OPTO-ELECTRONICS REVIEW 8(2), 181-187 (2000)

Contributed paper

Polarimetric sensors for weigh-in motion of road vehicles
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Weigh-in-motion (WIM) of road vehicles is a technology used in many applications, ranging from research to law enforce-
ment. Sensors for WIM systems should exhibit high dynamic range, good accuracy and repeatability, as well as long service
life. One of the most promising group of sensors for this application are polarimetric sensors, due to their simplicity and high
sensitivity. Their viability for this application has been successfully demonstrated. Preliminary tests shown however, that the
construction of the sensors should be modified to eliminate hysteresis and sensor's nonlinearity.
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1. Introduction

The need for weighing road vehicles, which has been pres-
ent for a long time in several applications, resulted in the
development of several weighing techniques. These meth-
ods were based cither on traditional weighing scale tech-
nology, or on strain gauges. The number of applications
was severely restricted because the weighed vehicles were
not allowed to move.

In the late sixties the development of new measurement
methods made possible systems that can weigh a slowly
moving vehicle, or can estimate the static weight of a vehi-
cle travelling at a normal highway speed. These methods
are referred to as low-speed weigh-in-motion (LS-WIM)
and high-speed weigh-in-motion (HS-WIM), respectively.
While LS-WIM is an established, mature technology, em-
ploying equipment similar to that used for static weighing,
HS-WIM is a developing technology having substantial
growth potential and much wider application range com-
paring to static and low speed weighing.

Currently, the applications of weigh-in-motion technol-
ogy can be divided into five main groups: weight enforce-
ment (i.e., detecting overloaded vehicles and subjecting
their operators to an appropriate legal action), toll collec-
tion, maintenance planning and statistics, research (pave-
ment degradation studies, suspension evaluation) and
safety-related applications.

The majority of high-speed weigh-in-motion systems
use bending plates, load cells [1], piezoelectric [2] or
quartz sensors [3] as well as capacitive sensors to measure
instantaneous axle load. Apart from them, two inductive
loops are used per monitored lane, to determine the speed
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of vehicles passing over the sensor, based on the time
needed to cover the distance between the loops.

A typical weigh-in-motion system, presented in Fig. 1,
consists of sensors installed in pavement, detecting passing
vehicles and providing information about the axle load.
The sensors are connected to a signal conditioning circuit,
which performs operations, like amplification, filtering,
and analogue to digital conversion. Resulting stream of
digital data is processed by a microcontroller assisted
sometimes by a digital signal processor, yielding informa-
tion about vehicle speed, distances between the axles and
axle loads. Based on this information vehicles are classified
into several groups (car, bus, truck, etc.), according to one
of existing classification schemes, introduced by system
manufacturers or defined in national or international stan-
dards, e.g., EUR 13, OECD, US FHWA 13, and FHWA 15.
Subsequently, the information about vehicle class, weight,
speed, date and time of recording is stored in system mem-
ory, either as a separate data record for each vehicle or in
a statistical form (the number of vehicles per class in cer-
tain time).

In most of systems, gathered information is transmitted,
at regular intervals, either by a dedicated link or by phone
or radio modems to the user of the system. The rest of
WIM systems, especially those installed for temporary
measurements, rely on periodic data collection by a porta-
ble computer connected directly to them.

High-speed weigh-in-motion systems cannot be used
for legal and commercial purposes, such as weight en-
forcement or cargo weighing due to their low accuracy
and poor repeatability. The accuracy of weight estimation
by these systems is between 5% and 30% in most cases.
This is much worse than static or low-speed weighing sys-
tems, which typically have accuracy better than 0.05% or
100 kg.
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Fig. 1. Typical weigh-in-motion system.
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Fig. 2. Tyre force history and possible results of weighing in
motion.

Such a low accuracy is caused mainly by the fact, that
the static weight of a vehicle is estimated using only one or
two measurements of instantaneous axle load. The axle load
can contain a dynamic component of value up to 30-50% of
static axle load, as shown in Fig. 2. Therefore, for a mea-
surement taken using one or two sensors, the static weight
estimate can differ from the static weight by a considerable
amount. Because there is no repeatability in change patterns
of dynamic component of axle load, the system cannot be
calibrated to take this unwanted phenomenon into account.
The accuracy can only be improved by using several sensors
per monitored lane, along with effective data processing al-
gorithms, which increases the system cost.

Most of sensors used by HS-WIM systems are installed
flush with the pavement [1] or in slots made in the pave-
ment and filled with epoxy [2], rather than directly in the
pavement material. This creates surface inhomogenity,
which may give rise to additional dynamic loading, leading
to further accuracy deterioration. Unfortunately, because of
low sensitivity these sensors cannot be embedded in the
pavement. '

To eliminate these shortcomings intense research is be-
ing conducted around the world, to design cost-effective
multi-sensor HS-WIM systems and sensors. This effort has
already resulted in development of interesting sensor con-
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structions, such as piezoelectric quartz sensor. Other con-
structions are being investigated, most of them being opti-
cal fibre sensors.

Optical fibre sensors can offer important advantages in
high-speed weigh-in-motion of road vehicles. Their intrin-
sic immunity to electromagnetic interference (EMI) allows
them to be deployed in places where high EMI levels ex-
clude the use of any electrical sensors. Unlike strain-gauge
systems, optical fibre sensors do not require lightening pro-
tection, and are virtually free from interchannel crosstalk;
therefore, a simpler detection and signal processing elec-
tronics can be used. The high sensitivity of optical fibre
sensors (esp. interferometric and polarimetric) makes them
a good choice for embedded applications where weak sig-
nals have to be measured.

Presently, the research is conducted on sensors using
Mach-Zender or Fabry-Perot interferometers [4,5],
microbending sensors [6] and polarimetric sensors [7]. The
most promising of the sensors are the last two. Also the re-
search on them is most advanced.

2. Principle of polarimetric sensor operation

When a section of polarisation maintaining (PM) fibre is
subjected to transverse loading, two phenomena occur,
namely polarisation mode coupling [8], and birefringence
change [9]. The use of both phenomena for strain sensing
has been demonstrated in Refs. 10 and 7, respectively. Be-
cause polarimetric sensors using mode coupling require an
expensive tunable laser source or a sophisticated detection
setup [11], they are not considered a viable choice for
weigh-in-motion systems. Therefore, our further discussion
will be limited to polarimetric sensors using stress-induced
birefringence change.

Let us consider a polarimetric sensor presented in
Fig. 3. The operation of sensor is following: the light from
a laser diode is polarised by a polarising beam splitter and
launched into a high birefringence transmission fibre, in
such way, that only one polarisation mode is excited.
Therefore, Jones vector describing the light is
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and in normalised form
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This mode propagates in the transmission fibre un-
changed to the sensing fibre. On exiting the transmission
fibre, the optical power is split equally between two polar-
isation modes of the sensing fibre (usually also high bi-
refringence). It is achieved by aligning and splicing the
sensing and transmission fibres in such a way, that their re-

spective polarisation axes make an angle of 45°, Thus, nor-

malised Jones vector corresponding to this situation is

W o

Polarisation modes travel along the sensing fibre, are
reflected from the mirror, and travel back to the transmis-
sion fibre. Because effective refractive indices are different
for each polarisation mode, the modes propagate with dif-
ferent velocities v, Vs,

V=——; vy =— @)
R g1
where nNegy, Negp are the effective refractive indices of re-
spective modes, c is the speed of light in vacuum. The dif-
ference in propagating velocities of both modes gives rise
to the phase delay between them. The phase difference be-
tween polarisation modes at the fibre’s end can be ex-
pressed as
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where 1 is the sensing fibre length, A is the wavelength in

vacuum, An; is the effective refractive index difference in

sensing fibre. As effective refractive index difference Aneg

in a single mode polarisation maintaining fibres is a func-

tion of temperature and stress applied to the fibre it is pos-

sible to measure force acting on the fibre by measuring the
change of phase difference between polarisation modes.

Normalised Jones vector describing light emerging

from the sensing fibre equals

1[ 1]
—| _ip | (6)
'\[5 |:e =19 ]
From the sensing fibre light propagates in the transmis-

sion fibre back to the beamsplitter. It can be shown that the
light reaching the beamsplitter is described by a normalised

Jones vector
_ '
LEE ] )

1
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where @ is the phase difference between polarisation
modes introduced by the transmission fibre, given by

An gz
®=21—2", ()
A
where z is the length of transmission fibre, A is the wave-
length in vacuum, Ang is the effective refractive index dif-
ference in transmission fibre.
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Fig. 4. Temperature compensated polarimetric sensor.

After passing polarising beamsplitter light intensity can
be expressed as

1(@) = Io(1+ cos(@)), 9

where I is the maximum light intensity. Knowing I and
measuring I(@) it is possible to calculate .

The advantage of configuration presented in Fig. 3 is
that it allows for one-ended operation of the sensor. Apart
from it, this configuration exhibits a few important disad-
vantages.

Firstly, the sensor is not temperature compensated,
which means that temperature variations cause drift of the
sensor signal, The amount of temperature-induced phase
change AR is proportional to the total fibre length
Z (Z = z + 1) and temperature change AT. For a typical
polarisation maintaining (PM) fibre (beat length 2 mm) it is
equal

AR - rad ’ (10)
ZAT m°C

i.e., one fringe per metre of fibre, per degree. For short
fibres it is usually possible to filter out the drift, taking ad-
vantage from the fact that it is slow in comparison with
strain changes caused by weighed vehicles. For longer
fibres, it is either no longer possible, or it can introduce er-
rors in weighing slowly moving vehicles.

Secondly, the examination of formula (9) shows that
the direction of change of stress applied to the sensor can-
not be determined based only on the intensity variations
measurements, because of direction ambiguity for ¢ = n7.
The sensor is also sensitive to intensity variations, which
are measured as phase changes. This narrows its applica-
tion areas to the measurements where the stress induced
phase change is large enough (tens of radians or more) for
fringe counting to be used.

Finally, the phase difference introduced by the trans-
mission fibre requires the use of a light source with long
coherence length. For a ten-metre high-birefringence fibre
(beat length 2 mm) the coherence length should be more
than 10 mm, which requires the use of a laser having
linewidth of less than 0.1 nm. This means that an expensive
distributed feedback (DFB) laser diode, rather than inex-
pensive Fabry-Perot (FP) laser diode, has to be used.
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A sensor free from the drawbacks described above can
be build by leveraging the experience gathered in the field
of polarimetric pressure sensors [12]. The sensor, presented
in Fig. 4, works in transmission mode using temperature
compensation technique described in [13] and a detection
setup shown in Fig. 5.

Temperature compensation is achieved by using two
compensating fibre segments; one for sensing fibre, an-
other for lead-out fibre. These segments have the same
lengths as fibre segments they compensate, to which they
are spliced fibres in such way, that their respective polaris-
ation axes make an angle of 90°. This means that the modes
are interchanged, i.e., the fast mode in first fibre becomes
slow in the second and the slow mode in first fibre be-
comes fast in the second. In practice it is impossible to ob-
tain two equal lengths of optical fibre. This gives rise to
phase difference

2n
g ="~ (Anegilhy = Angga 1) . (11)

where A is the wavelength in vacuum, An,g; is the effective
refractive index difference in sensing fibre, 1, is the length
of sensing fibre, An., is the effective refractive index dif-
ference in compensating fibre, 1, is the length of compen-
sating fibre. Similar formula can also be written for
lead-out and lead-out compensating fibre.

As long as the mean temperatures of respective fibres
are equal, i.e., T; = T, and T3 = T, (Fig. 4) and correspond-
ing fibre lengths are matched to within 1%, temperature in-
duced drift in the sensor is two orders of magnitude smaller
than without compensation.

Non-polarizing
beamsplitter
e

GRIN lens
PM fibre
\

= o

Quarter-wave

.

~ Photodiode
pita e 1
g =N
Polariser

y
|—>|-| Photodiode

Fig. 5. Two-channel detection setup.
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Apart from temperature compensation, this arrange-
ment yields near zero phase difference for both polarisation
modes. It can be shown that if the fibre dimensions are ac-
curate to within 2 cm, the laser linewidth can be as wide as
5 nm, allowing for the use of inexpensive laser diodes.

The operation of transmissive temperature compensated
sensor is similar to already described reflective sensor. The
light from the laser diode is polarised and launched into
a high birefringence transmission fibre, in such way, that
only one polarisation mode is excited. This mode propagates
unchanged to the sensor. On exiting the transmission fibre,
the optical power is split equally between two polarisation
modes of the high birefringence sensing fibre by a 45°
splice. Polarisation modes travel with different velocities
through the sensing fibre, compensating fibre, lead-out fibre
and lead-out compensating fibre, which are connected by
90° splices. The stress applied to the sensing fibre segment
changes the phase delay between the polarisation modes,
which in turn changes the state of polarisation of the light.

The light emerging from the lead-out compensating fi-
bre is described by normalised Jones vector

(12)

1 1 1 1
TRy

where A@, is the phase difference caused by length mis-
match of sensing and compensating fibre segments, A@, is
the phase difference due to the length mismatch of lead-out
and lead-out compensating fibre segments, 0 is the stress
induced phase difference.

The detection setup, shown in Fig. 5, produces two sig-
nals

U| = !U(] + COS(’U),
Uy =Iy(1Fsin@).

(13)

The phase difference of these signals is 90°; therefore it
is always possible to determine the direction of applied
stress changes. Total power of the light exiting the fibre
also can be determined from Eq. (13), making sensor insen-
sitive to received power fluctuations.

If a pigtailed laser is used, the mechanical construction
of the sensor is also simplified, as there is no need for pre-
cision alignment of laser, beamsplitter and the fibre.

However, parameters of the sensor described above are
not completely independent of temperature because of
a second-order effect of temperature on sensitivity [14,15].
Fortunately the change caused by it is relatively small. This
effect can be further reduced by using a special PM fibre,
having their properties optimised by the proper choice of
materials [16].

3. Measurements
The sensor presented in Fig. 3 and using a modulator from

Fig. 6 was subjected to static tests in order to verify its lin-
earity and measurement range as well as determine depend-
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ence of these parameters on metallic ribbon geometry [9].
These tests were conducted using sensors without tempera-
ture compensation. Sensor response as a function of ap-
plied load was measured for modulators made using rib-
bons of different thickness and width. Example results of
these measurements are presented in Fig. 7 [7], showing
considerable nonlinearity. Similar static measurements,
made using a sensor embedded in polyurethane, and nar-
rower range of loads [7], resulted in linear characteristics,
but significant hysteresis. The amount of hysteresis is so
big that it restricts the operation of such sensor to
fringe-counting regime. This hysteresis can be caused ei-
ther by cladding exhibiting inelastic behaviour or arise in
the modulator construction. To pinpoint the exact reason
we made an experiment using a modulator consisting of
two stiff aluminium disks, with the fibre under test placed
between them, and a simple loading setup. The disks were
entirely separated by the fibre; careful alignment guaran-
teed that no shearing stress was applied to the fibre. The re-

Fringe number
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Fig. 7. Sensitivity of a polarimetric sensor using modulator shown
in Fig. 6. Three subsequent tests of the same modulator are
presented.
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sults obtained in these measurements [17] are in good
agreement with those presented previously.

Dynamic measurements of the sensor presented in
Fig. 3 and using a modulator shown in Fig. 6 were per-
formed in normal road conditions [7] using a compact car
as a lesting vehicle. The sensor was installed in the road us-
ing a composite profile mounted flush with the road surface
and filled with polyurethane. Installation details are pre-
sented in Fig. 8. Detection setup operated in fringe count-
ing mode using a simple algorithm to recover phase
change. Several measurements were carried out showing
fairly good repeatability.

4. Discussion

Measurement results presented above show significant sen-
sor hysteresis and nonlinearity. Both these phenomena seri-
ously affect sensor performance. Therefore, further re-
search is needed to make possible the use of polarimetric
sensors for weigh-in-motion applications.

The analysis of possible hysteresis sources, and re-
sults presented in Fig. 7, show that the drift is most likely
caused by properties of cladding, which exhibit inelastic
behaviour. This can be overcome by using different clad-
ding materials (so-called hard cladding, i.e., made from
diamond, certain metals, or silicon nitride). Currently,
polarisation maintaining fibres with such cladding are
not available because of technological and economic rea-
sons. Hard cladding can only be applied during a fibre
draw process, which requires not only serious modifica-
tions to the fibre draw equipment, but it also uses tech-
niques foreign to optical fibre industry. Because the need
for such cladding arises in several applications, we hope
that such fibres will be available in the not too distant fu-
ture,

Nonlinearity of the sensor is caused by the fact, that
with increasing force acting on it, the contact area of rib-
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bons increases. As a result, greater part of total stress is ap-
plied to the ribbon contact areas, rather than to the sensing
fibre, decreasing sensitivity.

This source of error can be fairly easily eliminated, us-
ing a modulator design with clearly defined ribbon contact
area, as shown in Fig. 9.

5. Conclusions

Experiments with polarimetric optical fibre sensors have
demonstrated their suitability for weigh-in-motion applica-
tions. Preliminary tests indicate that the performance of
these sensors is affected by nonlinearity and hysteresis.
Therefore, the construction of the sensors should be modi-
fied in order to eliminate the unwanted phenomena.

The compensation scheme using two compensating fi-
bre segments presented in the article not only eliminates
first-order temperature-induced drift, but it allows inexpen-
sive laser diodes to be used, leading to a substantial sensor
cost reduction.
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