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FIBRE-OPTICAL STRAIN GAUGE

Indexing terms: Fibre optics, Strain gauges

The transit time of a circulating light pulse in a 10-1000 m
long multimode optical fibre is used to measure the absolute
length of the fibre and also its length variations with a repro-
ducibility of ± 0-2 mm. The arrangement represents a fibre-
optical strain gauge for use on long arbitrarily shaped paths.

Optical measurement of free-space path length is possible by
pulse transit-time methods and interferometrically. In the
first method, the time of flight of a modulated optical signal
to and from the target defines its distance. Laser ranging of
the moon and terrain profiling are well known examples.1

The transit-time method supplies absolute range information
of moderate resolution, but is restricted to line-of-sight paths
with little atmospheric interference. By contrast, interfero-
metric techniques give extremely high resolution, but generally
are restricted to measuring variations of short path lengths.

We have employed the transit-time ranging technique,
adopting it to fairly arbitrarily curved paths by using an
optical fibre as the light path. The strength of good quartz
fibres (elastic extension up to a few per cent before breakage2)
allows measurement also of variations in the length of such
a curved path, e.g. due to mechanical stress, just in the manner
of an electric strain gauge. By employing a multimode optical
fibre in our system we obtain excellent immunity against
electromagnetic interference and against bending and twisting
deformations of the optical path.

The device is assembled from standard components as used
in fibre-optical communications systems. In the simplest
version (Fig. 1) the fibre forms a loop, closed by an optical-
pulse repeater. A multimode graded-index fibre is butt-coupled
to a GaAs laser delivering, into the fibre, light pulses of
approximately 3 mW peak power, 10 ns duration and 1 ns rise
time. After the transit time T in the fibre (e.g. r « 1 y& for a
200 m fibre) the pulse is received by a Si photodiode, and a
discriminator triggers the laser to send the next pulse into the
fibre. Hence, the system operates as a transit-time oscillator.
Instead of the loop, a single-ended system could also be
envisaged, using a fibre mirror-coated at one end and a suitable
beam splitter at the other end to separate the driving and

receiving operations. A single pulse, provided manually for
example, is necessary to initiate the oscillation. The period of
oscillation is

where L is the length of the fibre traversed by the light,
Ng = c/vg is the group velocity index, and Tet denotes the
nonoptical signal delays in the amplifiers, discriminator,
cables etc.

Fig. 1 Fibre-optical strain gauge, schematic

LD = laser diode (RCA C30130), PD = photodiode (Siemens
BPX65), A = amplifier, D = discriminator, P = pulse former,
C = frequency counter

The period T can be measured to high accuracy with
standard gated counters. Using, for example, a 10 MHz clock
frequency and a 1 s integration time, a relative accuracy of
AT/T^ 10~7 can be achieved. In principle the same relative
accuracy should result for L. In practice however, the
uncertainty AL/L may be considerably larger due to drift and
jitter of Tet. In our experiments, Te{« 50 ns, and with a
carefully adjusted discriminator a short-term (10 min) stability
of approximately 1 ps averaged over 106 periods was achieved.
This translates into an absolute length error of AZ/«0-2mm,
independent of the value of L.

The exact value of Tej, required in eqn. 1, is found simply
by measuring the periods T{ for two arbitrary fibres (/ = 1,2),
first separately and then for the two fibres spliced together.
From eqn. 1 we have ra = Tx + T2 — Ti+2- For such a
measurement we employed two sections of similar fibre, of
lengths approximately 185 m and 233 m, and obtained
re/ = 49-65 ±001 ns. Hence, our electric delay time is
equivalent to approximately 10 m of fibre length, and for best
relative accuracy AL/L we require L > 10 m.

With rei known, vg may be found by measuring T for a
fibre of accurately known length, or simply from the change
of T when L is cut by a known amount. In our fibres,
vg = (20097 ±0001)X lO'ms"1 at X=820nm and 23°C.
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Fig. 2 Total oscillation period against extension for 185 m partially
strained fibre
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Insert shows reproducibility
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Within the accuracy of our measurements, we could not detect
any influence of bending of the fibre on vg down to a
minimum bending radius of 2 cm.

To demonstrate the suitability of the fibre transit-time
oscillator as a strain gauge, a section of approximately 85 m
of a 185 m long fibre was supported on a series of pulleys of
200 mm diameter, spaced approximately 21m apart. This
section was strained to a total extension of 0-7%. The resulting
variation in the oscillation period is shown in Fig. 2. Close to
the somewhat arbitrary point of zero extension, slight
deviations from the linearity of AT against AL may be seen.
We interpret them as being caused by the removal of initial
kinks from the fibre. At higher extensions, no linearity or
hysteresis could be detected within the 1 ps accuracy of the
measurement. From eqn. 1, the slope of the line in Fig. 2
is dT/dL = c~l(Ng + L dNg/dL). The last term results from
the dependence of the fibre index on strain. Neglecting here
material dispersion (Ng«TV), simple elasto-optic theory
predicts dN/dL = (N3/2L) [(p 12 — o(P I I + PI 2)], where p(j-
are averaged strain-optical coefficients and a is Poisson's
ratio. Inserting the data of fused silica,4 we obtain dT/dL =
0-79 T/L, in reasonable agreement with the experimental
slope 0-75 T/L of Fig. 2.

One fundamental limitation to the accuracy of fibre-optical
length measurement is due to thermal variations of L and of
vg. Pure silica has a thermal expansion coefficient4 of 0-5 X
10"6 K"1. For the doped fibre the expansion may be slightly
higher, but is still negligible compared to the temperature
coefficient of the group velocity4 of - 1 2 X lO^K"1 of
quartz. Yet, in our fibres, we measured a temperature
coefficient of -38X10~6K~x over the range 10-80°C.
We attribute this higher value to the expansion of the plastic
jacket of our fibres (extruded polypropylene,5 approximately
10 mm o.d. and of thermal expansion 60-100 X 10"6 K"1).

The other factor limiting the accuracy is the instability of
re/. There is one group of basic, statistical fluctuations Are/
whose influence can be reduced by averaging a large number of
periods. These fluctuations depend on the signal/noise ratio
at the discriminator circuit, and on the type of circuit
employed. The problems of receiver noise and of obtaining
large and steep pulses at the receiver are the same as in p.cm.
fibre-optical communication. In the short lengths (< 500 m)
of our experiments, attenuation (< 5 dB/km) and dispersion
(^ 1 ns/km) of the fibres did not yet present a limitation.
These effects become important, however, at lengths
exceeding a few kilometres.

Another group of variations Arei are systematic changes,
e.g. with temperature3 or aging. Here, a drastic reduction of
Tei to the order of a few nanoseconds and the use of electronic
components with less than 10p.p.m./°C drift would be
necessary to achieve a 1 ps stability over, for example, a 20°C
temperature interval. It appears also crucial to use a
discriminator responding only to the temporal centre of
gravity of the pulses, independently of their amplitude. As a
step in this direction, we employed a 'constant-fraction'
discriminator.1

In conclusion, we have demonstrated the possibility of
measuring the absolute length of arbitrarily. shaped
fibre-optical paths up to a kilometre length with a resolution
of a fraction of a millimetre. By elastically extending the fibre,
the arrangement may be used as a digital-readout fibre-optical
strain gauge. The major problem in designing a practical device
is the stabilisation of the electronic delay time with respect
to temperature, pulse height, and aging.

We thank the staff of the Fibre-Optic Group of SEL,
Stuttgart, for providing us with high-quality fibres for this
investigation.
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MICROWAVE APPLICATOR FOR
TUBULAR DIELECTRIC MATERIALS

Indexing terms: Circular waveguides, Waveguide components

A new corrugated circular waveguide applicator with a non-
uniform power-density distribution over the cross-section
is described. This type of applicator is suitable for treatment
of tubular dielectric materials.

Many research workers1"3 have described the design of
different types of applicators, for processing several types of
material in various industries. In practical applications, there is
a possibility that the dielectric-lined waveguide applicator3

may absorb some moisture in the course of heating the sample.
In these circumstances the dielectric material becomes lossy
and the characteristics of the applicator may change. In the
present letter a new structure of the applicator is discussed to
overcome the above problems. A corrugated circular
waveguide applicator4 has been considered to produce
uniform heating in the azimuthal direction; however no such
applicability of the structure has been pointed out so far.

A cross-section of the corrugated waveguide applicator
investigated is shown in Fig. 1. The corrugated waveguide
is excited by the TEn-mode and the lowest-order hybrid
mode propagates in the z-direction. In this case, we neglect
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Fig. 1 Corrugated circular waveguide parameters

rjro = 0-4; d = 001 m and b = 00006 m
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