output power and far-field angle are, to our knowledge, the best of any
monolithic 1.55 pm singlemode VCSEL to date. Singlemode CW
operation was observed from —20 to 55°C. We expect to be able to
reduce the threshold current and extend operation to higher tempera-
tures with further optimisation of device design and gain offset.
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Analysis of leaky modes in circular
dielectric rod waveguides

Ki Young Kim, Heung-Sik Tae and Jeong-Hae Lee

The leaky modes of dielectric rod waveguides are analysed based on
the normalised phase and aftenuation constants obtained using
Davidenko’s method. It was found that for several lower-order trans-
verse magnetic (TM) modes, the nonphysical lcaky mode, antenna
mode, reactive mode, and speciral gap all existed below the cutoff
frequency of the guided mode.

Introduction; A circular dielectric rod waveguide is one of the
simplest guiding structures that can be used as either a waveguide
or an antenna. The dispersion of its guided mode in the slow wave
region is well known, whereas its leaky mode characteristics have
hardly been explored below the cutoff frequency of the guided mode.
In 1969, Armbak demonstrated the existence of leaky modes in a
circular dielectric rod {1] by obtaining the complex propagation
constant from an approximate analysis of the characteristic equation.
However, more detailed discussion about classifications of the leaky
modes was unavailable at that time. Accordingly, the current Letter
precisely determines the normalised complex propagation constants
for the leaky mode of a dielectric rod waveguide using Davidenko’s
method [2]. For the several lower-order TM modes, from TMy; to
TMya, the leaky mode characteristics, such as the nonphysical leaky
mode, antenna mode, reactive mode, and speciral gap are all inves-
tigated with a variation in the operating frequency from 0 to 60 GHz.

Characteristic equation and its complex roof: The characteristic
equation for the TM mode represents the most general feature of a
dielectric rod embedded in the surrounding free space, since the

characteristic equation for the TE mode is identical with that for the
TM mode, except for the material constants and the hybrid mode can
be represented by the linear combination of the two transverse modes.
The characteristic equation of the TM mode with a time convention of
e/ is as follows:

ﬁLl-]l(klﬂ)_ELszzl(kzﬂ)=0 ()
b dolina) ke HP (kyd)

where J,, and H2, (m =0, 1) are the mth order Bessel function and the
Hankel function of the second kind, respectively; £, and ¢, are the
dielectric constants of the dielectric rod and free space, respectively, a is
the radius of the dielectric rod, and k, and &, are the complex transverse
propagation constants in the dielectric region and free space region,
respectively, and are related to the normalised complex propagation
constant, 7, which is normalised with the free space wave number, k.

K= Rue v = ke, ~ ) (=1,2) @

The normalised complex propagation constant is composed of the
normalised phase constant, 5, and normalised attenuation constant, &
v _B-ju_f_ o

?:kT] K _E_J%:ﬁ_ja 3

Davidenko’s method is used to determine both the normalised phase
and the normalised attenuation constants. The resulting normalised
phase and normalised attenuation constants are substituted into (1) and
checked based on the accuracy of the retumed value compared
with zero, achieving tolerances under 107" for both the real and
imaginary parts.

Results and discussion: Figs. | and 2 show the nommalised phase and
normalised attenuation constants of a dielectric rod waveguide for the
leaky modes and guided modes, respectively. Two design parameters,
i.e. the dielectric constant and radius of the dielectric rod, were
arbitrarily chosen to be 5.0 and 5.0 mm, respectively. The cutoff
frequencies of the guided mode were 11.48, 26.36, 41.32, and
56.30 GHz for the TMg;, TMps, TMg3, and TMy, modes, respectively,
and below these cutoff frequencies, nonzero values for the
normalised attenuation constants were introduced. Fig. 3 shows on
an enlarged scale the normalised phase constant when the value of the
normalised phase constant was near unity. In Fig. 1, at low frequen-
cies near zero, the normalised phase constants exceeded unity; this
regime has no physical meaning [3], and the upper limits of the
nonphysical regime were 3.51,1.98, 1.95, and 1.94 GHz for the TMy,,
TMg;, TMys, and TMgs modes, respectively, shifting towards lower
frequencies with & higher mode. Above these frequency limits, as seen
in Fig. 1, the normalised phase constants decreased to a minimum
point, then increased again up to unity. This regime corresponds to the
physical leaky mode [4], as the higher mode had the lower value for
the minimum point of the normalised phase constant, at which point
the frequencies shifted to a higher frequency. This physical leaky
mode regime can be divided into two distinct regions an antenna
mode region (B <1, §>&) and reactive mode region (§ <1, f>a)
[5]. Note that the TM,, mode did not have a reactive mode region,
since the frequency with the normalised phase constant equal to the
normalised attenuation constant lay within the nonphysical leaky
mode region. The reactive mode regions for the TMy;, TMg;, and
TMy4 modes ranged from 1.98 to 17.15 GHz (15.17 GHz in width),
1.95 to 30.57 GHz (28.62 GHz), and 1.94 to 43.93 GHz (41.99 GHz),
respectively, whereas the antenna mode regions ranged from 17.15 to
20.27 GHz (3.12 GHz in width), 30.57 to 35.76 GHz (5.19 GHz), and
4393 to 51.17 GHz (7.24 GHz). for the TMyy, TMga, and TMoq
modes, respectively. The widths of both the reactive mode region
and the antenna mode region increased with an increase in the mode
order. As the operating frequency approached a frequency higher than
the antenna moede region, the normalised phase constants exceeded
unity again, as in the nonphysical leaky mode region, refer to Fig. 3.
This region was also a leaky mode region with no physical meaning,
and called the spectral gap region, which ranged from 20.27 to
22.84 GHz (2.57 GHz in width), 35.76 to 39.13 GHz (3.37 GHz),
and 51.17 to 54.70 GHz (3.53 GHz) for the TMy2, TMj3, and TMy4
modes, respectively, plus the width increased with a higher mode. The
TM,; mode had no spectral gap region (and no reactive mode region),
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and only one antenna mode region ranged from 3.51 to 11.48 GHz
(7.97 GHz in width), indicating that the leaky mode of the TMg,
mode differs from that of other high order modes. The remaining
portion of the leaky mode region was another antenna mode region
above the spectral gap region in frequency, ranging from 22.84 to
26.36 GHz (3.52 GHz in width), 39.13 to 41,32 GHz (2.19 GHz), and
54.70 to 56.30 GHz (1.60 GHz) for the TMy;, TMg3, and TMg,
modes, respectively. The widths of the second antenna mode regions
tended to decrease with an increase in the mode order. The upper limit
frequency of this range was the same as the cutoff frequency of the
guided mode. In other guiding structures, such as an NRD guide [4]
or partially dielectric-loaded open guiding structure [6], the nermal-
ised attenuation constants become zero at the frequency with the
maximum normalised phase constants within the spectral gap region.
However, the normalised attenuation comstant of the dielectric rod
became zero at this frequency, i.e. the upper limit of the second
antenna mode region or cutoff of the guided mode. Hence, it was
observed that the spectral gap region was not always consistent with
the transition region between the guided mode and the leaky mode in
the case of a dielectric rod waveguide. However, it was unclear
whether or not this discrepancy was induced from the circular
geometry of the rod waveguide or the all-diefectric boundary of the
rod waveguide, when compared with a NRD guide or partialiy
dielectric-loaded open guiding structure,
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Conclusion: The leaky mode characteristics of circular rod dielectric
waveguides were analysed from normalised complex propagation
constants precisely determined using Davidenko’s method. For the
several lower-order TM leaky modes, the nonphysical leaky mode
regions, antenna mode regions, reactive mode regions, and spectral
gap regions were all investigated relative to the operating frequency.
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Fig. 3 Normalised phase constant on enlarged scale
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Bandpass filter using microstrip ring
resonators

Q.8. Wu, Q. Xue and C.H. Chan

A new ring resonator with enhanced coupling is proposed. For a
5.2 GHz resonator, |S,| of the second resonant made is 12 dB below
that of the first mode. Based on this new structure, a bandpass filter is
constructed. The insertion loss is 0.2dB better and out-of-band
suppression at 150 MHz offset is 7 dB better than those of the generic
coupled-line filter and the size is 21% smaller.

Introduction: The microstrip ring resonator has been widely used to
measure the dispersion, phase velocity, and effective dielectric
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