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adaptive method is the joint-transform correlator (JTC) and it
has been used in a fiber-optic displacement sensor [4]. This
method has been successfully applied to dynamic sensing [5].

Abstract- We present an evaluation of the performance of a simple
hand-heldfiberoptic perimeter sensor which can operate both in a
few- and multi-mode regime of operation of the fibers used. Single
fiber cables or stacked sequences offew- and multi-mode fibers can
be used. Intermodal interference produces analog signal which is
furtherfed into an 8 channel multiplexer and is then processed by a
microprocessor. The unit features connection to a PC and a radio
network. The responses to various types ofperturbations have been
analyzed using Weibull dstributions.

II.

The motivation for this work is to develop and design a
simple hand-held fiber-optic perimeter sensor that uses lowcost conventional components and allows flexible and
various applications for reliable intrusion sensing. To achieve
this we first employ selective mode-group excitation in the
sensing fiber which allows us to differentiate between fiber
bending or treading and loop rotation in the fiber. Second, we
use a number of decision criteria such as a signal threshold
and the temporal sequence of pulses to discriminate between
signals with slow and fast variations. Third, we employ an
all-fiber spatial filtering that is polarization-sensitive.
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I.

INTRODUCTION

A fiber-optic perimeter sensor (FOPS) is a security tool
that uses a fiber-optic cable to detect changes it undergoes
(fiber bending, torsion or movement). These are interpreted
as an intrusion within a security area. The FOPS is based on
the detection of the changes in the speckle pattern along a
few- or multi-mode optical fiber. Speckle pattern is an
irregular intermodal interference pattern arising in an optical
fiber propagating a coherent laser wave.
Any perturbation of the fiber such as a general movement
(bending, twisting and pulling) as well as temperature
changes lead to a redistribution of the speckle pattern which
is detected and interpreted as an intrusion. The sensor detects
an intrusion anywhere along a perimeter and does not
determine the exact position of the intrusion. The fiber-optic
cable can be as long as several hundred meters. The sensor
can be used to detect door opening, bumping/climbing into a
fence, or unauthorized removing of various items such as
computers, car, motocycles, bicycles, etc., to which the fiber
must be attached.
Fiber specklegram sensors use different methods for
detection. One is phase conjugate mirror (PCM) [1] which
needs two identical fibers and is thus unrealistic. Another
method is the holographic detection method [2] which needs
a hologram of the speckle pattern at the fiber output prior to
sensing applications. If a perturbation is imposed upon the
fiber, the correlation between the holographic specklegram
and the perturbed speckle distribution vanishes. To achieve
that a specific periodic transducer must be used to cause
inter-modal coupling in the fiber which is rarely the case in
perimeter sensing. A fiber-optic angular alignment sensor has
been demonstrated using this technique [3]. A simple
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PROPOSED APPROACH

Optical arrangement
We make use of a standard SMF-28 fiber, single-mode
above 1300 nm as well as 50/125gm or 65/125gm
multimode communication fibers. These are excited by
visible or near-infrared laser diode in which case the SMF-28
fiber is few-mode. Selective mode-launching is applied to the
laser pigtail so that specific mode groups are excited in the
sensing fibers. Standard ST connectors are used as input and
output to the electronic unit. Any external perturbation will
cause inter-modal interference which is detected and
analyzed for particular types of responses caused by bends
and loop rotations and twists as schematically shown in Fig.
1. These are encoded in a set of thresholds and pulses per unit
time. The time coherence of the source allows for fiber
lengths of several hundreds meters to be used. Both few- and
multi-mode fibers can be used as sensing fibers, the latter
showing a greater sensitivity. Also additional fibers can be
added to the loop to extend its length or to chain an object to
be surveyed.

Electronic circuit design
The block diagram of the electronic circuit design is
shown in Fig. 2.
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"Detection threshold" slider and its current value is written in
the textbox below. Its default value is fixed to 0.3467V and
this value is written in the sensor EEPROM memory as an
initial threshold. The detection threshold may be changed by
1 percent and may vary from 0.0049V to 1.4697V. The new
detection value is sent to the sensor and is written in its
EEPROM memory, so the sensor operates with this new
value even when it is unplugged or is restarted.
Radio
network

PC

Output:
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Fig. 1 The hand-held perimeter fiber sensor

Analog Data

The block diagram of the electronic circuit design is
shown in Fig. 2. It consists of the microcontroller (fP), 8channel multiplexer (MUX), active low-pass anti-aliasing
filter, 4x3 matrix keypad, RS232 interface and FSK modem.
The inter-modal interference pattern changes give rise to an
analog electric signal produced by the sensing element - a
silicon NPN phototransistor type BPW77N, manufactured by
Vishay Telefunken. The photodetection circuit output is
connected to the N\UX analog input and the microcontroller
selects the analog channels to monitor the photosensing
elements.
The analog input voltage range is set from 0 to 5V to
obtain the maximum sensitivity and dynamic range. The
microcontroller built-in ADC (analog-to-digital converter)
forms the digital word corresponding to the analog value and
sends it to the PC via serial interface.
The fiber perimeter sensor may be controlled in three
ways - direct control by the matrix keypad, remote control by
the FSK modem or PC control via the FOPS service toolbox.
This toolbox, written with the MATLAB R14 program (Fig.
3), allows the user to issue commands and set important
sensor parameters, such as detection threshold and output
sensor voltage.
As the real-time monitoring is started, the sensor
continuously sends all data to the PC, which are displayed in
the moving window. The user may also change the sensor
system detection threshold, which defines the system
sensitivity. This parameter may be changed by moving the

+ 12 V

Fig. 2. Block diagram of the electronic unit

Fig. 3. Service toolbox

III.

EXPERIMENTAL RESULTS

The represented system design is tested, and lightgenerated analog signals are measured. The experimental
results are shown in Figs. 4 and 5. The obtained signals are
measured under the following conditions:
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of the wavelength are no cause for concern and have the same
effect as temperature fluctuations which are typically slowly
varying. Longitudinal mode-hopping, however, presents a
problem and should be suppressed. Its effect is a sudden peak
which may be interpreted as an intrusion. The laser used,
however, usually stabilizes after a period of half an hour so
longitudunal mode-hopping is of no concern for
experimentation purposes.
Sensitivities are dependent on the type of fiber used. A
multimode fiber produces a relatively large number of pulses
of smaller amplitude while a few-mode fiber produces a
smaller number of pulses with a larger amplitude.
We have used two types of fiber to test the repeatability
and responses to certain types of intrusions: a SMF-28 fiber
with a 900 tm protective coating which is few-mode at 650
nm and a 62.5/125 tm multimode fiber in a 3 mm cable.
We have tested the repeatability of the sensor response to
several possible perturbations, namely a deviation from a
linear shape which would be observed when a straight fiber is
pushed against a soft cushion or in the air; a rolling deviation
which occurs when the fiber cable is rolled upon a surface
with two ends firmly attached; a helical twist in which case a
circular loop of the fiber is subjected to torsion about an axis
crossing the plane of the loop; and loop curvature change
which arises when a curved fiber is pushed so that the
curvature radius changes.
In each case we assume a general Weibull distribution for
the statistical responses to a given perturbation x. The
probability density function f(x) and the cumulative
probability F(x) of the Weibull distribution are given as:
and F(x)=l-e ( x)
(1)
f(x)= m(X) e(

Sampling frequency -5 kHlz

*

*Measurement time -6.4 s
* Filter rejection frequency 1 kHz
* ADC resolution 10I bits
Instances of fiber treading are clearly visible, because
they produced voltage peaks, while the fiber mechanical
relaxations in the form of swings are recognized as nearly
sinusoidal oscillations. They are caused by the part of the
fiber which is freely hanging. Depending on the fiber length
relaxation, oscillations may have a shorter (Fig. 4) or longer
period (Fig. 5).
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Fig. 4. Sensor responses with short free fiber lengths

x

where m is the form factor and A is the scaling parameter.
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is a linear function of Inx for a unimodal distribution and a
broken line with different inclinations for a plurimodal
distribution indicating sub-populations in the response.
Once we know the form factor m and the scaling
parameter A that best fit the data we can find the minimum
disturbance xmin which will cause a predesired probability Fmin
of detection as

H__

--.<-----

--

I - F)

r;[J](3)

Because of the above simple formulas and the possibility
of detecting sub-populations in the response, we have chosen
to use the Weibull distribution for the analysis of the sensor
responses.
Fig. 6 shows the schematic drawing of the perturbation
and a logarithmic plot of the cumulative probability which
reveals that three sub-populations with different inclinations
(i.e., form factors and scaling parameters) can be
distinguished in the response. The averaged unimodal
distribution fit would have m = 2.466 and A= 0.104 mm-' for
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Samples

Fig. 5. Sensor responses with longer free fiber lengths

Fiber cable buried in soil shows similar responses when
stepped upon.
Of key importance for the proper performance of the
sensor is the laser diode wavelength stability. Slow variations
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a fiber length of L =75 mm. The average deviation is
x = 8.56 mm and the standard deviation is a = 4.03 mm. The
form factor is fairly low and thus for Fmin = 0.99, xmin = 62.2
mm, which is a considerable that would indicate a 9900
probability of intruder detection. The angular deviation can
be determined from the tga = 2 Xmin L and is found in this
case to be 0.166. It should be noted, however, that the
deviations introduced in the straight fiber were very slow
(about 1 mm per second) while the detection unit on the other
hand is triggered by a faster perturbation. In real life such
intrusions are not so slow, so the results appear as acceptable.
L = 75 mm

Few Mode Fiber

2

pattern rotation effect in higher-order modes [6], the
sensitivity can be increased by increasing the number of coils.
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is pressed, taking an oval shape with a minimum diameter
Dm'M and the corresponding distribution. The diameter
decrease x is then the variable at which the sensor is triggered
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Fig. 6. W Teibull plot of the data for a simple deviation.

Fig. 7 shows the probability density function and the
unimodlal Weibull fit to it. We clearly see one peak around x
= 7mm and a second one around x =17 mm.
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Fig. 8 shows the schematic drawing of the helical twist
perturbation and a plot of the cumulative probability which
also shows a three sub-population structure. The equivalent
unimodal Weibull distribution would have m = 2.279 and A=
0.0441 deg-'. The average angular deviation is
0 =9.9degand the standard deviation is
=9.87deg. For
Fmin = 0.99, Xmin = 0min= 171 deg which is less than 180 deg.
As the modal interference in this case is caused by the mode
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Fig. 9 Distribution for a curvature change
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Finally, we consider the triggering of the alarm when a
straight fiber cable section is pushed_ causing deviations. In
this case, however, since the fiber is inside a tube, the effect
on the fiber is too weak to trigger an alarm. When the
deviation is caused by rolling the cable upon a flat surface,
which causes torsion of the fiber inside the cable, we obtain

4

the results shown in Fig. 10. The length of the fiber section is
L = 66 mm. The distribution was found to be plurimodal but
a unimodal Weibull fit yields m = 5.155, A= 0.091 mm'1, an
average diameter decrease for alarm trigger of x =10.1 mm
and the standard deviation is a =2.49 mm Thus for Fmin =
0.99, Xmin = 26.96 mm, and the angular deviation is 0.082
which is half the value in the case of simple deviation with a
few-mode fiber.
L = 66 cm

MM Fiber

30

U
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depending on particular applications of the sensor which will
be a matter of future study.
In conclusion, we have developed a prototype of a simple,
hand-held fiber-optic perimeter sensor which can function
with both multi-mode and few-mode fibers as well as
combinations of the two.
The sensor can be connected to external devices such as
computers, cellular phones etc.
The statistical response of the sensor to particular
disturbances has been studied using Weibull distributions that
allow a simple evaluation of the minimum level of
disturbance needed to have a desired level of probability for
an alarm.
The perimeter sensor has a wide range of possible
applications such as securing valuable objects at temporary
exhibitions, vehicles at parkings, boats at bay. Should a new
object be added to the secured area, the fiber link can be
disrupted and a new fiber section hooked to the additional
object be inserted into the stack which makes the sensor easy
for regonfiguration.
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Fig. 10. Probability density function for a rolling deviation

IV. COMMENTS AND CONCLUSIONS
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The inital tests of the developed fiber-optic perimeter
sensor show that it can operate with a few-mode or a multimode sensing fiber or a combination of both. If the responses
are analyzed statistically using the Weibull distributions we
find out that the responses from a multimode fiber are
characterized by higher form factors and thus produce less
scattered data. This in turn entails smaller minimum values
Xmin of the perturbing physical quantity to ensure a given level
of detection probability Fmin. The reason for the greater
sensitivity of multimode optical fibers is that the detection
unit reads changes in the intermodal interference within a
small area of the whole speckle pattern. The number of
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thus more changes will be observed per unit detecting
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By changing the decision criteria for triggering an alarm,
the sensitivity of the sensor may be varied and improved. A
number of other types of perturbations can be studied
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