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Propagation Characteristics of Finite-Width
Conductor-Backed Coplanar Waveguides
With Periodic Electromagnetic
Bandgap Cells

Shau-Gang Madvlember, IEEEand Ming-Yi Chen

Abstract—Wave propagation along the finite-width con- the two-dimensional (2-D) or three-dimensional (3-D) periodic
ductor-backed coplanar waveguide (FW-CBCPW) with period- variations of materials [6], [7]. Many researchers note that
ically loaded one-dimensional electromagnetic bandgap (EBG) g stryctures could be useful as novel TEM waveguides for

cells proposed earlier by the authors is investigated theoretically . . :
and experimentally in this paper. The full-wave simulation in con- feed structures [8], as high-resonators for filter design [9],

junction with Floguet's theorem is employed to find the dispersion @S €nhanced-gain antenna substrates [10], and as nonimaging
diagram for characterizing the guided and leaky waves over a antenna ground planes to reduce specific absorption rate (SAR)
wide frequency range. For examining the guided-wave mode, the |evels in cellular phone users [11].

equivalent-circuit model is established to obtain the analytical The recent developments of the one-dimensional (1-D) EBG
formula of the Bloch impedance. The remarkable slow-wave factor

1.9-2.9 times higher than that of a conventional FW-CBCPW structures in planar technology, which are etched periodic pat-

is presented. When operating frequency is sufficiently high, the te€rns onthe ground plane, signal strip of the microstrip lines, or
leaky-wave mode is emitted so that the structure radiates in coplanar waveguides, have inspired interest in the slow-wave
the backward direction. Good agreement among the resylts of propagation and forbidden frequency range [12]-[14]. How-
the full-wave simulation, equivalent-circuit model, published eyer these constructions require a suspending substrate so that
data, and measurement supports the usefulness of the proposed o .
full-wave simulation and also validates the analytical formula. By the C.IrCUIt cannot be mou_nted ona metal base to provide me-
properly adjusting the circuit configuration, the periodic EBG ~ Chanical strength for a thin and fragile wafer and to act as a
structure with controllable propagation characteristics, which heat sink for circuits with active devices. In addition, the etched
include the bandgap zone, the slow-wave factor, and the Bloch pattern on the signal strip is restricted to the dimension on the
impedance for the guided wave, as well as the radiation main |ine jiself so that the considerable slow-wave factor cannot be
beam for the leaky wave, may be achieved. . . . .
achieved. Moreover, excessive loss is generated due to the dis-
Index  Terms—Conductor-backed coplanar ~ waveguide, continuities that are mainly concentrated on the signal strip.
electromagnetic bandgap (EBG), periodic structure. Several theoretical studies have recently been conducted to
deal with the periodic EBG structures. The finite-difference
l. INTRODUCTION time-domain method, finite-element method, and method of
- . oments are applied to model the electromagnetic fields of the
RO.M I.TS beginning more than_ 50 years ago, the field eriodic structup:gs into a single cell [15]—[18]9 However, these
penod_lc s_trucu_Jres has_ been W|_dely studied gnd has fou %thods are numerically intensive so that most of the research
many applications in a variety (.)T microwave devices, such R still characterizing the entire periodic structures by utilizing
traveling-wave tubes, filters, artificial dielectrics, phased-arr Yil-wave simulation to obtain the scattering parameters,

antennas, and frequency-selective surfaces [2]-[5]. During t I?rwough costing comparatively much more memory and CPU
last few years, the periodic electromagnetic bandgap (EB¢: e [14], [19]-[21]

structures, in which the solid-state bandgap concept is applie n this paper, the propagation characteristics of the
to the electromagnetic issue, have received significant attention, .\ i co'nductor-backed coplanar  waveguide
due to their frequency-selective properties by loading micr “W-CBCPW) with periodically loaded EBG cells pro-

maching holes or vias into the stratified substrates to cre sed by the authors [1] and shown in Fig. 1(a) is analyzed

theoretically and experimentally. First, the dispersion diagram,
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Fig. 1.

(b) Equivalent circuit. %; = 12 mm,L; = 1 mm, W = 3 mm,
Wy =85=05mmG=5mmW, =Ws =0.6mm,L, = 3.6 mm,

tion is simplified to model the electromagnetic fields and the
equivalent voltage and current waves within a unit cell by uti-
lizing the full-wave simulation and equivalent-circuit model.

Typical geometrical dimensions of the unit cell are also given
in Fig. 1.

A. Full-Wave Simulation

To analyze the propagation characteristics of the
FW-CBCPW with periodically loaded EBG cells, Floquet's
theorem and the periodic boundary condition are incorporated
into the full-wave approach to model the electromagnetic fields
within a unit cell. The fields along the infinite periodic structure
repeat at every terminal plane, except for a propagation factor
e~ A, whereA = W; + 2L; is the length of a unit cell and
v = «a + jf is the complex propagation constant in the
z-direction. By using the commercial full-wave simulator, such
as the moment-method-based Sormetand the finite-element
solver Ansoft HFSS, the scattering matrix of the&h mode
[S™] propagating in thez-direction for a unit cell can be
obtained; thusy can be determined by (1), shown at the bottom
of this page [3]. HereZy; andZy, are the impedance of ports
1 and 2, respectively, which, in this study, are 80 Since
the approach requires solving only one period of the periodic
structure, the problem is small in size and short in executive
C time, even for relative complex structures.

C C;ijilq
111

®) Fig. 1(b) depicts the equivalent-circuit model corresponding
1-D EBG cell for FW-CBCPW. (a) Physical configuration.tg the unit cell of the periodic structure shown in Fig. 1(a). The
EBG cell is etched on both the signal strip and upper ground

Tllle
|
T

B. Equivalent-Circuit Model

L, =2mm,G; =1mm,h =1.6mm, ands, = 4.4). planes of the FW-CBCPW to produce arbitrary capacitance and

inductance. The perforated patterns on the signal strip of the

the periodic structures is essential and can be clearly illustrafe/-CBCPW including a series narrow strip and step disconti-
in the dispersion diagram of the single EBG cell. Second, tilities are modeled by a series inductahgeand two shunt ca-
equivalent-circuit model in conjunction with the Bloch wavd®acitance€s. The shunt narrow strip and the gap capacitance
analysis is used to find the analytical formula of the BlocRetween the rectangular patch and upper/lower ground plane are
impedance. Third, the significant features of the guided-waggrresponded td,, andC.,/Cy, respectively. By applying the

mode,

i.e., the Bloch impedance, slow-wave factor, arRloch wave analysis to the equivalent network of the unit cell,

bandgap zones, can be controlled well by properly designie normalized Bloch impedand®s can be expressed as

the geometrical dimensions of the EBG cells. Finally, the

leaky-wave characteristic, considered undesirable in the case, , _ 22,73+ 73 )
of circuit design, is constructively utilized to establish the 1+ —2(2Z2Z3 27, 7y + 271 s + le)
leaky-wave antenna. Z
[I. THEORY where

In this paper, the periodic structure consisting of a cascade Z1 = jwLs
connection of an infinite number of EBG cells separated by _ 1
a FW-CBCPW, shown in Fig. 1(a), is investigated to find the 2 72w
guided- and leaky-wave characteristics. For theoretical mod- 7 . Ly . 1

3 =Jw

eling, the infinite periodic structure propagating in thdirec-

2 jw2(Cr+Cy)’

Z
X [(1+51) (1 - 53) + Ssm| + (Z—Ol
4= —cosh™* 02

A 48y

) (1= s1) (1 + 53) + 53531

1)
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Fig. 3. Normalized phase constant and normalized attenuation constant of Jhe simulated dlsperS|on characteristic of one unit cell, as
single EBG cell with?V; = 12 mm andL; = 21 mm based on ful-wave Well as the measurest-parameters and loss factor- |Sq|* —
simulation and measurement (for Figs. 3-9, the other dimensions are the 5%51;”2 of the periodic structure by cascading six and 12 EBG
asin Fig. 1). cells are shown in Fig. 4. In the following figures, the shaded
regions in both the simulated dispersion diagram and the mea-
sured data represent that the electromagnetic wave is prohibited
The normalized phase constahtk,, wherek, is the free- in the periodic structure. Whesy/ k, is close to the Bragg con-
space wavenumber based on the proposed full-wave simuéion (A = =), the corresponding mode becomes a bound
tion, is presented in Fig. 2 and is compared with the theoreticmplex mode that is highly attenuating. The mode is no longer
one from the volume integral-equation analysis for the funda{propagating mode, but an evanescent mode that does not carry
mental guided- and leaky-wave modes of a grounded dielectpower. The frequency band within which the mode is complex is
slab with 2-D periodic rectangular air blocks [22]. Good agreer guided-wave bandgap. Within the bandgap zone, since prop-
ment among these results confirms the validity of the proposadation is prohibited, there is considerable reflection; while out
full-wave approach for the periodic structure. of the bandgap zone, the transmission is presented. The mea-
The normalized phase constaftk, and normalized atten- sured results for the 12-cell EBG structure are also included in
uation constanty/k, of a single EBG cell obtained from theFig. 4. It is seen that the considerable rejection is presented in
full-wave simulation and measurement are also illustrated the stopband, when the cascading cells are increased.
Fig. 3 for comparison. All the circuits in this study are fabri- When the frequency is sufficiently high up to 9 GHz, as
cated on a 1.6 mm-thick substrate & 4.4 andtan 6 = 0.022) shown in the simulated dispersion diagram of one EBG cell of
and have metallization thickness 0.02 mm and conductivity Fig. 4, the periodic structure supports the fast-wave mode, i.e.,
5.8 x 107 S/m. By soldering air bridges at discontinuities tg/k, < 1, with a small attenuation. Moreover, significant rise
suppress higher order modes, this EBG structure ensures thahe loss factor of the periodic structure is encountered due
the fundamental FW-CBCPW mode [23] is launched/receivéd radiation. The presence of this fast-wave mode, although
at input/output port. Note that the attenuation is presented ate@dluses larger power loss in the periodic structure, becomes
frequencies when conductor and dielectric losses are includeztessary and provides useful information for leaky-wave
in the full-wave simulation. This lossy effect is neglected in thantenna design. The measured co-polarized power gain pattern
studies of [9] and [24]. Agreement among these results suppdrtghe z—z-plane for the FW-CBCPW cascading 12 EBG cells

I1l. RESULTS AND DISCUSSION
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Fig. 5. Measured co-polarized power gain pattern at 9.2 and 10 GHz in the

r—z-plane for the FW-CBCPW cascading 12 EBG cells with = 12 mm 0 0.5 1 15 2
andL; = 1 mm. Frequency (GHz)
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. . . . . Fig. 8. Simulated and measured slow-wave factor of the EBG structure
at 9.2 and 10 GHz is depicted in Fig. 5. The antenna is fed fr cading 12 cells with’; = 12 mm andZ; = 1 mm in comparison with the

the positivez-direction and the other end has a 80match measured one of the conventional FW-CBCPW.
load to avoid reflection. The pattern is measured in an anechoic

chamber with the ANTCOM near-field antenna measuremetrﬁt - . . . . .
. o odel has a definite connection with the physical dimension of
system. At 9.2 GHz, the main beam is directed at —62° ni lon wi phys| ! !

with a gain of 8.9 dBi, i.e., 62toward the backfire direction the EBG cell such that the cutoff and stopband characteristics

: . ) ; . are easier to be controlled.
from the broadside, while at 10 GHz, the main-beam direction Fig. 7 shows the full-wave simulated Bloch impedarite

is —31° with a gain of 5.96 dBi. These results indicate that thg d the calculated one by (2) for a single-unit cell viith = 12

fast-wave mode causes significant radiation in the backwaéﬁ 20 mm. In the first passbandZp is almost real, except
direction gnd the frequepcy-scanning feature_ is. also exami% frequencies above the lower edge of the first st’opbﬁgnd
by changing frequency since the power flow is in the negatlY\‘/aloreover, the proposed EBG cell can be matched to specific

z-direction for this moqle and the normalized leaky-wave phaﬁ%pedance over the frequency range of the first passband by
constant decreases with frequency [25]. a(\jdjusting the cell Siz@V:

The results in Figs. 4 and 5 demonstrate that the guide Fig. 8 depicts the simulated and measurddk, (or
anq leaky-wave characteristics of th_e F.W'CBCPW Yv'th PEIL ow-wave factor) of the EBG structure cascading 12 cells
odically loaded EBG cells depend principally on the fill factora d, for comparison, the measured one of the conventional
i.e., the ratio between the volume of material in the unit cell a -’CBCPW is also,included Note that the EBG structure

the total volume of the unit cell, and can be predicted well bé{xhibits a slow-wave characteristic andk, is 1.9-2.9 times
analyzmg th.e dispersion diagram of one unit qell. .. larger than that of the conventional FW-CBCPW over the
The circuit parameters for the derived equivalent circuit Q equency range beloyi. It is believed that the large?,/kq of

abstlr?gledEbB(?_ttc.ell mthfLi”: 0 mm, slhczwg éntFlg. 1t(b2[,harfe the proposed structure can be easier obtained by enlarging the
obtained by Nitting the full-wave simulated data up 10 e g, ractangular patch in Fig. 1(a) without the need of finer
quency of the upper edge of the first bandgap zone. Fig. 6 pl

?é%rication rocess [14].
the curves for the extracted inductance and capacitance parame- P [14]

ters as a function of cell siz&’;. Within the frequency range of
interest, the shunt capacitan€g slightly tends to increase and
the series narrow strip inductantgand shunt gap capacitances The effect of periodicity for guided- and leaky-wave prop-
C, andC, rapidly increase a#/; goes up. The shunt narrowagating in the FW-CBCPW with 1-D EBG cells has been in-
strip inductancd, is invariant because its physical length keepsgestigated theoretically and experimentally in this paper. The
constant during the variation &F;. Each element in the circuit full-wave approach utilizing the commercial field solver and

IV. CONCLUSION
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Floquet's theorem was proposed to model the periodic EBGi15]
structures efficiently. The dispersion diagram, which is a graph-
ical representation of the dispersion relation for periodic strucyyg)
tures, was found useful in describing the physical interpreta-
tion of the guiding and radiation behaviors. However, this di-

. L ; . [17]
agram considers only for the direction of propagation that |§
modeled; propagation in the other direction must be modeled
separately. The slow-wave propagation and backward-wave ra-
diation for the periodic structure operating in the first passbang1L
and the radiation leaky region were demonstrated, respectively.
To characterize the Bloch impedance, a simple equivalent-cir-
cuit model that consists of lumped-element inductors and capag-g]
itors was established to find the analytical formula. Experiments
were also carried out to validate the proposed theory for the peri<]
odic EBG structure. The techniques presented in this paper may
extend easily to characterize other complex periodic structurgsi]
such as distributed-feedback lasers, log-periodic antennas, and
artificial metallo-dielectric materials.
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