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Abstract — The dispersion characteristics of the electric-
magnetic-electric (EME) microstrip at the first higher order
are presented. The EME microstrip consists of composite
metals paralleling the electric and magnetic surfaces, where

the magnetic surface is made of an array of coupled inductors.

The dispersion curves obtained by matrix-pencil analyses are
validated experimentally by the measured radiation patterns.
The line width is reduced by 47,5%, compared to that of the
conventional microstrip for the same onset frequency of the
leaky mode. The EME microstrip is potentially useful for
compact microstrip leaky-mode array design.

I. INTRODUCTION

In recent years, there has significant progress in the area
of leaky-mode antennas derived from open mm-
waveguides [1]-[4]. Additionally, printed microstrip
anterinas are simple in structure and easy to fabricate by
lithography. They are low profile, light weight, low cost
devices that are well suited as radiating elements for
integrated antenna array systems (5]-[6].

Further reduction of circuit dimensions in passive
devices, especially the antenna component, is important
from the cost, performance and reliability point of view.
Recently, applications of the photonic bandgap (PBG)
structure or the periodic device have drawn much interest
in physics and engineering [7]-[8]. A new PBG microstrip
line called the EME (electric-tnagnetic-electric) microstrip
was proposed, analyzed and tested by experiments [9]-
[10]. The results show that the EME composite structure
can be a low-loss, slow-wave line under the dominant
mode operation. This paper, for the first time, investigates
the dispersion characteristics of the first higher order
mode of the EME microstrip which incorporates a PBG
structure and experiences periodic perturbations on the
strip line itself. The EME microstrip not only reduces the
dimension by 47.5% but possesses al} the inherent unique
characteristics of uniform microstrip leaky-mode antennas,
such as narrow fan beam and frequency scanning.
Therefore, a compact and high performance integrated
antenna array can be desighed using the EME composite
microstrip.

The rest of this paper is organized as follows. Section II
describes the theory and design of the EME microstrip
leaky line. Section III reports the corresponding scattering

analyses, dispersion curves and modal current
distributions to illustrate the properties of the proposed
leaky-mode configuration, In Section IV, an experiment is
performed to validate the reported numerical resuits and to
present the attractive features of the EME microsirip.
Conclusions are finally made in Section V,

{1. DESIGN AND OPERATION OF THE EME

MICROSTRIP LEAKY LINE
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Fig. 1. Geometry structure of the EME microstrip leaky line,
€ =338,h =0.508 mm, £,=3.38h, =0203 mm, Ls=0.5
mm, and W = 8.536 mm.

The EME microstrip [9]-[10] is like a conventional
microstrip on a continuous, uniform ground plane except
in that the signal line consists of composite metals made of
electric-magnetic-electric conducting surfaces, as depicted
in Fig. 1. The electrical surface is a plain, ordinary metal
strip of a certain thickness. Coupled, connected metallic
coils realize the magnetic surface. Each metallic coil is
viewed as a unit cell. Thus, the coils form a periodic array
in the central plane of the microstrip. The entire array
resonates at a certain bandwidth, namely the stopband, and
the connected metallic surface enters a high-impedance
state [9]-[10]. In the design presented here, the unit cell is
2.134 mm wide (6% of free-space wavelength at 8.5 GHz),
in both the x- and y-directions. The lower cormer
frequency of the anisotropic PBG structure, although
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varying with directions, is fluctuating around 8.5 GHz for
our particular case study. The dispersion characteristics of
the EME microstrip ncar and beyond the stopband are
outside the scope of this paper. )

The proposed guiding structure is symmetrical about its
central plane, which is an electric wall for the microstrip
odd-mode operation. Note that the magnetic surface 15
frequency-dependent, implying that the impedance of the
magnetic surface is sufficiently high at a certain frequency
band. The presence of the frequency-dependent magnetic
surface at the central plane alters the modal current
distributicns along the transverse and longitudinal
directions of the guide, thereby changing the dispersion
characteristics. Proper widths (Wgr, Wer and Wy) of the
electric and magnetic surfaces, respectively, can be chosen
to obtain the required propagation constant, operating
frequency and useful bandwidth of the leaky-mode
antenna. This paper, however, focuses on a magnetic-
surface (MS) microstrip with 100% PBG structure filling
the metal strip, that is, WgL = Wegg =0.

The EME microstrip is constructed using conventional
multilayer printed circuit technology. Referring to Fig. 1,
the electric and magnetic surfaces are made on a two-sided,
printed RO4003™ circuit board of thickness (hy) 0.203
mm and relative permittivity (g;) 3.38;, the EME
composite strip is then glued to a conducror-backing

RO4003™ substrate of thickness ¢(h)) 0.508 mm under -

proper heat and pressure.

III. CHARACTERISTICS OF THE EME
MICROSTRIP LEAKY LINE

A. Scattering Analyses

One EME microstrip prototype with Wy = 8.536 mmn,
corresponding to four cells in the transverse direction
without electric surface, is analyzed. The EME microstrip
is 32.01 mm long (L), corresponding to fifteen unit cells.
A short, 0.5 mm long {L) metal strip is added at each end
of the EME microstrip to facilitate the connection to the
feeding structure. The small, uniform microstrip feed line
is 1.6 mm wide and 0.5 mm long, corresponding to a 50
{2 microstrip on the combined substrates.

We first conduct the scattering analyses of the EME
microstrip by differential excitations. Figure 2 shows the
theoretical results obtained by a full wave integral
equation solver. The radiation efficiency of the EME
microstrip can be predicted by the relative power absorbed
(RPA) calculation, which is defined as 18,8, It
should be noted that the conductor loss and the dielectric
loss are not separated from the leakage power in the RPA
calculation. The RPA results show that there are two peak

regions of efficiency greater than 30%, which imply that
large energy leaks away. The first peak RPA frequency is
near 5.35 GHz (point d); the second is at 8.0 GHz, which
is close to the lower corner of the stopband frequency of
the PBG structure. Qutside the frequency range between 5
GHz and 8.5 GHz, the reflection coefficient is nearly unity,
the transmission coefficient is lower than -30 dB, and the
RPA value is lower than 10%.
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Fig. 2. The theoretical two-port scattering parameters (left

axis) and RPA values (right axis) of the EME microstrip
with differential excitations. L=32.0lmm.

B. Dispersion Characteristics

. The excited clectromagnetic waves propagated on the
EME microstrip are the superposition of space harmonics
due to the presence of periodic, magnetic surface. These
space harmonics can be extracted by the matrix-pencil
method {9]-[11]. The space harmonic is denoted b! its
complex propagation constant ﬁw ( a;‘”+ JBan
which represents a traveling-wave component of the mh
higher-order space component associated with the
microstrip EH,, mode: superscript + (-) signifies the
forward- (backward-) traveling wave. Matrix-pencii
analyses of the particular EME microstrip show that a
forward traveling wave, denoted by its complex
propagation constant 7’1+. o» and a backward traveling wave,
denoted by ¥, ,, are the only two major space harmonics
for operating frequencies between 5.45 GHz and 8 GHz.
Both ¥, and ¥;, have the same values, but with
opposite signs. Outside this frequency range, only the
forward traveling wave '}’,t o has significant contribution to
the total field due to the high attenuation constant.

Figure 3 shows the normatized dispersion curves of the
forward traveling wave component for the EME
microstrip. The onset frequency of the leaky mede is at
approximately 5.45 GHz, above which the normalized
phase constant is greater than unity and the normalized
attenuation constant is negligible for the particular case
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study. The onset frequency of the EME microstrip is lower
than that of the uniform microstrip with the same strip
width (W) of 8.536 mm. In other words, the physical
width is 47.5% less than that of a conventional microstrip,
needing 16.256 mm for the same 5.45 GHz onset
frequency.
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Fig.3. The normalized phase constant Prko (left axis) and

normalized attenvation constant o/kg (right axis) of the
leaky mode for the EME microstrip.

Below the onset frequency, the first higher order mode
becomes leaky, with its attenuation constant increasing as
the frequency decreases. Consequently, we can observe
that the EME microstrip depicts a strong radiation
behavior between 5.05 GHz and 5.45 GHz, as shown in
Fig. 2.

Above 5.45 GHz, the normalized phase constant curve
enters the bound mode region, which is a slow wave with
the normalized phase constant larger than unity and
increasing with frequency toward 8.0 GHz. Thus the dips
of |S;1|, as shown in Fig. 2, are caused by the bound modes
resonating back and forth on the EME microstrip, and the
period of adjacent dips is reduced with increasing
frequency.

If the frequency is increased further beyond 8 GHz, the
propagation constant becomes complex values with
decreasing normalized phase constant and increasing
normalized attenuation constant, until this curve enters a
leaky region again, which is a fast wave with a complex
propagation constant. However the leaky mode is not
easily excited in this region because of high decay rates
(kg > 1). These findings comrelate well with the
scattering analyses as observed in Fig. 2.

C. Current Distributions

It is of great interests to examine the modal current
distributions of the leaky mode reported in Fig. 3. Figure 4
plots the transverse and longitudinal modal currents on the
ground plane of the EME microstrip at 5.25 GHz (point ¢

in Fig, 2 and Fig. 3). Currents are normalized to have a
maximum value of unity. The real and imaginary parts of
the longitudinal current (Jx) are odd-symmetric and have
null values at the central x-z plane. The real and imaginary
parts of the transverse current (Jy) are even-symmetric and
have maximum values at the central plane. Also, the
imaginary part dominates the transverse current. Thus the
modal current distributions of the EME microstrip agree
with those of the first higher order microstrip leaky EH,
mode.
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Fig. 4. Normalized current distnbutions of the first higher

order leaky mode for the EME microstrip at 5,25 GHz. The
normalized propagation constant is around y = 0.06 +j0.67.

IV. EXPERIMENTAL RESULTS AND VALIDITY CHECKS

We are not surprised to see that the far field radiation
patterns and frequency-scanning property of the EME
microstrip are almost identical to that of the uniform
microstrip in the leaky region. Based on the theoretical
analyses outlined in the previous section, an EME leaky-
tmode antenna is fabricated and tested. The experimental
antenna is fed asymmetrically with a 5¢ Q microstrip. The
antenna has the same dimensions as reported in Fig. | with
the length (L) of 256.08 mm, corresponding to 4.5 Ag
(free-space wavelength at 5.25 GHz). This length is larger
than the required 3.9 A, if more than 90% of the
electromagnetic energy will leak [2].

Next, we conduct the H-plane (the x-z plane) radiation
pattern measurement in an anechoic chamber. The
particular design leaks in a fan beam fashion below the
onset frequency at 5.45 GHz. The phase constant can be
extracted from the measured radiation pattern, as the leaky
mode radiates with a main beam angle at
8, =sin"(B/k,) , measured from the broadside
direction (z-axis) [5]. The measured values, in circle
symbols, are superimposed to the normalized phase
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constant curve of Fig. 3, showing excellent agreement has
been achieved for the four measured frequencies marked
aspoints a, b, cand d.

implementation of the EME composite strip in the
integrated circuit and antenna structures may open up
many possibilities of designing useful and compact .
devices.
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Fig.5. The far field H-plane radiation pattern of the
asymmetrically-fed EME microstrip leaky-mode antenna at
5.25 GHz. 1.=256.08 mm.

Furthermore, the radiation pattern of the leaky line can
be directly derived from the extracted complex
propagation constant [5]. Figure 5 indicates that the
theoretical and measured copolarization far-field patterns
along the H-plane are in good agreement at 525 GHz
{point c). The main beam angle agrees to less than 1.5°
difference and the measured beamwidth is a slightly
broader than the theoretical prediction.

V. CONCLUSION

This paper presents the dispersion characteristics of the
EME microstrip that incorporates a uniform grounded
substrate and uses PBG structures alongside the signal line
in the axial direction. The leakage, produced by the
excitation of the first higher order (odd) microstrip mode,
and the dispersion curves, obtained by matrix-pencil
analyses, are validated by measured radiation patterns.
Theory and experiments show that the physical dimension
of the EME leaky line is reduced significantly by 47.5%,
compared to the conventional uniform microstrip on the
same substrate. This result implies that the aperture
efficiency of the leaky-mode antenna array can be
Aimproved by the proposed EME structure, The
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