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ABSTRACT

This paper confirms that the guided-wave approach for effective integrated antenna design is
applicable by exploring the various aspects of the propagation characteristics of the leaky modes. The
(suspended) microstrip line is investigated throughout the paper because of its simplicity and popularity.
The first category of leaky modes stems from the higher-order modes on microstrip discovered by Oliner
et al. Careful analyses show that these higher-order leaky modes are periodical and coincident with the
patch antenna’s resonant frequencies. When multiple leaky-mode lines are employed to form an array,
the circuit model based on the mode-coupling of the leaky modes can result in very accurate assessment
of the far-field radiation pattern. The leaky modes carrying dominant-mode-like currents and displaying
very similar transverse field patterns surrounding the (suspended) microstrip belong to the second category.
These newly found modes are experimentally proved to coexist simultaneously with the dominant, bound
mode. Differential TDR (time-domain-reflectometry) experiment on the leaky line shows excellent
agreement with the time-domain step response obtained by invoking the transmission line model char-
acterized by complex propagation constant and complex characteristic impedance using the power-current
definition, thus confirming the applicability of complex characteristic impedance of a leaky line. Through-
out the paper, printed antennas are either viewed as waveguides or designed by the corresponding guided,
complex, leaky modes.
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l. Introduction wherek, is the free-space wave number.
Although numerous papers have reported the

Fact that printed antenna and printed microwavgeculiar power leakage behaviors of leaky modes for
circuit are two entities whose operational principles ar@ variety of printed transmission lines (Tsefi al.,
distant to each other is now severely challenged by thE997; Nghienet al., 1993), a growing interest in utilizing
recent advance in search of the new leakage effects the leaky mode’s space-wave radiation properties has
planar or quasi-planar guiding structures since 1986&merged; not only for the fact that the agreement between
Oliner and Lee (1986a) discovered the leaky mode frorthe theoretical design and measured performance
higher modes on microstrip and later reported suchas been better for leaky wave antennas (Oliner, 1984),
leaky mode could be employed for designing microstrijpput the antenna design based on the dispersion
antenna that radiated predominantly the space wawharacteristics of leaky mode has generally yielded
(Oliner and Lee, 1986b; Menzel, 1979). very good performance (Chou and Tzuang, 1996a,

In an open guiding structure, the leaky mode withL996b). The recently proposed micro-slotline (a
phase constar leaks away in the form of surface wave uniplanar guiding structure combining microstrip

when and slotline) (Chou and Tzuang, 1996a, 1996b) and
micro-coplanar waveguide (CPW) (a uniplanar guiding
B<ks, (1) structure combining microstrip and cpw) leaky-

wave antennas (Tzuang and Lin, 1996) have demon-
whereks is the surface wave number, and of space wavstrated their effectiveness for exciting first, second,

and/or surface wave when third, etc., higher-order leaky modes with alternating
odd and even field symmetries. Extensive measure-
B<ko, (2) ments show that the properly designed leaky-mode
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Il.Leaky Modes from Higher-Order
Microstrip and Mode-Coupling of
the Complex Waves

Even the simplest guiding structure like wire or
metal strip, suspended above or attached to a substrate,
carries the leaky modes pertinent to space-wave
radiation. The first category belongs to the leaky
modes which are essentially the higher-order modes of
the guiding structure. The mode chart as shownidn

consists of the first three higher-order leaky modes,
namely, EH, EH, and EH. The normalized phase
constants /ky) and normalized attenuation constants
(alkg) of the EH leaky mode reported by various
research groups, e.g., Michalski and Zheng (1989),
Oliner (1987), Bagbet al. (1993) and us, are in excellent
agreement. As for the higher EFnd EH leaky
modes, all the solutions still agree well within the
acceptable design tolerance. Our leaky mode solutions
are closer to the Michalski’'s on the high side near the
onset frequency of the leaky mode and closer to the
Bagby’s on the lower region of the leaky mode. One
important observation made from these solutions is the
knee-frequencies (the points whe&, curves bend
sharply) or the onset frequencies (the locations where
alky curves are about to take off) are periodical.

Applying the cavity model proposed by let al
(1979) to the patch antenna of perimeter equal to the
width of leaky-mode microstrip line, we immediately
notice that the patch resonant frequencies are very close

(a) The normalized phase constants of the higher-order Ieak§0 the knee-frequenmes. This |mpI|es that the patch

modes, EH, EH,, and EH;, calculated by four groups:

resonator must radiate leaky modes! But how much

Michalski, Oliner, Bagby, and Tzuang. (b) The normalizedamount and in what level does the electromagnetic field

attenuation constants of the higher-order leaky modes, EH get radiated? What shown

are the measured

EH,, and ER, calculated by four groups: Michalski, Oliner, ragyts carried out for a two-port diagonally fed patch

Bagby, and Tzuang. [Data from Michalski and Zheng (1989),

Oliner (1987), and Bagbwgt al. (1993)].

100 1]
&
antenna radiates most electromagnetic energy into spa Z m En P il -
with hardly detectable surface wave leakage = g
Furthermore, these antennas can easily achieve anten . | P! "' B E
efficiency higher than 80%, and in some cases eve ¥ , -—Ty 1
much higher. I mna = E
Contrary to the seemingly promising progress or £ = =
the leaky-mode integrated antenna, our knowledge abo ¢ oy _E
the leaky mode propagation on printed lines is still ver;i i a8 f::
limited. This paper aims to report the leaky modes o
distinct natures that share one physical property i 'J.; 5 10 15 = "

common: they all radiate effectively into free space in
a predictable fashion. Mastering these leaky modes,
we enter the era when the printed antenna design ha
never been so close to the microwave circuit design
like now.
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Flsq. 2. The relative power absorbed (RPA) and the maximum avail-

able gain of the two-port diagonally fed square patch of
perimeter equal to 16 mng,=2.55 and substrate height

0.762 mm.
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periodicity ends. This suggests the radiation patterns

20

——  Measured data obtained by a single leaky mode approximation (or the

: By unit-cell unit-cell approach) must deviate from the measured

15 < : By this approach data. Indeed Fig. 3 shows such discrepancy for the

"\ (the supperposition elevation angle larger than the main beam and it be-

10 Fe : The far-field pattern\ "\\of Fe &Fe) comes slightly worse as the elevation angle increases.
contributed by center . .

The problem can be remedied by acknowledging the

clements

@ 5 existence of the mode-coupling of the leaky modes on
£ T the array. plots the eight leaky modes obtained
‘g by the combination of the coupled-mode approach and
g 0 full-wave method (Tzuang and Hu, 1998). Each leaky
c(:;‘;;‘:ﬁ‘;;‘;ﬁggg:g‘em mode solution corresponds to a particular eigenvector
5 (state) carrying distinct modal current distributions
along each microstrip. Therefore the input in-phase
1 excitation can be expressed uniquely by the linear
=10

00 35 a0 a5 50 55 60 65 70  combination of the eight eigenvectors (states) associ-
Elevation in degrees ated with the eight coupled leaky modes. After a series
of analyses, we obtain equivalent leaky modes which
Fig. 3. The far-field radiation pattern of a Iin_ear leaky-mode array.respective|y represent the propagation characteristics
Here an 8-element array can be obtained very accurately an
understood with great physical insight by applying the mode-O]c center elements (for elements 2 to 7) and. edge
coupling solutions of the leaky modes. elements (for element 1 and 8). The former carries the
current distributions similar, but not identical, to the
unit-cell, single-mode modal current distribution. The
circuit of perimeter equal to 16 mm , relative permitivity latter reflects the fact that the edge elements at both
£=2.55 and substrate height 0.762 mm. The dimerends shall carry the modal current distributions differ-
sions and material constant of this patch circuit ar@nt from the unit-cell approximation, since the bound-
slightly different from the data shown in Fig. 1. ary conditions for the individual in the array can be
Nevertheless we observe the same periodicity of thdifferent. The far field radiation pattern obtained by
RPA (relative power absorbed+|8;1*—|S;1|?) plot for  the superposition of the two equivalent leaky modes
all leaky modes as well as the maximum available gaiagree very well with the measurement.
of the passive two-port (Gonzalez, 1984) forEhd
EH, higher modes. We recognize that, through thidll. Space-Wave Leaky Modes Car-
particular two-port measurement, the leaky modes are  rying Dominant-Mode-Like Cur-
susceptible to be excited, thus carrying a substantial rents
portion of energy into free space.

An advantageous application of leaky mode is the The second category consists of leaky modes like
linear N-element antenna array, producing a pencil
beam that otherwise must be realized by a two-dimen-
sional array of cumbersome feeding netwofki

plots the antenna pattern against the elevation angle

along the y-z plane (parallel to the microstrips and 109
normal to the substrate surface of an eight-element 08f 108
microstrip leaky-mode array), comparing the results  0.7r 10.7
obtained by measurement and by theoretical calcula- os} 106
tions using a unit-cell, single leaky-mode approxima- § ost e o6 mm los §

tion and the more accurate approach incorporating | ool loa

multiple leaky modes. Since the Eleaky mode is
employed for designing the corporate-fed linear array
(Hu and Tzuang, 1997) and the individual array ele-
ment is excited by an in-phase input signal of equal
amplitude, the majority portion of the array can be Y18 119 12 121 122 123 124 125 126
divided into several single-element radiating sources Frequency in GHz

with electric walls separating them except for the twasig. 4. coupled-mode solutions for the complex leaky modes of first
edge elements on both ends of the array where the order. [Data from Tzuang and Hu (1998)].

10.3
10.2
10.1
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2 Notice that the normalized phase constant of the
118 suspended strip immersed in the air must be equal to
one. The measurement confirms this and shows that
118 the fast-wave resonance caused by the leaky mode is
11.4 essentially a wire antenna best viewed as a waveguide.
112 Naturally the question of characteristic imped-
i ] Q ance of the leaky mode arises. Following the definition
’ g‘ proposed by Das (1996), the complex characteristic
10.8 impedances of the dominant-mode-like leaky mode are
los obtained and plotted iR If we simplify the
0.4 | / leaky | o physic.al conditiqns by a_ssuming that only the leaky
o y ‘ . i mode is present in the wire, we may compute the two-
0.2- "g" 10.2 port scattering parameters for the wire resonator by
0 S L SRR ! 0
123 456 7 8910112131415
FREQUENCY (GHz) 2
Fig. 5. Leaky modes carrying dominant-mode-like currents on sus- 18
pended microstrip; substrate thickndss0.762 mm, &= 1.6
2.1, strip widthw=1.6 mmx=b=1 m. [Data from Tzuang and 1.4
Lin (1998)].
o 12 Q
= 1 =
a phantom accompanying the dominant, bound mod®=- . =
but responsible for space-wave radiation. The discov
ery of this type of leaky modes is very recent (Tzuan¢  %©
and Lin, 1998). shows three space-wave-type 0.4
leaky modes for a suspended microstrip of width 1.¢ o2
mm integrated on a 0.762 mm thick dielectric substrat ot e
of relative permitivity 2.1. Although only three leaky 1 156 2 25 3 35 4 45 5 55 6
modes are present in the figure, there should hav FREQUENCY (GHz)

infinitely many of these modes. Investigating these

modes on their modal current distributions and transEig. 6. Simultaneously extracted normalized phase constants of a

verse fields, we notice that these modes carry very
similar modal currents to those of bound mode and

possess very close resemblance of the transverse fields

surrounding the strip. Partly for such reason this type
of leaky modes was never discovered before.

The above-mentioned two kinds of similarities
between bound mode and leaky mode make us conje
ture that we can not possibly exclude the excitation o
the accompanying leaky mode when intending to us
the bound mode only. A simple measurement setu

can prove our guess. Connectlng a wire of dlametemoog ‘

1.6 mm to both ends of the cables tied to a vecto
network analyzer, simulating the case of suspende
wire resonator above the ground plane, we measure tl
two-port scattering parameters and extract the resona
frequencies. By changing the lengths of wire resonato
we may deduce the phase constants of the resone
modes. plots the results, showing that two
modes, both bound and leaky modes, are simultaneous
present and their phase constants agree excellently

suspended wire in the air with diameter equ
Circle: measurement. Solid: theory.
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those of the theoretical bound mode and leaky mode;g. 7. The complex characteristic impedance of the domain-mode-

respectively.
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