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and downshifted in the opposite case. Both directions of fre-
quency shift have been observed in our experiments.

Experiment: The heterodyne system of Fig. 2 was used to
demonstrate the performance of the optical fibre frequency

polarisaton

frequency
controller

photodetector

o

Fig. 2 Heterodyne interferometer for evaluation of frequency shifter

shifter. A fibre polarisation controller and the frequency
shifter of Fig. 1 are placed in one arm of a Mach-Zehnder
interferometer, with a bulk Bragg cell, centred at 80 MHz, in
the second arm.

The frequency shifter has a hollow aluminium cylinder of
outer diameter 29mm and thickness 0-Smm serving as a
former. Jacketed single-mode fibre of 125 um outer diameter is
helically wound on the former. The winding has five turns
with a pitch of 2:5mm. The angle between the acoustic wave-
front and fibre is therefore 1-57°. The PZT used is a disc of
diameter 10mm, and is driven at a frequency of 1-6 MHz with
a drive power of 0-4W. The transducer is operated in its
thickness mode, launching a travelling acoustic wave into the
cylinder. Damping putty is used to eliminate unwanted reflec-
tions of the acoustic wave.

Figs. 3a and b show spectrum analyser traces of the

10d8/div

10d8/div

Fig. 3 Spectrum analyser traces showing (a) lower sideband suppressed
by 20 dB and (b) upper sideband suppressed by 2048

80MHz carrier with dominant upper and lower sidebands
scparated (rom the carrier by 1-6 MHz. In ecach case the
unwanted sideband is suppressed by 20dB. The required side-
band can be sclected by adjustment of the polarisation con-
trolier, enabling light to be coupled into the induced fast of
slow axis of the fibre.

Conversion efficiency, defined as the ratio of optical power
in the desired sideband to the input optical power, is esti-
mated to be a few per cent. The low efficiency is due to a
number of factors. The polarisation controllers do not provide
the adjustment accuracy required to orient the incoming light
in the direction of the induced principal axes of the fibre. Also,
for optimum operation, the stress gencrated by the acoustic
wave should be at 45° to the fibre axes. This is not the case in
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our set-up. Finally, we estimate that there are only two beat
lengths in the interaction length of the fibre with the acoustic
wave, thereby reducing the conversion efficiency.

In any practica! application, an in-line fibre polariser would
be placed immediately after the frequency shifter to remove
the residual carrier and unwanted sideband which would lie in
the orthogonal polarisation to the desired sideband. The
novelty of our device lies in the fact that, by using ordinary
single-mode fibre, formers of different diameters and windings
of different pitch, the phase match conditions of eqns. 4 and §
can be tailored to suit a large range of acoustic frequencies.

In conclusion, an acousto-optic frequency shifter has been
demonstrated using ordinary single-mode fibre with locally
induced birefringence. Initial experimental results show 20dB
suppression of the unwanted sideband and conversion effi-
ciency of a few per cent.

J.
D. UTTAM
B. CULSHAW

Department of Electronic & Electrical Engineering
University of Strathycyle

Royal College Building

204 George Street, Glasgow Gl 1 XW, United Kingdom

Sth September 1986
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CURRENT SENSORS USING HIGHLY
BIREFRINGENT BOW-TIE FIBRES

Indexing terms: Optical fibres, Birefringence, Optical sensors,
Faruaday effect

A fibre with strong elliptical birefringence can be obtained by
spinning a linearly birefringent fibre during the draw. Theo-
retical and experimental results show that such fibres are
particularly useful for magnetic ficld and electric current
sensing. since they are resistant to external mechanical per-
turbations.

Introduction: Optical-fibre current sensors are ideal for use in
the electricity generating industty and other hostile
environments'-? since they are lightweight, flexible, have large
bandwidth and are clectrically insulating. Fibre current trans-
ducers utilise the Faraday effect, ie. the rotation of linearly
polariscd light when the direction of propagation is aligned to
a magnetic field. However, the Faraday rotation in a fibre coil
is small and is casily quenched by the presence of linear
birelringence induced by core ellipticity, asymmetric stress,?
coiling or packaging. Conscquently, special fibres designed to
overcome these problems are of particular interest.

Spinning a conventional single-mode fibre with moderate
lincar birefringence has been shown to create a very low-
birefringence fibre.> However, the fibre remains as sensitive as
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a normal fibre to external effects, ¢.g. coiling, applied stress
and vibration. These effects can be avoided in helical-core
fibres* which exhibit sufficiently high circular birefringence to
swamp the externally and internally induced linear birefrin-
gence. However, the diameter of the fibre has to be large
cnough to contain the helical core, and therefore it restricts
applications to coils of 30cm radius, Moreover, care has to be
taken in launching and splicing.

We report here a further development, the production of
spun bow-tie fibres which exhibit a high elliptical birefrin-
gence. The fibres are designed to be nearly circularly birefrin-
gent, a compromise which ensures good magnetic-field
sensitivity while maintaining a high resistance to external per-
turbations caused by packaging. These attributes allow small-
diameter multiturn coils to be used without paying special
attention to induced birefringence. Coils having hundreds of
turns are casily constructed, thus making fibre current sensors
for very low currents a practical reality.

Theory: A strong elliptically birefringent fibre can be fabri-
cated by spinning a fibre having high linear birefringence (e.g.
a bow-tic fibre) during drawing. This results in a fibre with a
permanent frozen-in rotation of the birefringent axes. The pol-
arisation eigenmodes of such a fibre are clliptically polarised,
the eclliptical birefringence being dependent on the linear
birefringence of the unspun fibre and the rate of twist. Using
coupled-mode analysis and the matrix transformation,’ the
beat length L; between the clliptically polarised modes of the
spun fibre is given in terms of the beat length L, of the unspun
fibre by

L, =L, LAGL] + L' - 2L} (1)

where L, is the spin pitch.

The beat length L, is a measure of the resistance to external
perturbations, and should normally be less than 10mm. The
elliptical mode beat length is shown in Fig. 1 as a function of

40

~N
[=]

o

twist pitch Ly ,mm L]

Fig. | Calculated resultant elliptically polarised beat length L, against
spin pitch L, for various values of unspun fibre beat length L,

Values of 2L /L, are also shown

the spin pitch L, for various values of unspun beat length L,.
Curves for values of the ratio 2L /L, from 1 to 4 are also
shown, and it can be scen that, provided the spin pitch is not
less than the unspun beat length, an acceptable increase in
fibre beat length of four times results from the spinning
process. A bow-tie fibre thus remains highly (clliptically)
birelringent. The ellipticity (minor/major axis) of the cigen-
modes is given by

€= tan {} tan"'(2L /L)) )

At high spin rates (2L,/L, > 2) the cllipticity approaches unity,
and the modes are therefore predominantly circularly pol-
arised. Intuitively, little quenching of the Faraday effect might
be expected to occur. This can be seen more clearly in Fig. 2,
where the calculated relative current sensitivity® of the fibre in
a current monitor is shown for various values of 2L,JL,. The
arrangement assumed to detect the Faraday rotation is that
described in Reference 1. It can be seen that the sensitivity in
the linear region (Faraday rotation angle < 20°) differs little
{from the perfect isotropic fibre (2L /L, = o0) for values of
2L,/L, greater than about 2. This value corresponds to a
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resultant clliptical beat length L, = 424L . Thus, to ensure a
sufficiently large clliptical birefringence (L, < 10mm), one
needs to choose a fibre whose unspun beat length L, is less
than about 3mm.
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Fig. 2 Relative current sensitivity of a spun highly birefringent fibre for
various beat length ratios 2L,/L,
Curves are for very large total spin number (> 1000)

Experiment : Several different elliptically birefringent fibres
have been designed and fabricated by spinning bow-tic fibres.
The initial lincarly birefringent beat lengths of the fibres
ranged from 1-8mm to 3mm (at 633nm) and the spin pitches
from 0-9mm to 7-7mm. The values of 2L /L, were (a) 24, (b)
I'1 and (c) 0-46. Fibres were would into coils with diam-
eters of 3-:3cm and 5-5cm around a current-carrying conduc-
tor. The number of turns on the coils were (a) 100, (b) 140 and
(c) 60. The coil leads were about 1'm long. Currents ranging
from less than 10mA to over 400 A were measured by detect-
ing the rotation angle (at 633 nm) of the output state of polari-
sation.

Fig. 3 shows the experimental results for mains-frequency

>
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Fig. 3 Experimental results for three spun bow-tie fibres
Solid lines are theoretical calculations

high-current measurements compared with theoretical curves.
Here the relative amplitude at the output of the polarisation
detector is plotted as a function of the Faraday rotation angle
0=1265x 10"*NI for an isotropic fibre, where [ is the
current and N is the number of turns in the fibre coil. The
observed discrepancies are largely due to instability in the
HeNe light source and thermal drift (see below).

Currents of less than 10mA at frequencies up to 2MHz
have also been measured using fibre coil (a) and a 13-turn wire
coil having a 20cm diameter. The system was dominated by
laser amplitude noise, which was not compensated by the
usual method.' Nevertheless, a noise equivalent current of
450 uA/Hz'"* was observed for a current input at a frequency
of 30kHz.

Since the linear birefringence of a bow-tie fibre is
tempcrature-sensitive, some form of temperature com-
pensation will be needed in a practical device to reduce the
instability of the output polarisation state. This was achieved
by bifilar-winding two identical fibres with opposite spin
directions. The fibres were spliced together with their principle
axes orthogonal to interchange fast and slow axes. The
temperature-compensated fibre coil (coil b) was found 1o have
considerably reduced temperature sensitivity, and normal
laboratory temperature fluctuations were no longer a
problem.
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Conclusion: Spun bow-tie fibres exhibit high clliptical birefrin-
gence, which permits measurement of Faraday rotation while
retaining resistance to perturbations due to packaging. Coils
of up to 140 turns with diameters down to 33mm have been
made and used to measure currents from 10mA to 400 A. The
new fibre has considerable potential for use in sensitive
current monitors employing small-diameter multiturn coils, as
well as in more conventional current-measuring applications.
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HIGH-SPEED 1-:3um DFB LASER WITH
MODIFIED DCPBH STRUCTURE

Indexing terms: Semiconductor lasers, Optical communications,
Optical modulation

High-performance distributed feedback (DFB) double-
channel planar buried-heterostructure (DCPBH) lasers
(4 = 1-3 um) with a modulation bandwidth as high as SGHz
are reported. The frequency response of these InGaAsP/InP
lasers is improved by formation of a double-channel (DC)
DCPBH structure with a 20 um-wide mesa. Threshold cur-
rents range between 17mA and 35mA. Single-mode oper-
ation is observed over a temperature range of 100K with a
sidemode suppression of better than 36dB at 25°C.

Introduction: Optical fibre transmission of high bit rates over
long distances necessitates lasers with single-longitudinal-
mode operation. Attractive light sources for this purpose are
DFB lasers because of their stable longitudinal mode oper-
ation. Low threshold currents and high-power operation have
been reported for InGaAsP/InP DFB lasers.!? However,
high-speed modulation presents a severe problem for all types
of buried-heterostructure (BH) lasers because of the large
parasitic capacitance of the blocking layers. Earlier attempts
to improve the high-frequency behaviour of DCPBH lasers by
formation of a doublechannel (DC) DCPBH structure
resulted in & 3dB rollof below 3GHz® whereas ion
bombardment® and mesa etching® led to an improved 3dB
rolloff at about 3 GHz. In this letter a DFB-DC-DCPBH laser
is reported with improved high-frequency modulation charac-
teristics and stable DFB operation over a large temperature
range.

1144

Device technology: A schematic diagram of the realised high-
frequency DFB laser structure with a DC-DCPBH configu-
ration is shown in Fig. 1. A second-order grating (period

n-lnP(substrate)
) p-InP
_____InGaAsP (active iayer)
" n-InGaAsP (waveguide
layer)

Fig. | Schematic cross-section of a DF B-DC-DCPBH laser

around 400 nm) is formed along the (011} direction on a (100)-
oriented n-doped substrate by holographic lithography and
wet chemical etching. In a first liquid-phase-epitaxial (LPE)
step, the corrugated substrate is overgrown with an n-
InGaAsP waveguide layer (d_ = 0-12um, A = 1-15um), fol-
lowed by the undoped active InGaAsP layer (d, = 0-12 um,
A= 1-3um) and a p-InP layer (d = 0-5um). The 900A corru-
gation depth of the sinusoidal grating is conserved during
LPE overgrowth by applying a GaAs cover. After etching the
inner double channels which define a 2 um-wide mesa in the
(011} direction, the InP current blocking layers and the p-
InGaAsP cap layer are grown in a second LPE step,’
resulting in a conventional DCPBH structure.

Parasitic capacitances associated with the pn junctions in
the current blocking layers are efficiently reduced by etching
two 8 um-deep channels which define a 20um-wide mesa
(Fig. 1). Thus, the blocking layers outside this mesa are electri-
cally separated from the active region, and afterwards isolated
by a 400 nm-thick SiO, layer. Above the laser stripe a 14 um-
wide contact window is opened in the SiO,. After Zn-diffusion
into the InGaAsP cap layer, p- and n-contact metallisation is
performed with identical contact metals consisting of Ti/Au.
Since no alloying is necessary after evaporation, deterioration
of the layer properties (as sometimes observed after alloying)
is prevented.

The length and width of the cleaved laser chips are 350 um
and 300 um, respectively. The chips are mounted upside-down
on Au-plated Cu submounts. Antireflection (AR) coating on
both facets of the mounted laser chips is performed by a low-
temperature (80°C) plasma-enhanced deposition of SiN (n =
1-85).

Results: The light/current characteristic of a DFB-DC-DCPBH
laser is shown in Fig. 2, together with the mode spectra (log
scale) at 4mW and 10mW output powers. A threshold

[ J

laser output power mw
~
>
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drive current, mA

Fig. 2 Laser output against current characteristics (25°C, CW) and
mode spectra at 4 mW and 10 mW output powers
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