for mn=1,23 ..
with elements b,,, given, for the same range of m and n, by

3 {sinc [(n — m)kd] + sinc [(n + m — 1)kd] symmetric
™ |sinc [(n — m)kd] — sinc [(n + m — 1)kd] antisymmetric

Then the directivity .in direction 8 is given as the ratio of
quadratic forms,

20JTLAIL]

PO = ThtE

Finally, the discrete array equivalent of the normalised bore-

sight difference slope defined by I(lrkpatrlck5 for a contin-

uous line source, is found to be*

__ K1)
NEGATT)

where

N W

KI=3n—1

(@N —1)

Applications: The above results have been used with numeri-
cal optimisation algorithms in Reference 4 to find the discrete

., N. An additional matrix [B] is defined

distributions which provide maximum difference directivity or
maximum normalised- difference slope, analogous to-the con-
tinuous distributions derived earlier by Hannan® and Kirk-
patrick,? respectively. They "have also been used* in the
extension of the method of Einarsson® to the problem of
simultaneous synthesis of sum and difference arrays subject to
feed network complexity restrictions. Details of these applica-
tions will shortly be submitted for publication.- :
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MILLIMETRE-WAVE PERFORMANCE OF
STATE-OF-THE-ART MESFET, MODFET AND
PBT TRANSISTORS ‘

Indexing terms: Microwave devices and components, Tran-
sistors

It has recently been shown that, in addition to parasitids, the
dipole domain which forms in FET-type devices produces a

complex conjugate pole-pair which leads to a 12dB/octave

gain roll-off in the millimetre-wave region. As a result the
actual F,,. of millimetre-wave transistors is considerably less.

than that determined from the commonly used extrapolation-

of microwave frequency gain measurements at 6dB per
octave roll-off. Here device models are used to compare the
millimetre-wave performance of state-of-the-art -MESFET,
MODFET and PBT transistors. A parametric study indi-
cates that frequency performance is particularly sensitive to
drain parasitics.

The gain and frequency performance of microwave and
millimetre-wave transistors is described by Mason’s gain U,
the maximum stable. gain G and F,,,, the frequency at
which U and G,y are unity.! While being difficult to measure,
F,.. is a particularly important figure of merit as it is the

[~ Tintrinsic 1
! transistor |
RG: CGD RGD [ RD
— [ o : —{1
G C D
I”GS Bl
1 |
| [ RnsI
: R, = Cos
i |
e —FEC—— _ J
[69311]

Fig. 1 Circuit model of monolithically integrated transistor

Lead inductances and packaging capacitances are not included so
that the devices can be compared

Gy = Gyoe ¥, Rg, Ry, and Ry are parasitic resistances, R, is the
resistance of the semiconductor channel, and Cg, and C,g are
essentially parasitic fringing capacitors. C, is the capacitance of
the charge dipole domain that forms in the channel of FET-type
devices.>~!! With a PBT it is usual to use the bipolar transistor
subscripts ¢, b and e instead of s, g and d

“A more accurate approach to estimating F

maximum frequency of oscillation and so indicates the bound-
ary between an active and a passwe device. Common practice
has been to estimate F,,, using extrapolation of microwave-
frequency gain measurements at —6 dB: per octave, suggesting
that reasonable gain can be obtained at frequencies well above
100 GHz. However, parasitics -and domain capacitance can
result in gain roll-off considerably higher than 6 dB/octave.??
max 18 tO use a
circuit model developed from physical insight as well as 2-port
measurements. This is undertaken here as well as a parametric
study to- identify those parameters that currently limit- fre-
quency performance.

Circuit models with the topology of Fig. 1 have been devel-
oped for state-of-the-art MESFETs, a MODFET and a PBT
yielding the element values of Table 1.7 While C,¢ of the
MODFET was estimated, numerical studies® indicate that
charge accumulation, and hence the domain capacitance C,
are comparable in. MODFETs and MESFETs.. The - U
responses of these transistors are shown in Fig. 2, and the
extrapolated (from U at 1 GHz at a roll-off of 6 dB per octave)
and calculated (using the model) values of F,,, are given in
Table 1. Extrapolated F,,,s are up to 400 GHz, considerably
greater than. the. calculated F,,s of around 100 GHz. The
F,.. of the intrinsic transistor, Fig. 1, is dominated by Cjc,
Table 1, and is a fundamental limit of performance in the
absence of parasitics. These results have significant implica-
tions for interpretations of F,,, based on low-frequency gain

Sor 6 dB /octave
40PN
N
o 30}
]
£
o
o 20} 12 dBIoctave
10
0 ) . L ] L\
1T 2 5 ‘10 20 50 100 200
frequency , GHz :

Fig. 2 Calculated U of transistors
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measurements and extrapolation using the 6dB per octave
roll-off assumption. Such an extrapolation . leads to. erron-
eously high predictions of the millimetre-wave performance of
microwave. transistors. Positive feedback via Cpc increases
low-frequency gain and induces a pole in U. which, for
millimetre-wave transistors, is typically below F,,.. At fre-
guencies below- the induced pole Cpc can be left out of the

model and its effect approximated by using a smaller value of -

Cgs.2 Consequently it is difficult to determine Cpc from mea-
surements taken at frequencies below that of the gain reson-
ance. .

50
~
SN
C
[} ) \’\
© 30 SdN'\
= octave ) X
5 \
= 20+ BN
g N
& .
k)
=
207 12dB! :
octave AN
0 | 1 1 1 - \\\ —
1 2 5 10°. 20 .50~ 100 300
frequency,GHz } §93/3]

Fig. 3 Calculated U of MESFET transistor T,

Curve B is the response of the actual transistor. The other curves

are for -the actual transistor but for curve A, 7=0 (F,=
96 GHz); curve C, Cgp =0 (Fp,, =97GHz); curve Dy Cpg=0

(F .= 140GHz); curve E, Cpc =0 (F,,, =97GHz); curve F,

Ry = O(F,,, = 111 GHz); curve G, Rp = 0 (F,,,, = 163 GHz)

Maki et al’s MESFET has state-of-the-art performance and
so a parametric study was undertaken of this transistor. The
effect of an element being insignificant was modelled in the
limit by eliminating the element from the model. The results

Table 1 TRANSISTOR DATA

- are presented in Fig. 3, of which the majoi' conclusion is that

there is no -simple. relationship between low-frequency gain
and F,,. For example; elimination of the domain capac-
itance, curve E, reduces the low-frequency gain of the tran-
sistor (by eliminating an internal positive feedback path) while
having virtually nio effect on F,,.. Significant increases in F,,,
with little effect on low-frequency gain result from the elimi-
nation of a drain parasitic (Cpg or Rp).
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INTERFEROMETRIC MEASUREMENTS OF
CHROMATIC AND POLARISATION MODE
DISPERSION IN HIGHLY BIREFRINGENT
SINGLE-MODE FIBRES

Indexing terms: Optical fibres, Polansatwn, Optzcal measure-
merit, Optical dispersion :

Interferometric measurements- on highly birefringent single-
mode fibres have been performed. The group delay spectrum
of each  polarisation ‘mode is independently measured over
the whole 1-0-1-73 um spectral range. The polarisation mode
dispersion is obtained by direct subtraction of the group
delay spectra.

‘Increasirig interest in coherent optical communication systems
and sensor applications in the past few years has led to a great
" effort in the development. of polarisation-preserving smgle-f

mode fibres. Correspondingly, a similar effort must be made in .

the characterisation of the polarisation properties and related
parameters of this new class of optical fibres. Several different
‘polarisation-preserving fibres.have been developed by enhanc-
ing the birefringence of the fibre to a degree high enough to
decouple ‘the two polarisation modes over long lengths. of
fibre. Therefore, among other, properties, chromatic dispersion
and- polarisation mode dispersion (PMD) are of the greatest
importance for coherent transmission systems or device appli-
cations.

Polarisation ‘mode dispersion at a single wavelength had

been measured in highly blrefrlngent fibres by optical short
pulse methods, frequency domain®® and interferometric tech-
niques.* More. recently, the. interferometric technique using
linear polarisers and a standard scanning Michelson interfer—,
ometer was. extended into the 0-9-1-5um range by using a
white light source and Fourier transform spectroscopy.’ In
this letter we report simultaneous measurements of chromatic
and polarisation mode dispersion of highly birefringent single-
mode optical fibres -using the - interferometric method  for
group delay measurements in the 1-00-1-73 um spectral range.

The experimental apparatus was a scanning.  all-fibre
Michelson interferometer in which the group delay can be
measured by the position of the fringe pattern with an accu-
racy. of 1-6fs. The ~1-85m-long highly birefringent fibres

U — T T T T T

fringe visibility,arbitrary - unit '

group delay, ps :

Fig. 1" Direct measurement of fringe wstbzllty of high-birefringence ﬁbre
atA=13 pm

were inserted into the test fibre arm and the group delay of
each polarisation mode was compared to the group delay in
‘the reference arm of the interferometer. Unpolarised - light
from a halogen lamp was scanned by a monochromator in the
full 1-00-1-73 um spectral range with an 8 nm spectral width.

Fig. 1 shows the direct measurement of the fringe contrast
at A= 1-30um of a highly birefringent fibre. Owing to the
different group velocities of each polarisation mode, the fringe
pattern presents a double structure, each one corresponding
to one polarisation mode. The relative intensity of the two
peaks was-found to be dependent on the orientation of the
axes of the test fibre at the butt coupling to the interferometer,
as well as on the residual birefringence of the fibre com-
ponents of the interferometer. A comparison between the
results for different butt coupling conditions showed, however,
that the residual birefringence is negligibly small compared to
that of the highly birefringent fibre. -
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Fig. 2 Grop delay spectra of two polarisation modes - of a high-
blrefrmgence fibre

Group delay measurements were carried on each Snm in
the full spectral range of our apparatus for each polarisation
mode. The corresponding results -for the Fujikura SM13P
fibre are displayed in Fig. 2. The group delay curves were
fitted by a five-term Sellmeier. expression and the chromatic
dispersion of each polarisation mode obtained by simple dif-
ferentiation of the fitted expression. The. polarisation mode
dispersion (PMD) at each wavelength was directly obtained
by subtraction of the group delay data for each polarlsatxon
mode. Typical experimental results are shown .in Fig. 3,
together with the difference between the two five-term Sell-
meier expressions fitting the group delays of each polarisation
mode.

The computed results of dispersion measurements of differ-
ent kinds of polarisation-preserving single-mode fibres are

. shown in Table 1, together with other measured parameters of

the fibres used in the experiments. Fibres A and B present a
strong index difference An and small core dimension. Despite
the importance of the waveguide dispersion in the behaviour
of these fibres, and the observed core ellipticity of fibres B-and
C, their PMD was found to be only slightly dependent on the
wavelength. In this case, the wavelength-dependent geometri-
cally induced birefringence is much smaller: than the stress-
induced birefringence,® so the resulting wavelength depen- .
dence is comparable to that of fibre A, which presents no core
ellipticity.
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Fig. 3 Polarisation mode dispersion of two diﬁ“ereht stress-induced high-
birefringence fibres
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