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Band Structure Analysis of Crystals with
Discontinuous Metallic Wires

Halim BoutayebMember, |IEEE, Tayeb A. Denidni, Senior Member, |IEEE, Abdel Razik Sebak,Senior
Member, |EEE, and Larbi Talbi, Member, |IEEE

Abstract—The band structure for normal propagation of wire medium for different wire diameters and lengths have
crystals with finite straight metallic wires is studied for different ot been studied enough.
wire diameters and lengths. The crystal is considered as a set Ofln this contribution, numerical results are presented for the
parallel grids. Dispersion characteristics are obtained by using ’ s
a transmission line model where the parameters are calculated pass—band; gnd stop-bands of these 3-D pe”_Od'C structures,
from the reflection and transmission coefficients of the grids. @t normal incidence. To compute the propagation constant, a
These coefficients are computed rigourously with a Finite Diffe- transmission line model is used, where a 2-D periodic structure
rence Time Domain (FDTD) code. Simulated and experimental (grid) of discontinuous wires is modelled by a T-circuit. The
results for two structures with the dual behavior, pass-band and T-circuit parameters are written in terms of the S-parameters
stop-band, are presented. This study have potential applications - . .
in electrically controlled microwave components. of the_ grid, computed rigourously usmg.the FDTD methoq.

Experimental results for two structures with the dual behavior

Index Terms— Metallic crystals, band structure, periodic struc- of their bands are also presented.

tures
Il. TRANSMISSIONLINE MODEL AND FDTD METHOD
I. INTRODUCTION

ECENTLY, the propagation of electromagnetic waves Py~ < A

in periodic structures has received important interest M)
[1]. Potential applications have been suggested in microwave ﬂ ﬂ ﬂ *
and antenna domains, such as suppressing surface waves P2 ﬂ v
[2], designing directive antennas [3], or creating controllable
beams [4,5]. jeﬂ ﬂ ﬂ ﬂ
The propagation of waves in periodic structures is described 2-Dperiodic
by means of a band theory. Different methods have been a e st

proposed for computing the band structure of a periodic

structure, eg., the average field method [6], the order- Fig. 1. Infinite 3-D periodic structure of discontinuous metallic wires in air.
method [7], and a hybrid plane-wave-integral-equation method

[8]. A particular interest has been given to the dispersion

characteristics of periodic structure formed by infinitely long ‘ SPCCA Z Z Y
metallic wires [1-10]. To our knowledge, the band structure ‘
of periodic materials with finite straight wires have not been
studied enough. These materials are interesting for designing ... i .. . S S
reconfigurable microwave components. In [5], the authors have o o

proposed to commute between continuous and discontinugls 2 Transmission line model of the periodic structure.

wire structures for reconfiguring the radiation patterns of an

antenna. Indeed, these two structures behave differently athe infinite 3-D periodic structure of perfect metallic wires
low frequencies, by presenting a pass-band and a stop-bg@hgwn in Fig. 1 is considered. Its parameters are the periods
for discontinuous and continuous wires cases, respectively. o, P, and P,, the wire diameter and the widthw. The
obtain the commutation, the authors have placed periodicafijopagation of the transverse Electric field indirection
diodes in the broken wires. When the diodes are switched ¢,considered. To compute the propagation constantthe

the structure behaves as a continuous wire medium, if the iffansmission line model shown in Fig. 2 is used, where a 2-D
pedance of the diodes are neglected, whereas when the digsifodic structure iry-direction (see Fig. 1) is modelled by a
are switched off, the structure behaves as a discontinuous Wirgircuit. The propagation constafif of this transmission line
medium. However, the band structure of the discontinuoisobtained from its well known dispersion equation, which is

. . . _ written [11]
Manuscript received November 2004. This work was supported in part by
the National Science Engineering Research Council of Canada (NSERC). cos (B Py) =(1 4+ ZY ) cos (kPy)
H. Boutayeb and T. A. Denidni are with INRS-EMT, Moaé&l, Canada. % (1)
A. Sebak is from the University of Concordia, Moa#l, Canada. L. Talbi is . 4 2 :
from Universié du Qebec en Outaouais, Ottawa, Canada. +J (Z + 2 (1 t2 )> S (kPI)

<




IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, NOVEMBER 2004 2

wherek is the free space wave number. The expressions ferdths w. To obtain a dual behavior in the first band, the
Y and Z are derived in terms of the complex reflection antbwer limits of stop-band for discontinuous wires and pass-
transmission coefficientsand¢ of the 2-D periodic structure, band for continuous wires must match. In addition, to obtain
at normal incidence. By converting the chain matrix of ththe dual behavior in the second band, the upper end of stop-
T-circuit to the S matrixy andt¢ can be expressed in terms ofband for discontinuous wires must match with the upper end
Z andY . After inverting these relations7 andY are written of pass-band for continuous wires. To satisfy these conditions,
as functions ofr andt for small diameter, the width must be negk of the period.

(r—t—1(r+t—1) When the diameter increases, the width should be increased.

Y= 2t 2

2= ® - -

Continuous
- - - - Discontinuous

In this work, » and ¢ coefficients are computed rigourously
with the FDTD method, where Floquet boundaries conditions
and a thin meshA = Period/80) are used. It should be
noted that the T-circuit model gives more precise results than
the simple circuit using only the admittandé Indeed, the
impedance”Z is negligible for thin wire, but it is not for
thick wire. Only the fundamental mode is considered, then
the limitationsP, < P,, P, < A and P, < \ are used.

0,6 3

normalized frequency P/A

0,0 1 T T T
Ill. RESULTS . o 1

Fig. 4. Dispersion diagrams for structures with continuous witgs?(=
5%) and discontinuous wires, = P, w/P = 5%).

normalized frequency P/

T
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Fig. 3. Comparison of the dispersion diagrams calculated with the present
method and obtained with a Finite Element method (HFSSFpe= P, =
P,a/P =5% anda/P = 40%.
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a/P (%)
To validate the method, Fig. 3 presents the computed
propagation constants for a continuous wire mediam=(0) ' _
compared with the results of a Finite Element method (HFsvgvgeg (PT Vo ﬂ];)StVZ?QSSS :C'Iﬂ"gcft‘;rr;;r;“%'fzI‘]{fvgrheﬁ?rx'lgt‘hos‘i /a]rg‘d discontinuous
Ansoft), which considers all modes. A good agreement Is
observed between the results for both thin and thick wires. Fig.
4 shows the dispersion diagrams of structures with continudkig). 6 presents the same diagrams as that of Fig. 5 for the case
(P, = P, = P, a/P = 5%) and discontinuousK, = P, P, = 2P (within the rangeP/X < 0.5). From these curves,
w/P, = 5%) wires. The dual behavior in the pass-band antlcan be seen that is difficult to obtain the dual behavior in
stop-band of these structures is nearly obtained in the two fibsith the first and second bands. To match the first bands, the
bands. The limits of the two first bands of these structuregdth w must be very largeu(/P > 40%).
are now studied for different wire lengths and diameters. Weg. 7 presents the same diagrams as in Fig. 5 butPfoe
considerP, = P, = P. We consider three values of the period®/2. For this case, for thin wires, to match the first band limits,
in z-direction, P, = P, P, = 2P and P, = P/2. the widthw must be very smally/P < 2.5%), whereas the
Fig. 5 presents the limits of the two first bands for continuowsecond limits can be matched more easily.
and discontinuous cases versus the fill faataP, for different The results presented in Figs. 5 to 7 are useful for the design
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of two structures with the dual behavior in their bands.
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Fig. 8. Simulated (FDTD) and measured transmission coefficients for two
structures with five rows of : (a) continuous wires/@ = 5%) and (b)

Fig. 6. Two first bands limits for structures with continuous and discontinuogéscontinuous wiresk. = P, w/P = 5%).
wires (P, = 2P) versus fill factora/ P, for different widthsw/P.

IV. CONCLUSION

The band structure for normal propagation of crystal formed
by discontinuous metallic wires has been analyzed for diffe-
rent wire diameters and lengths. To compute the propagation
constant, the transmission line model and the T-circuit model
have been used. The proposed approach has been validated
with experimental results. The obtained results are useful for
the design of two structures with the dual behavior of their
band characteristics that can be used for controllable antennas
applications.
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