1996 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 8, AUGUST 2002

Electric-Magnetic—Electric Slow-Wave Microstrip
Line and Bandpass Filter of Compressed Size

Ching-Kuo Wy Student Member, IEEBHsien-Shun WuMember, IEEE and
Ching-Kuang Cliver Tzuang-ellow, IEEE

100

Abstract—This paper presents a novel integrated microstrip
low-loss slow-wave line. The new microstrip replaces the con- FM(S)
ventional metal strip by composite metals paralleling the electric MIS
surface and magnetic surface (MS). The MS made of an array of SCML MIS-IHD
coupled inductors shows a high-impedance state in the stopband,
below which the propagation properties can be well controlled by
varying the dimensions of the electric surface and MS. The disper-
sion curves obtained by matrix-pencil analyses closely correspond
to those obtained by scattering-parameter extraction. Theoretical
results, as confirmed experimentally, indicate that an increase
of over 60% in the slow-wave factor can be achieved without UC-PBG EME
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sacrificing propagation losses, using the proposed structure. This
electric—-magnetic—electric (EME) microstrip is insensitive to 04 ) ) ‘ B ‘ ‘ |
the alignment position of the periodical structure, and can be 1950 1970 1975 1980 1985 1990 1995 2000
constructed using conventional printed-circuit-board fabrication Year

processes and integrated with other microwave components in

a multilayered circuit. A compact EME bandpass filter (BPF) g 1. Losses of slow-wave lines. The operating frequency is below
with suppressed harmonic responses is presented. The lengthe GHz. MIS = metal-insulator—semiconductor microstrip line. SCML
of the filter is reduced by 26%, and the measured insertion l0Ss Schottky-contact microstrip line. FM(Sk ferromagnetic (semiconductor)
and fractional bandwidth is comparable to that of a conventional microstrip line. MIS-IHD= inhomogeneously doped MIS transmission line.
microstrip BPF on the same substrate. MIS-PD = periodically doped MIS transmission line. CTCPW cross-tie
) . . coplanar waveguide. CTOCPWE cross-tie overlay coplanar waveguide.

Index Terms—Bandpass filters, matrix-pencil method, yc.-pBG= microstrip line with uniplanar compact photonic bandgap ground

microstrip, slow-wave structures. plane. EME= electro-magnetic—electric microstrip line.

I. INTRODUCTION using (FM) semiconductor surface layers were extensively

EDUCTION of circuit dimensions in both hybrid ar1dinv&_estig_ated several years ago [1]-[5]. These slow-wave lines,

monolithic microwave integrated circuits (MMICs) iswWhich incorporate Iayergd substratesz show losses near 10
important from the cost and reliability point-of-view. PassivéB/Ag. Moreover, increasing the operating frequency degrades
devices, especially those designed with distributed transmige SWF [5]-[7]. However, these uniform guiding structures
sion lines, occupy most space. Slow-wave propagation Bgve greatly improved the SWF. Within the low-frequency
separating electric and magnetic energies has been investigs@8@€; highe factors can be obtained with nearly optimum
as a method to reduce the transmission-line length for a givepnditions [8].
insertion phase. Fig. 1 lists a few representative works of Some modified structures use inhomogeneous doping
slow-wave transmission lines from the past 30 years. TKMIS-IHD) [9] or periodically doped substrates (MIS-PD)
unit for the vertical axis is dB¥g, where Ag is the guided [10] for the MIS or Schottky coplanar waveguide to reduce
wavelength. This is a reasonable choice of unit for a faife attenuation and enhance the SWF, thus extending the
comparison of losses associated with various slow-wave lindgw-wave propagation frequency range. Several periodic
since all known methods for enhancing the slow-wave factgifuctures such as the cross-tie coplanar waveguide (CTCPW)

(SWF), also known as the normalized phase constant, lead}d], cross-tie-overlay coplanar waveguide (CTOCPW) [12],
an increasing attenuation constant. and meander microstrip [13] have been proposed to improve the

Slow-wave transmission lines such as the metal—insBerformance of slow-wave transmission lines. These improved

lator—semiconductor (MIS) microstrip, ferromagnetic (FM§low-wave lines have losses between 1-10)@BNotice that
microstrip, ferromagnetic semiconductor (FMS) microstrigmproved slow-wave lines employ complicated fabrication

or Schottky-contact microstrip line (SCML) configurationdrocess and still have higher insertion losses than that of a

) ) ) conventional microstrip line [14].
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Publisher Item Identifier 10.1109/TMTT.2002.801355. cations in microwave electronics and antenna development [18],
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Wy The remainder of this paper is organized as follows. Sec-
tion Il describes the theory and design of the EME microstrip.
Section Il reports the corresponding scattering analyses, which
are compared and validated by measurements. The extracted
values of the propagation constants and characteristic imped-
ances, derived from the scattering analyses of various microstrip
structures, are presented to demonstrate the generality of the
EME microstrip configuration. Two theoretical methods are em-
ployed to confirm the validity of the reported transmission-line
data. The losses of the proposed EME microstrip are also dis-
cussed. Section IV considers the influence of varying the MS
position and filling percentage in the composite EME metal strip
on the propagation property of the EME microstrip. Section V
Y 0 um;;}‘ Ground Plane presents a bandpass filter (BPF) application example. The at-
@ tractive features of the EME microstrip BPF structure are ob-
served, theoretically and experimentally, to be low loss, reduced
Lx —> size, and suppression of harmonic resonance. Conclusions are

e
@{’@ffj\mf&? 0 Y I then made in Section VI.
o X
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0 Il. PRINCIPLES AND OPERATION OF THEEME MICROSTRIP
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Ly The novel EME line is like a conventional microstrip on a
Top metal continuous uniform ground plane, except that the metal strip
N Bottom metal is a sheet of composite metal made of EME surfaces (Fig. 2).

/f ¢ Metal overlapped region The electrical surface is a plain ordinary metal strip of a certain

thickness. Coupled connected metallic coils realize the MS.
() Each metallic coil is viewed as a unit cell. Thus, the coils form

Fig. 2. (a) Three-dimensional view of the proposed microstrip line with a periodic array in the central plane of the microstrip. The entire

metal strip replaced by EME surfaces. (b) Top view of the 2-D HIS unit cegrray resonates at a certain bandwidth, name|y, the stopband,

on the top/bottom of a thin substrate.{, h-). . . .

and the connected metallic surface enters a high-impedance
state [20], [21]. The guiding structure proposed for typical

[19]. One of the mostinteresting applications of such PBG struapplications is symmetrical about its central plane, which is

tures exhibits a significant increase in the SWF without muchmagnetic (electric) wall for the microstrip even (odd)-mode

loss for a microstrip on a uniplanar compact photonic bandgaperation. Note that the MS is frequency dependent, implying

(UC-PBG) ground plane. As shown in Fig. 1, the microstrip othat the impedance of the MS is sufficiently high at a certain

the UC-PBG ground plane further reduces the loss, representiragjuency band. In view of the frequency-dependent MS at the

the first breakthrough of the 1-dB¢ barrier after decades of ef- central plane, the odd-mode dispersion characteristics change
fort to improve slow-wave lines. accordingly. This paper, however, focuses on even-mode prop-

In practice, a conductor-backing ground plane for integratiragation and effectively offers beneficial applications when an
microwave modules is often desired. Therefore, this papecreased SWF, higher characteristic impedance, and Qigh-
presents a novel microstrip slow-wave structure that incorpfactor are desired for a microstrip.

rates a uniform ground plane and uses PBG structures alongsidéhe new PBG structure used in this proposed EME mi-

the signal line in the axial direction, as depicted in Fig. 2. Likerostrip is made on both sides of a thin substrate. Each side of

the UC-PBG, the new PBG cells exhibit a high-impedandbe unit cell has one coupled spiral inductors (coils), as depicted
surface (HIS) state in a certain frequency band and behameFig. 2(b). The coupled coils are connected by the center
like a magnetic surface (MS) by reflecting the incomingnetal via through the thin substrate. Narrowing the arm widths
electromagnetic wave without reversing its phase. The sigrfal-, ag) enlarge the inductance, but reduce the capacitance
line consists of both a magnetic and an electric surface. Whigrat come from the fringing electric fields between or within the
viewed from the transverse plane of the proposed slow-watveo adjacent coils. Note that the stopband frequency is much
microstrip structure, the electric and MSs are arranged ligher than the operating frequency of the EME microstrip,
electric—-magnetic—electric (EME) order; thus, the microstrigs discussed in Section Ill. In the design presented here, the
is named the “EME composite.” The propagation losses fifst stopband of the PBG structure is at 10 GHz with cells of
the proposed EME microstrip match those of a conventionsice 2.134 mm Lx) x 2.134 mm Ly) (7.1% of free-space
microstrip (see Fig. 1). Additionally, the EME microstrip iswavelength at 10 GHz). The presence of the MS alters the
insensitive to the alignment position of the PBG structure. Theodal current distributions along the transverse and longitu-

EME microstrip structure can also integrate other conventiordihal directions of the guide, thereby changing the dispersion

microstrip components, and does not interact with componewtsaracteristics of the microstrip.

on the other side of the continuous ground plane in a multilay- Although the cell size has been maintained relatively low

ered circuit. compared to the free-space wavelength)( such microstrip
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cannot be used in many applications when propagation prdfy;, showing excellent agreement in all cases. The measured
erties must be finely adjusted. Adding electric surfaces alonggattering parameters are consistently shifted to the right-hand
side the MS, forming EME surfaces, allows an additional degre&le by approximately 0.3 GHz. Careful examination of the
of freedom for varying the propagation characteristics. Propgirototype indicates a slightly excessive etching (approximately
widths Wgr,, Wegr, andWy,) of the electric and MSs, respec-12 p;m), resulting in a decrease in the coupling between
tively, can be chosen to obtain the required propagation cadjacent cells and thereby shifting the scattering parameters.
stant, characteristic impedance, and stopband bandwidth of Eig. 3(a) and (b) shows that the stopband for the 50% filling
transmission line. case is between 8.5 GHZ,() and 10.5 GHz ;) and centered
The EME microstrip is compatible with modernat 9.5 GHz ;). The 100% filling case has a wider stopband,
state-of-the-art multilayer printed circuit technology. Reke., between 8.0 GHz() and 11.75 GHzf;), with the center
ferring to Fig. 2(a), the electric and MSs are made on feequency at 9.875 GHzf{§), as shown in Fig. 3(c) and (d).
two-sided printed RO4003 circuit board of thickneds,)( The fractional bandwidth (& — f1)/fo) increases from 21%
0.203 mm and relative permittivityefs) of 3.38; the EME to 38% when the MS filling percentage increases from 50% to
composite strip is then glued to a conductor-backing RO40080%. Inside the stopband, the reflection coefficient is nearly
substrate of thicknessi{) 0.508 mm under proper heat andunity (0.95) and the transmission coefficient is lower than
pressure to complete the EME microstrip as a slow-wave line-20 dB. In the lower frequency region that interests us, the
EME microstrip shows very good transmission characteristics
with low reflection, although it is not exactly matched to the
[ll. PROPAGATION CHARACTERISTICS OFEME MICROSTRIP  measurement system of %D-impedance. Additionally, the
AND VALIDITY CHECKS EME microstrip is a good guiding structure with little distortion
due to the linear phase variation8f; with frequency. A faster
phase variation ofSy; exhibits more improved slow-wave
Two 4.268-mm-wide ¥) EME microstrip prototypes are phenomena as the PBG filling percentage is increased.
built and tested (see Fig. 2). Each EME microstrip is 32.01-mm
long (L), corresponding to 15 unit cells. A short 1-mm-long_ pispersion Characteristics
(Ls) metal strip is added at each end of the EME microstrip to
facilitate the pin contact to the WILTRON 3680-K test fixture. 1he periodic modulation of the MS on the familiar microstrip
The effect of these two short pieces of microstrips has been fRode launched at either end of the EME microstrip yields space
cluded in the numerical simulations. The first EME microstrip@rmonics on the excited currents [22], [23]. These harmonics
hasWgr = Wggr = 1.067 mm andW,; = 2.134 mm, with €an be extracted by the matrix-pencil method [24]. Fig. 4 shows
one cell in the transverse direction; the EME microstrip is saffe vectored current distributions, obtained by full-wave simula-
to have a 50% filling of the MS. The second EME microstrigions of the EME microstrip with a 50% PBG filling percentage
hasiV,; = 4.268 mm, with two cells in the transverse directionfor the uniform ground plane. At 5 GHz (outside the stopband),
and no electric surface at all. In such a case, the microstripgdarge current flows beneath the composite EME strip, i.e., be-
an MS microstrip, corresponding to 100% filling of the MS. tweeny = —2.134 andy = 2.134 mm, from the input terminal
The coils on the top layer of the 0.203-mm-thick.] (z = 0) to the output terminalz = 34.01 mm), without a no-
substrate have the following dimensions. The outer coil ficeable decay. The current distributions resemble the dominant
0.127-mm wide ¢r) in both the z- and y-directions, the mode of a typical microstr_ip, except the shqrterdisftance pf ad-
inner square coil is 0.864-mm wide (c), and a metal patch eent phase reversal positions than the uniform microstrip.
0.254 mm (d)x 0.508 mm §7) connects the outer and inner The extraction of space harmonics on the excited currents
coils. On the bottom of the substrate, the outer coil is 0.254-niRanifests the similarity between the Fourier series expansion
wide (z3), the inner square coil is 0.864-mm wide (c), and thaf a periodic function and the space—harmonics representation
connecting metal patch is 0.254 mm ()0.254 mm §5). The of a PBG structure [23]. The space harmonic is denoted by its
top and bottom coils are connected by a vertical conducting i@Mplex propagation constes; ., (57 . — jaq, ), which
with a diameter of 0.406 mmuj. The unit cells are connectedrepresents a traveling-wave component ofsttie higher order
to adjacent cells on the top layer. The unit cell with a muchPace component associated with f1#,,, mode: superscript
small area can be fabricated by commercial semiconductbr(—) signifies the forward (backward) traveling wave. Ma-
technologies. The above arrangement allows fast evaluatiorfdf-Pencil analyses show that a forward traveling wave, denoted
the proposed concept. The electric and MSs are also built usfgits complex propagation constayf ,, and a backward trav-
the conventional printed-circuit-board processing technologling wave, denoted by; , are the only two major space har-
including the via through-hole plating. monics for an operating frequency below 8 GHz. B@jh) and
The scattering parameters of these two EME microstrips arg , have the same phase constant, but with opposite signs. As
measured and compared with those obtained by a full-waseown in Fig. 5, the matrix-pencil signal analyses of the ground
solver (Zeland IE3D) using the integral-equation methodeturned currents along variods cuts of Fig. 4, indicate that
Throughout the numeric analyses, the conductivity and thickxtracted values are insensitive to the chosen current cut for the
ness of the metal is assumed to be».90” S/m and 0.018 mm, entire spectrum of interest.
and the loss tangent of the substrate is assumed tod&® 3. Fig. 6 displays the normalized phase constant of the for-
Fig. 3 plots the theoretic and measured results §or and ward traveling-wave component for the EME microstrip with

A. Scattering Analyses
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Fig. 4. Vectored current distributions in the uniform ground plane beneath the EME microstrip with 50% PBG filling percentage at 5 GHz.

different PBG filling percentages. A sharp rise is observed atIn the lower frequency region, th@‘{o wave dominates and
8.5 GHz for the 50% filling case, and at 8.0 GHz for the 100%he unit cell size of the PBG structure is less than 0\06gat
filling case. The peak frequencies of the normalized pha8eGHz). The complex propagation constant and characteristic
constant are near the lower corner frequencies of the stopbéangedance Z¢) can be estimated from the simulated andmea-
in both cases. sured scattering parameterSif) referenced to theZo im-
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Fig. 7. Comparison of the real part (solid symbol) and imaginary part (hollow
symbol) of characteristic impedance&d) for the EME microstrip with
different PBG filling percentages.

the stopband frequency. The uniform microstrip shows an SWF
Fig. 5. SWF distributions extracted by matrix-pencil analyses from grouf 1.736 at 5 GHz, whereas the 50% MS EME microstrip

returned currents along varios cuts for the EME microstrip with 50% PBG increases the SWF by 22% to 2.12 and the 100% MS microstrip
filing percentage. increases the SWF by 60% to 2.757. Such increases in the
SWF by 22%—-60% suggest that the proposed EME microstrip

5.5 . . .. .
s is a viable approach for designing a slow-wave line. Further
i N optimization of the EME microstrip is thought to be able to
4.5 MS Microstrip .
4 (100% PBG filling) increase the SWF.
a5 L The line length of EME microstrip has relatively small in-
. . /\ EME Microstri fluences on the converged values of extracted characteristic
ﬂo,n 3 ® & Y p . . . .
&, ) 4 Ry (50% PBG filling) impedance, except at frequencies where the line length is near
: ;: POPP IR ' a multiple of half-wavelength. Based on the convergence study,
s 'ffaﬁg..i_a.‘g.. - Cal-l we choose 6.402-mm-lond.J EME microstrip, corresponding
“F to three unit cells in the longitudinal direction, to obtain the
1F Uniform Microstrip . T . .
(0% PBG filling) estimated characteristic impedance. Fig. 7 displays the real
°': b and imaginary parts of the characteristic impedance of these

0 1 ; ; ,L ; 6 7 8 9 10 11 12 13 14 15 EME microstrip lines, with those of a uniform microstrip on
Frequency (GHz) the same 0.508-mm-thick substrate with a relative permittivity
of 3.38. Below the stopband frequencies, the characteristic
Fig. 6. Comparison of SWFs for the MS microstrip, EME microstrip, an§mpedances are almost purely real. Approaching the stopband
uniform microstrip. Case 1: MS microstrip. ——-: matrix-pencil analy§is. f . f the | f . | h
simu. [S] extractions: meas. [S] extraction. Case 2: EME microstrip:—: requ_en_me_s rom tne lower irequency reg_lon, compiex char-
matrix-pencil analysis¢ : simu. [S] extractiong: meas. [S] extraction. Case 3: acteristic impedances emerge, representing the losses to be
Unjll‘orm micr?st_rip. --I---: matrix-pencil analysigl: simu. [S] extractionm: investigated later in this paper. In the particular case studies,
Agllent EEsof LineCalc. the characteristic impedance of the EME microstrip increases
. ) by 33% for 50% filling and by 43% for 100% filling at 5 GHz.
pedance level by the following equations [25]: These results imply that the PBG structure that partially oc-
cupies the metal strip increases the distributed inductance per

ool — 1St +55 +V/(1+57) - 53,)° - (25,,)* (1) unit length, thereby simultaneously increasing SWF afhd
252 [25]. The characteristic impedance slightly decreases as the
(1+51.)2 — 52, frequency increases toward the stopband. Nevertheless, in con-
Zeo = Zy R TR (2) trast to most slow-wave structures, the problems of low SWF
( 11) 21 and low characteristic impedance at high frequency do not

The dispersion curve of a conventional microstrip (Oolgxist when the operating frequencies are below the stopband.

MS filling) with the same width gz, = 4.268 mm,
Wy = Wggr = 0), and length L = 32.01 mm) is also calcu-
lated through its predicted scattering parameters. These resulf§he increase in SWF alone does not establish the usefulness
are superimposed for comparison and the dispersion cureéthe EME microstrip as a slow-wave line. The EME microstrip
obtained by the matrix-pencil analyse&sparameter extraction must also possess low-loss characteristics. The loss of the EME
and Agilent EEsof LineCalc are shown to agree closely. microstrip is divided into two parts, i.e., the low-frequency
Fig. 6 reveals that the SWF of the EME microstrip is flategion suitable for slow-wave propagation and the high-fre-
until the operating frequency approaches the lower corner quiency region near and above the lower corner frequency of

C. Losses
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scattering parameter extraction for the EME microstrip with: (a) 50% al h n—qmll()6E7Rm?n S mm. —— Wep = 1.067mm, Wy = 2.134 mm,
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(b) 100% PBG filling percentages.

the stopband. Matrix-pencil analyses of the EME microstrips, IV. EME MICROSTRIPDESIGN CHART
as reported in Fig. 6, show that more than one space harmonic ) ]
prevail at frequencies near and above the stopband. Somé'ofinfluence of Symmetry on EME Microstrip

the space harmonics enter the radiation region of the Brillouiny,o sensitivity of stopband behavior to the alignment offset
diagram. Fig. 8 plots the attenuation constant, in decibels pgine pRG structure in the EME microstrip must be considered.
unit guided wavelength of the forward traveling-wave comMyjg g shows the predicted scattering parameters. The impact of
ponent obtained by matrix-pencil analyses for various EME,pajanced symmetry caused by variations in electric surface
microstrips with different PBG filling percentages. The result§imensions may create problems as the even-mode operation of
agree well with the corresponding values obtained by analyzifgy epme microstrip is preferred. Maintaining the same overall

the scattering parameters, as reported in Fig. 3. Large measy{egly, of the EME surfacesi¥ = 4.268 mm), the following
losses (exceeding 1.0 dBY) occurred near the corner frequencyp, .aa cases are simulated using the 115 PBG array as the
of the stopband, i.e., 8.5 GHz for the EME microstrip (SO(VR/IS wherelW,, = 2.134 mm andL = 32.01 mm.

filling), and 8.0 GHz for the MS microstrip (100% filling). ]
Thus, operation near the lower comer frequency of the stop-C2S€ 1) The PBGis placed atthe left-mostedgeiVe.;, =

band should be avoided when applying the EME microstrip as 0, Wer = 2.134 mm. _ _

a low-loss slow-wave line. The operating frequencies of the C@se 2) Electric Eurface dimensions are unequal, i.e.,

EME microstrip should be restricted. In this particular case Wer = 0.534 mm, Wgg = 1.6 mm. , ,

study, the upper bound frequency is near 5 GHz. Case 3) PBG is placed in the middle of the composite strip,
The measured loss per guided wavelength of the EME mi- 1.8, Wgr = Wgr = 1.067 mm.

crostrip is 0.3 dBXg for 50% filling and 0.48 dBXg for 100% The simulated scattering parameters of these symmetric and
filling at 5 GHz. These values slightly exceed that of the coesymmetric case studies are almost identical, implying that the
responding uniform microstrip (0.2 dB¢). In any case, EME dispersion characteristics of the EME microstrip are nearly
microstrips show a slight increase in loss. Therefore, the SWhe same despite the relative position of the PBG structure
may be increased with only a token increase in loss. in the transverse plane, provided the total width of the EME
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Fig.10. SWF (solid symbol) and characteristic impedance (hollow symbol) of Zeo

the EME microstrip with various linewidthdX() and PBG filling percentages o )

at 4.5 GHz. —e—: without MS cell (4 = 0), i.e., uniform microstrip. -m—:  Fig. 11. Even- and odd-mode characteristic-impedance design data for
one row of cells { = 1). —a—: two rows of cells {4 = 2). —w—: three Coupled EME microstrips.

rows of cells (4 = 3).

. o . . and3. Given a fixed linewidth {V'), the SWF and characteristic
microstrip is unchanged. It is favorable for practical apphi-m edance increase simultaneously with increasing cell number
cations that the symmetry of the EME microstrip does nd% P y 9

L . I M in the transverse direction for this particular case. Figs. 6
significantly alter the propagation characteristics. Note al ) P g

0
that the lower stopband corners nearly coincide at aroun L

%d 7 suggest that further increasing the PBG filling percentage
GHz for all three cases where the transmission coefficients t{ecture. A higher value ol corresponds to an increased PBG

o g illing percentage, leading to greater perturbation of the current
transm|s§|on coefficients occur at 9.75, 10, and 10.25 GHZ' Taﬁd simultaneous increases in the inductance per unitlength; the
symmetrical caseWg;, = Wggr = 1.067 mm) has a wider

stopband region than other asymmetric EME microstrip cas SWF and characteristic impedance increase accordingly. The

therefore, the symmetric EME microstrip is preferred for fiIte?e%rrsgr;tczg/?AZ if]li]ﬁezzlcf)o\ll;lclnl\llv?: i%%ltli%?] to design a BPF cen-
and antenna applications when the transmission response a? ' g |

harmonic frequencies or surface waves must be suppressed.

ould increase SWF andc. Fig. 10 also confirms this con-
sharply to below—50 dB. However, the upper edges of th

V. COMPRESSEBRSIZE BPF

B. Design Curves for EME Microstrip Reducing the length of a microwave filter is an immediate ap-

The equivalent inductance and capacitance per unit lengthptitation of the low-loss EME microstrip. Unwanted harmonic
the EME microstrip can be changed by adjusting the percentagsonance can also be suppressed by the EME composite struc-
of the metal strip and MS, thereby altering the SWF and chatxe [19]. A three-resonator 0.5-dB ripple Chebyshev BPF cen-
acteristic impedance. The proposed EME microstrip also irtered at 4.5 GHz with 10% fractional bandwidth is designed and
poses its own limitations. The cell, which forms the PBG arrdgbricated on an ULTRALAM circuit board with a thickness
and the MS, has finite width. Thus, the EME microstrip cann@.762 mm and a relative permittivity of 2.4. The design param-
be designed with an arbitrarily high impedance level, due &iers and procedures for an edge-coupled BPF can be found in
the quantized finite cell size. Designing a smaller PBG cell dhe literature [26], [27]. Fig. 11 plots the characteristic imped-
using a substrate with a smaller permittivitys Y can remedy ances of the symmetrical EME coupled lines with one cell in the
such a problem. A family of dispersion curves must be estatransverse direction for various strip widthi$§ and gap spac-
lished for the EME microstrips on a substrate with a thicknegsgs (S) at 4.5 GHz. This design graph is employed to determine
of 0.762 mm f;) and a relative permittivity of 2.4:(,) to facil- the necessary strip width¥() and gap spacing5( for a given
itate practical implementation of the EME filter shown in Secset of characteristic impedanc&se (even mode) and co (odd
tion V. An M x N PBG array is employed, wher® is 3 and mode). Accordingly, the required dimensions of EME coupled
M varies from 1 to 3. Steadily increasing the width of the EMHnes are 2.387 mmi{’/H = 3.1) and 0.152 mm{/H = 0.2)
microstrip (#) enables more cellsW{) in the transverse plane for the first and end sections, and 2.793 mWi/H = 3.7)
to be adopted. Initially, no cell is included, i.84 = 0, and the and 0.762 mm£/H = 1) for the two center sections. The
EME microstrip is a normal microstrip, yielding the lines withquarter-wavelength of the couple line section can be determined
solid (hollow) circle symbols in Fig. 10, which show the normalfrom the design curve with one cell in the transverse direction, as
ized phase constant and characteristic impedance of the Estiown (4 = 1) in Fig. 10. The required coupled-line lengths
microstrip at 4.5 GHz. Next, one cell in the transverse plarage 8.163 mm for the 2.387-mm-wide sections and 8.635 mm
(M = 1) is considered and the width of the EME microstrigor the 2.793-mm-wide sections, respectively. The small uni-
is further increased by filling the electric surface symmetricalliprm microstrip feed line is 2.54-mm wide and 1.0-mm long,
on both sides of the EME microstrip. The results are given lmprresponding to a 5@-microstrip on the combined substrates.
lines with solid (hollow) square symbols. Fig. 10 shows a s€ig. 12 shows a photograph of the prototype of the EME mi-
of dispersion curves for the same process repeatediffer 2 crostrip edge-coupled BPF and the physical length is 26% less
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with a minimum insertion loss of 2.0 dB, including the effect of
two SMA connectors. The passband loss is slightly higher than
the predicted values of the EME BPF and conventional BPF,
which are 1.3 and 1.4 dB at 4.5 GHz, respectively. Fig. 13 also
shows that the attenuation rate outside the passband is compat-
ible with the conventional BPF. The measured stopband trans-
mission characteristics are approximately 15 dB higher than the
predicted values, i.e., between 6-7.5 GHz, and show a signif-
icant reduction at the second and third harmonic frequencies.
The measured result shows a 40-50-dB suppression, as com-
pared to the values 6f13 and—4 dB in the normal microstrip
case at 9.0 and 13.5 GHz, respectively. The slight transmission
peak (lower than-25 dB) observed near 8 GHz is related to the
increased loss values outside and near the stopband frequencies
(see Fig. 8).

VI. CONCLUSION

A novel PBG microstrip line called the EME microstrip has
been proposed, analyzed, and tested by experiments. The EME
microstrip consists of composite metals paralleling the electric
surface and MS, where the MS is made of an array of coupled
inductors. This new type of microstrip is easy to fabricate and
insensitive to the alignment offset of the PBG structure in the
composite metal strip. The results show that EME microstrips
exhibit relatively low loss, reasonably large SWFs, convenient
values of characteristic impedance, and very little dispersion
over a broad range of microwave frequencies.

The low-loss EME microstrip has been employed to design
an edge-coupled three-resonator BPF centered at 4.5 GHz with
10% fractional bandwidth. The measured results of this com-
pressed-size BPF show a 2.0-dB minimum insertion loss in the
passband and over 40-dB suppression of the spurious responses.
This novel EME composite structure should have a wide range
of applications for compact and high-performance circuit com-
ponents in microwave and millimeter-wave integrated circuits.
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