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Andrea Alù∗ Nader Engheta†

∗University of Pennsylvania, adreaal@seas.upenn.edu
†University of Pennsylvania, engheta@seas.upenn.edu

Copyright 2003 IEEE. Reprinted from IEEE Antennas and Propagation Society Inter-
national Symposium, Volume 3, pages 359-362.
Publisher URL: <a href=” http://ieeexplore.ieee.org/xpl/tocresult.jsp?isNumber=27413&page=5”
> http://ieeexplore.ieee.org/xpl/tocresult.jsp?isNumber=27413&page=5</a>

This material is posted here with permission of the IEEE. Such permission of the IEEE does
not in any way imply IEEE endorsement of any of the University of Pennsylvania’s products
or services. Internal or personal use of this material is permitted. However, permission to
reprint/republish this material for advertising or promotional purposes or for creating new
collective works for resale or redistribution must be obtained from the IEEE by writing to
pubs-permissions@ieee.org. By choosing to view this document, you agree to all provisions of
the copyright laws protecting it.

This paper is posted at ScholarlyCommons.

http://repository.upenn.edu/ese papers/8



Mode Excitation by a Line Source in a Parallel-Plate 
Waveguide Filled with a Pair of Parallel Double- 

Negative and Double-Positive Slabs 

Andrea A l i ~ ’ ~ ~ ~ ’  and Nader Engheta’ 

University of Pennsylvania, Department of Electrical &Systems Engineering, 
Philadelphia, Pennsylvania 19104-6390, U.S.A. 

2Universita di Roma Tre. Department of Applied Electronics, 
via della Vasca Navale, 84 - 00146 Roma, Italy. 

E-mail: andreaal@ee.upenn. edu. enaheta(iiee.upenn.edu 
URL: http://www.ee.upenn.edu/-engheta/ 

Abstract 

I n  this paper, we investigate theoretically the excitation of modes by a line source, as well as their 
modal structure and dispersion, in  a parallel-plate waveguide that is filled with a pair of parallel 
slabs; one being a lossless “douhle-negative (DNG)” material and the other being a lossless 
conventional i‘douhle-positive (DPS)” medium. Previously, we have shown that such “conjugate” 
pairing of DNG and DPS materials may lead to reduction of size in one-dimensional cavity 
resonators and waveguides. The analysis presented here describes the proper modes in such a I-D 
parallel plate waveguide, and reveals the possibility of no cut-off thickness for this class of parallel- 
plate waveguides, which implies that a proper TE or TM mode may always be excited in such a 
waveguide independent of the overall thickness of the waveguide. The excitation of guided modes 
by a line source and their power-flow peculiarities are discussed, and the analogy to the concept of 
“open I-D cavity” in such a waveguide is mentioned. Some of the interesting features and physical 
insights regarding the power flow in these guided modes will be presented. 

Introduction 

Research on electromagnetic properties of the “double-negative (DNG)” medium, i.e., the 
medium in which both permittivity and permeability may possess negative real parts at a certain 
band of frequency, has become a topic of interests in many research groups around the world. 
The idea of such a material dates back to Veselago who postulated and studied theoretically the 
plane wave propagation in such a medium in 1967 [I].  Recently, the research group of Smith, 
Schultz and Shelby at the University of California San Diego constructed a particulate 
composite material made of arrays of dipoles and split-ring resonators, and experimentally 
showed a phenomenon that may he interpreted as an anomalous refraction [2], indicating that 
such a composite material may be a DNG medium. Since then, a variety of research efforts by 
many groups has been focused on investigating electromagnetic properties of this class of 
materials. One such class of problems is the analysis of modes in waveguides and cavities 
containing DNG media. In an earlier work, Engheta analyzed the electromagnetic fields within 
a one-dimensional (I-D) parallel-plate cavity resonator in which a pair of lossless DNG and 
DPS slabs was inserted [3]. There he showed that due to the phase compensation properties of 
the DNG materials, pairing of DNG and DPS slabs may conceptually provide the possibility of 
having sub-wavelength thin cavities. Following that work, in [4] he presented a first set of 
preliminary results and ideas for the guided modes in a parallel-plate waveguide containing 
these paired slabs. Later in [5 ] ,  we showed the effects of the anomalous mode coupling between 
the DNG and DPS open waveguides located parallel to, and in proximity, of each other. Here in 
the present work, we present our analysis for the detailed modal structures and dispersion of 
modes excited by a line source in such parallel-plate waveguides. Some other research groups 
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have also become interested in certain aspects of waveguides involving DNG media. Among 
those, one can mention the work reported in [6] ,  [7], and [8]. 
In the next section, we first present a brief description of modal structures and dispersion 
characteristics in the parallel-plate DNG-DPS waveguides, and then we discuss mode excitation 
in such waveguides. 

Modal Structure and Dispersion 

The geometry of interest, as shown in Fig. I ,  consists of a parallel-plate waveguide with two 
perfectly conducting plates located at the 

Fig. 1 - Geometry of the problem: a 
parallel-plate 1-D waveguide filled by P 
pair of DNG and DPS lavers. 

planes y =d, and y=-d ,  in the Cartesian 
coordinate system (x ,y,z)  . Two infinitely 
extent slabs of lossless materials are inserted 
in this waveguide. One slab with thickness d, 
is made of a conventional (DPS) isotropic 
material with real parameters cI > O  and 
,ul > 0, while the other slab is assumed to be 
of a lossless isotropic DNG material with real 
parameters < O  and pz < O  at the 
frequency of interest w .  An infinitely long 

line source of monochromatic electric current J ( x , y )  with the cross section S is located inside 

this waveguide and is parallel with the z axis. A monochromatic ellU excitation is assumed. 
As already noted in 131, this structure supports a resonant mode if 

where k, = m a  with i = 1.2 are the slab wave numbers, real-valued quantities in both DPS 
and DNG materials. Unlike the conventional cavity resonators, this relation deals with the ratio 
of tangent functions of the slab thicknesses, and not their sum, which may in principle lead to 
the possibility of having very thin sub-wavelength resonators, since they are not limited to the 
standard cut-off thickness d, + d, > min(lr/ k , , l r / k 2 )  that characterizes conventional DPS 
resonators. When this structure is regarded as a waveguide having a TE guided mode with 
longitudinal wave number p , i.e., with e-'p' dependence, a corresponding dispersion relation 
can be found as: 

which again reveals an unusual feature of this structure, ie., the fact that the ratio of tangent 
functions of thicknesses d, and d 2 ,  not their sum, plays an important role in this modal 
dispersion. Figure 2a presents the plot of Eq. (2 )  for a sample waveguide with paired DNG- 
DPS bilayers, showing the minimum total thickness d, +d2 in terms of modal longitudinal 
wave number p and the first slab thickness d, . For comparison, the plot of the corresponding 
dispersion relation for a waveguide with a pair of conventional DPS-DPS layers, i.e., 

, u l ~ t a n ( ~ d l ) + , u l ~ t a n ( ~ d l ) = O ,  isshowninFig.2b. Thecut 

at p = 0 in Fig. 2a indeed satisfies Eq. (l), which is the cavity resonator case. One striking 
difference between the modal dispersion in the DNG-DPS waveguide (Fig. 2a) and the one for 
the DPS-DPS waveguide (Fig. 2b) is the fact that when d, approaches zero, the total thickness 
of the DNG-DPS waveguide required to satisfy Eq. (2) also tends to zero, conceptually 
implying that there is no cut-off thickness below which no mode can propagate. This is not the 
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case for the standard DPS-DPS waveguide, as can been seen from Fig, 2b. What becomes 
important for such thin DNG-DPS waveguides is the slope of the curve around very small dl 
and d, . In fact, if d, and dz are small enough such that the small-argument approximation can 
be used for the tangent functions in Eqs. ( I )  and (Z), these equations can be simplified into 
d, idz o ~pz~/~,ul I, which is a constraint on the ratio between the two slab thicknesses, for given 
values of material parameters at a fixed frequency. So conceptually, one can have a thin, sub- 
wavelength waveguide that can still support a TE (or a TM) propagating mode. As the 
thicknesses d, and dz become smaller and smaller, while keeping the condition 

d, /dz  E 1p21/lpll satisfied, the value of p for the guided mode (which is unique for such thin 
waveguides) becomes more and more sensitive to slight variations of the structure parameters. 

Fig. 2 - Dispersion plots for the waveguide in Fig. 1. Minimum total thickness (d, + d , ) l A  for a 

waveguide satisfying Eq. (Z), in terms of fl =Q, p, = F l ,  upper 
signs (DPS-DNG) for Fig. Za, lower signs (DPS-DPS) for Fig. 2b). 

and d, . (&, = 3 ,  p, = 3 ,  

Mode Excitation by a Line Source 

Mode excitation by the line source J ( x , y )  in this DNG-DPS pasallel-plate waveguide can be 
treated by exploiting the mode orthogonality, A z-oriented line source excites TE modes with 
the following expressions for the transverse electric field: 

e-J8*" sin(k,,,d,)sin(k,,, (d, - y ) )  O < y < d ,  
(3) 

sin(k,,,d,)sin(k,,, ( y  +d,)) - d , < y < O  
E ,  = Eon e, = Eomi  

where p,'s satisfy Eq. (2) and k,", = with i = 1,2. The expressions for the transveme 

and longitudinal components of the magnetic field H ,  (= EJf,) can be straightforwardly 
obtained using the Maxwell equations. It can be shown that these guided modes in the DNG- 
DPS waveguide are orthogonal, and therefore distinct modes with differing f l  ' s  carry power 
without any power exchange. At a fixed frequency and for a given set of material parameters 
E , ,  p, , E~ , and ,u2 and slab thicknesses d, and dz, equation (2) has a finite number (say M ) 
of real solutions for p , which correspond to the propagating modes in the structure. At a 
sufficiently large distance from the source region, evanescent modes can be neglected and the 
real power flow is associated only with the M / 2  guided propagating modes with real p,,s, 
canying power in the 2 direction and the other M / 2 guided modes with real -pn's , carrying 
power in the -f direction. It is worth noting that each guided mode has a real component of 
the Poynting vector along the x axis that is parallel with p in the DPS slab and antiparallel 
with ,8 in the DNG slab. This is similar in the case of Zenneck wave propagating at the 
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interface between a DNG half space and a DPS half space discussed in [9]. Therefore, one 
needs to consider a “net” power flow, that is the algebraic sum, or equivalently the difference 
between the magnitude, of the power fluxes over the cross sections of DPS and of DNG slabs. 
Such a net power for each guided mode is expressed by 

The sign of this net power flow may be opposite to the sign of pn (depending on the sign of the 
expression in the parentheses in the right hand side), implying a backward guided mode with 
phase and group velocities being antiparallel. Using the Lorentz reciprocity theorem, we can 
find the magnitude Eon for the n‘* mode as follows 

J(x,y).e:e’”’&fy 2 Re[emxh:].2dy) (5 )  
cmu _tlm orso- p d r  cmss s c m m  

where the choice in the sign depends on whether the guided mode is a forward or backward 
wave. An analogous concept for guided waves with backward power flow was also studied 
previously in circular waveguides loaded inhomogeneously with dielectric rods or ferrites (e.g., 
[lo]). One of the differences between the current DPS-DNG parallel-plate waveguides and 
those circular waveguides with backward-wave structures is the complete separation between 
the two opposite power fluxes here, one being in the DPS layer and the other in the DNG layer, 
which potentially presents some interesting possibilities for microwave applications. Finally, it 
should be noted that as a particular case it may be possible to have the net power flow for a 
guided mode zero in Eq. (4), even though p f 0 . In such a case, the power flux in the DPS 
layer is equal in magnitude and opposite in direction to the power flux in the DNG layer, 
implying that the waveguide is effectively acting as an “open cavity”. One such scenario may 
happen when the DPS and DNG layers are so-called “perfectly matched, i.e., E, = - E ~ ,  

pi = -p2 , d, = dz . Aside from this special case, very thin waveguides capable of supporting a 
propagating mode do carry nonzero net-power, thus potentially allowing miniaturization of 
guided wave components. 
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