation in the
interferometer. For passive temperature stabilization, the FFPI was mounted on top
of a thermoelectric cooler (TE) and enclosed in a 4 cm X 4 cm X 2 cm acrylic box. The
demodulation circuit for the detection of the temperature variation of the FFPI was
of the bridge-type with balanced resistors and a precision thermistor as the
temperature sensor. With a stable modulation signal, temperature variations as small
as 2x1074C can be detected by standard phase sensitive detection (PSD)
techniques. Recently we have shown that internal-mirror He-Ne lasers can be
frequency-stabilized by using the so-called thermal phase lock loop [16]. The same
principle was applied here and a block diagram of the control circuit is shown in
figure 2. An offset between the room temperature and the controlled temperature in
the box was necessary to increase the system bandwidth of the servo loop. In this
experiment, the operating temperature in the box was necessary to increase the
system bandwidth of the servo loop. In this experiment, the operating temperature
in the enclosed box was selected to be 10°C while the environmental temperature was
20°C. Proportional and integrating (P + I) compensation circuits were also used in
the feedback loop to improve the system stability. By proper adjustment of the loop
gain and the compensating zero in the PI circuit, a temperature stability of
5x 10~ 4°C with a measurement bandwidth of 1 Hz was achieved. Typical data are
shown in figure 3. This level of temperature stability has also been reported by
several other groups [17]-[20].

For stabilization of the interference signal, we adjusted the modulation index
such that the value of J,(¢,,) equals its maximum value for the highest sensitivity.
The output signal was amplified and processed by a PSD circuit for demodulating
the signal of interest, 2K1,,J,(¢,,) sin ¢. This error signal was then used to control
the laser frequency until the change in ¢ was nulled.
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Figure 2. A schematic diagram of the circuit for the temperature controller. ®,: modulation
signal, DA: differential amplifier, PSD: phase sensitive detector, V,: reference voltage,
TE: thermoelectric cooler.

15°C

5min

Figure 3. Typical data of the residue temperature fluctuations of the thermally-stabilized
FFPI over a period of tens of minutes. ImC=10"3C.

Tuning of the laser frequency was implemented by thermally tuning the laser
cavity length. A heater wound around the laser cavity was the control element. A
compensating network which consists of an integrator, a zero and a lead-lag circuit
[21, 22] was adopted for improving the stability of our servo system. A pulse width
modulation (PWM) type power amplifier was used to drive the heater. The heater
can only raise the temperature of the laser tube. In order to improve the system
response, a pre-heating cycle was required to ensure that the laser tube will always be
able to cool down by loosing heat to its surroundings. This was implemented by
adjusting the temperature of laser tube until the time constants of the servo system
for heating and cooling the laser tube were about equal.
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4. Results and discussions

For ¢,,>> 7, i.e., the optical phase of the FFPI was deeply modulated, the outputs
of the photodiode (upper trace) and the modulation signals applied to the PZT
(lower trace) for two different modulation amplitudes are shown in figures 4 (@) and
(b) respectively. The waveform in the linearly phase-modulated regions can be
examined by time-gating and bandpass filtering techniques [15]. The gated
interference signals were indeed found to be sinusoidal. This is in agreement with
the predictions of equation 3 to equation (5) and illustrates that the low-finesse FFPI
can indeed be treated as a two-beam type interferometer. As a result, signal
processing techniques developed for the latter can be employed for the low-finesse
FFPI. We note that the frequency of the interference signal as shown in figure 4 is
higher than that of the modulation frequency. This is possible by proper
adjustments of the magnitudes of ¢, and ¢. In fact, it is possible to obtain a
frequency spectrum of I4,, which contains many higher-order harmonics of w and
with about the same amplitudes. This forms the basis for a novel wide-band optical
signal generator and details will be presented elsewhere [23].

We shall next discuss our results on signal stabilization of the FFPI. Figure 5
shows the PSD output under free-running and closed loop conditions (upper trace)
as well as a trace of AI=1I,— I, the difference in intensities of the two orthogonally
polarized axial mode, under the closed loop condition (lower trace). The recorder
trace of A for the free-running case was similar to that of the PSD output and is not
shown for lack of space. The output of the PSD circuit was just the error signal of the
servo loop, for which the phase drift due to the change of the fibre length in the FFPI
was not included. Thus a trace of excellent signal-to-noise ratio could be obtained as
shown in the upper trace of figure 5. The frequency shift of the laser, as represented
by change in A, provided a more sensitive discriminator for evaluating the stability
of the interference signal. When the servo loop was closed, we observed that the
peak-to-peak frequency fluctuation of the laser was less than 5 MHz over a period of
tens of minutes (see figure 5, lower trace). This is calibrated using the peak-to-
bottom value of A, which corresponds to a shift in the frequency of the laser by one
axial mode spacing, &~ 550 MHz for our laser. Figure 5 thus illustrates that the
stability of the interference signal was improved by more than a factor of 110 or two

®)

Figure 4. Oscilloscope traces of the outputs of photodiode for different phase modulation
indices under the deep phase modulation condition. The upper trace is the output of the
photodetector; the lower trace is the applied modulation signal to the PZT. (a) The
applied signal is 2 V peak to peak at 100kHz. (b) The applied signal is 4 V peak to peak at
100kHz.
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Figure 5. 'The output of the PSD in figure 1 for the system in free-running and closed loop
conditions (upper trace). The corresponding trace for A =1I,— I, under closed loop
conditions is shown in the lower trace.

Vpzt =30V

Vpzt=20V

30MHz GS_MHZ

v
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Figure 6. Frequency detuning of the He-Ne laser for different d.c. voltage steps applied to
PZT.

szt: ov

orders of magnitudes. Since the residue fluctuation of Al is a measure of the
fluctuation of the output frequency of the laser, this indicates that the laser was also
stabilized at the same time with a relative frequency stability, Av/jv<1x 1078, In
other words, the tracking achievable between the FFPI and the laser was stable to 1
part in 108,

Examining equation (5), we see that the amplitude of the demodulated signal of a
low-finesse type FFPI is lower than that of a high-finesse type FFPI because of the
lower reflectivity (R=0-035 for n=1-46). Previous workers [24-26] have shown that
a minimum detectable phase shift ¢;, =10 x 10”6 rad (Hz) ~!/2 could be achieved
by employing PSD techniques. It follows that ¢,,;, for a low-finesse type FFPI
should be 2:8 x 10~ 3 rad (Hz) " /2, In terms of the frequency shift of the laser source,
this corresponds to Av,,;, = 5 kHz for L =30 cm and a detection bandwidth of 10 Hz.
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Figure 7. Linearity of optical path length measurement using the active FFPI. The slope
of the solid line is 32 MHz V™! or 2nm V" . The bar indicates residue error of 5 MHz
or 3 nm.

Actually this is limited by the thermal stability of the FFPI. Assuming a thermal
expansion coefficient of 1-0x1075C~! for typical optical fibres and a residue
temperature fluctuation of 5:0x 10™% C as achieved in this work, Av,,, =24 MHz.
"This is consistent with our experimental results. Conventional high-finesse Fabry-
Perot and two-beam type interferometers also face the same thermal drift problem.
Clearly, there is no fundamental advantage in employing a high-finesse type FFPI in
the applications discussed above.

Figure 6 illustrates the change in A corresponding to different d.c. voltage steps
applied to the PZT with a specification of 2nmV~!. With A¢_, =28
x 10~ *rad (Hz) /2, equation (7) predicts that AL, ~1-:0x 10~ > nm (Hz)~ V2 if
Av=0. As in the previous case, however, thermal drift limits the minimum
detectable change in the optical path length. As given in equation (8), AL_;,
= L(Avy;,/v) =3 nm. This is in good agreement with our experimental results, where
a 5 nm change in the path length or a voltage step of 2:5 V could be detected easily.
We note that with Av,;; remaining unchanged, AL_;, can be readily improved by an
order of magnitude, i.e., in the subnanometer range, by simply reducing L from 30 to
3 cm. Figure 7 demonstrates the linearity of this active sensor. Clearly the data points
fall on a solid line with a slope of 32 MHz V™! or 2nm V™!, which corresponds to
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the scale factor, 1-6 MHznm ™!, that we discussed in equation (8). Since the tuning
range of our laser is approximately 1 GHz, the measurement range would be 0-6 pm.
This corresponds to a dynamic range of 40dB. By employing a light source with
broader tuning range, e.g., a laser diode, this can be further increased.

5. Conclusions

The basic concepts and experimental realization of a novel fibre optic inter-
ferometric sensor based on a low-finesse fibre-optic Fabry—Perot interferometer
(FFPI) have been presented. To begin with, we demonstrate experimentally, for the
first time, that the output format of a low-finesse FFPI is indeed identical to that of a
Michelson or Mach~Zehnder interferometer. By employing the low-finesse FFPI in
the configuration of an active interferometer, we were able to improve the stability of
the interference signal by two orders of magnitude. The frequency of the laser was
also stabilized at the same time, with a relative frequency stability of Av/vx1-0
x 1078 over a period of tens of minutes. Detection of a change of 5 nm in the optical
path length of the FFPI was also demonstrated. These performance characteristics
were limited by the long-term thermal drift of the apparatus, not the low reflectivity
of the fibre ends of the FFPI. If a measurement resolution in the range of
subnanometer is desired, this can be achieved with a shorter length of fibre. The
measurement range, however, would be reduced by the same factor. The dynamic
range of the present active sensor was more than 40dB. Excellent linearity
characteristics was also observed.
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