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An appropriate elliptic-core fibre theory is applied to model
the differential phase shift between the first- and second-
order modes observed in recent experiments on two-mode
elliptic-core fibres subjected to longitudinal strains. The
theory provides an explanation of the polarisation depen-
dence of the stretching SI2i, required to produce a 2n differen-
tial phase shift between the two modes as a function of
wavelength for both polarisations.

Introduction: Recently a considerable amount of interest has
been generated on several in-line fibre devices based on two-
mode optical fibres, e.g. modal couplers12 and acousto-optic
frequency shifters.3 Recent research in this direction has
shown that replacing circular-core fibres with highly elliptical-
core two-mode fibres offers greater promise for such applica-
tions.4 In a series of studies,5'7 it was found that an axial
strain applied to elliptic-core two-mode fibre induces a large
differential phase shift between the fundamental and second-
order modes; thus a measure of the change in the relative
phase between the two modes can be related to the magnitude
of the longitudinal strain that produces it. This differential
phase shift was found to be dispersive and also polarisation-
dependent.5'6 In particular, the experiment involved measur-
ing the amount of stretching (<5/2J required to induce a 2n
differential phase shift between the first- and second-order
spatial modes in each polarisation. To theoretically estimate
<5/2, and explain the experimental results, a circular-core fibre
theory was consistently assumed56 to model the effect of
straining an elliptic-core two-mode fibre. Although this
approach could qualitatively explain the dispersive nature of
Sl2n, it could not explain the polarisation dependence of dlln.
In this letter we have used an elliptic-core fibre theory to
explain the polarisation dependence of 5llK observed in the
experimental studies on two-mode elliptic-core fibres.5'6 Stress
effects which are apparently inevitable in such asymmetric
structures are also taken into account in our analysis.

Theory: By analogy with weakly guiding circular-core fibres,5

the beat length between the first- and second-order spatial
modes for each polarisation in an elliptic-core fibre may be
assumed to be a function of the K-number of the fibre and the
aspect ratio Cl (= a/b), where a and b are semimajor and
semiminor axes of the ellipse), as

LB=f(v,a) (i)

If such a fibre of length / is stretched longitudinally by an
amount SI (<^/), it will result in a corresponding change in LB

of

dLB dLB dv dLB sa
(2)

Thereafter, following steps similar to the one repeated in Ref-
erence 5 and making use of the obvious fact that dtl/dl = 0, it
can be shown that the amount of stretching (Sl2K) required to
produce a 2it differential phase shift between the first- and
second-order modes would be given by

Sl,.=
[1 -

(3)

where

where a (= 017) represents Poisson's ratio, pn (= 012) and
Pi2 (= 0-27) are the strain optic coefficients for fused silica,
and H, and n2 are the refractive indices of the core and clad-
ding, respectively. To evaluate the term [(l/A/?X5AjS/dF)], we
resort to the very recently proposed rectangular-core wave-
guide model to treat the propagation characteristics of
elliptic-core fibres8'9 by extending it to K-numbers in the two-
mode regime. Further, it is known that elliptic-core fibres
possess inherent anisotropic strains due to different thermal
expansions between the doped and undoped regions of
silica1011 which introduce a corresponding change in
refractive indices along the two semi-axes of the fibre.11

Accordingly, we have incorporated this stress-induced aniso-
tropy between the x- and y-polarised modes through the
analysis reported in Reference 11, in addition to accounting
for the geometrical anisotropy9 (due to elliptic cross-section)
in our analysis.

Results and discussion: To quantify the applicability of our
approach based on the rectangular-core waveguide model for
elliptic-core fibres, we compare our estimated results to the
reported experimental results on the polaroid fibre,5-6 which
can be taken as representative of a weakly guiding elliptic-
core fibre in view of its relatively low A-value (0-31%), the
core dimensions of the fibre being 41 /an x 2-2 nm. In the
absence of any detailed knowledge with regard to the level of
dopants in silica in this fibre, we have taken recourse to the
plot of measured birefringence (A/?,) against wavelength given
in Reference 6. Using a fitting procedure, an estimate of the
stress-induced changes in refractive indices along x and y,
namely Anjf* and An(f\ could be made as being 1-4 x 10"4 and
1-77 x 10"4, respectively. The results of our calculation for
<5/2lt as a function of wavelength are plotted in Fig. 1. At
X = 480 nm our approach yields 5l2n as 243-7/an compared to
the experimental value5 of ~240/im. Our model predicts a
cutoff wavelength for the second mode of 490 nm, which is
rather low compared to 633 nm reported by Blake et a/.5 We
are unable to explain this discrepancy and, accordingly, we
have plotted 5l\n and 5PlK only up to X = 480 nm in Fig. 1. It
is apparent from the Figure that our elliptic-core fibre model
could predict the polarisation dependence of <5/2lt and also the
trend of the curve of <5/2, as observed in the experiments
reported by the Stanford University group.5'6 However, the
net difference (= 5lx

2lt — SP2n) as a function of X was found to
be less than the reported experimental results. The origin of
this difference could perhaps be attributed to the relatively
small value of Anjf' (= 1-4 x 10~4) which was inferred from
the reported curve6 for A/?! against X for an unstrained fibre.
It is plausible that as the fibre is longitudinally strained, addi-
tional strains develop along the cross-section of the fibre,
thereby leading to greater stress-induced anisotropy in the
two refractive indices along x and y. In fact, we have seen that
an arbitrary increase (e.g. to 2-5 x 10~4 from 1-4 x 10~4 for
An1**) in the relative difference between Anx and Any indeed
leads to a larger difference12 between 8l\n and SPln (e.g. to
3-8 ftm from 2-4 ̂ m).

In summary, by extending the validity of the recently pro-
posed rectangular-core waveguide model to approximate a
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2 " " ^" r ' • " J J v ' Fig. 1 Spectral dependence of dl2K for x-and y-polarisation states
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weakly guiding elliptic-core fibre to the two-mode regime, we
could provide an explanation to the hitherto unexplained pol-
arisation dependence of the differential phase shift observed in
recent experiments on two-mode elliptic-core fibre strain
gauges.
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SIMPLE METHOD OF EXPERIMENTALLY
INVESTIGATING SCANNING MICROSTRIP
ANTENNA ARRAYS WITHOUT
PHASE-SHIFTING DEVICES

Indexing terms: Antennas, Microstrip, Antenna arrays,
Antenna radiation patterns

A simple microstrip antenna array which performs beam
scanning without the use of electronic phase-shifters or delay
lines is described. The array incorporates mechanically rotat-
able microstrip patch antennas which are designed for circu-
larly polarised (CP) operation. Experimental results obtained
from preliminary implementations of the array are provided
and discussed.

Introduction: A principal impediment to the experimental
study of scanning microstrip antenna arrays has been the

unavailability of suitable phase-shifting devices. For the fre-
quency ranges in which microstrip antennas are generally
employed, monolithic electronic phase-shifters are expensive
and difficult to produce. Delay networks, on the other hand,
are inexpensive and may easily be implemented using printed
microstrip transmission lines. Unfortunately, though, the elec-
trical lengths of microstriplines cannot be adjusted to provide
variable amounts of phase-shift or to compensate for changes
in frequency. Consequently, this approach necessitates a very
awkward switching arrangement involving differing lengths of
delay line. Transmission devices which provide variable elec-
trical lengths are available in coaxial form and, as such, tend
to be both bulky and difficult to accurately adjust. An alterna-
tive, simpler, and perhaps more flexible realisation consists of
a planar array of mechanically rotatable, circularly polarised
patches. Such a system possesses the advantage of having an
inherent facility for phase-shifting since any desired time-
phase variation can be achieved simply through mechanical
rotations of the elements. This concept has been successfully
demonstrated in the case of a radio telescope in which mecha-
nically rotatable conical spiral antennas served as feed ele-
ments for a parabolic cylinder reflector.1

Description of array: The basic structure of a linear, four-
element prototype array is shown in Fig. 1. Each microstrip
antenna element consists of a circularly polarised, nearly
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Fig. 1 Illustration of linear, four-element, CP phased array
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