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Chapter 1

Categorization of Natural
Materials and Metamaterials

An electromagnetic material is categorized by its constitutional parameters, per-
mittivity ¢ and permeability x. A double-positive (DPS) material (¢ >0 and u > 0)
is defined as a right-handed (RH) material. The phase constant of wave propagation
within the RH material exhibits a positive value (§> 0). A double-negative (DNG)
material (¢ <0 and y <0) is defined as a left-handed (LH) material. The phase con-
stant of wave propagation within the LH material exhibits a negative value (8 <0).
Note that # within a mu-negative (MNG) material (¢ >0 and p <0) and an epsilon-
negative (ENG) material (¢ <0 and y > 0) is zero (i.e., evanescent).

A DPS material is a material found easily in nature and called a natural mate-
rial, while a DNG, MNG, or ENG material is an artificial material and called a
metamaterial (MTM) [1].

1.1 NATURAL AND METAMATERIAL ANTENNAS
DISCUSSED IN THIS BOOK

Most antennas are made of natural materials. Antennas based on metamaterials are
new, and some examples are found in Refs [1-3]. The categorization of natural and
metamaterial antennas presented in this book is in reference to S, the propagation
phase constant of the current flowing along a fed element.

Figure 1.1a shows a fed antenna where the out-going current from the feed
point F toward the antenna element ends flows with a positive phase constant
(> 0). This means that the phase distribution takes a regressive form, that is, the
phase is delayed from point F toward the antenna element ends. This type of
antenna is categorized as a natural (NTR) antenna.

Figure 1.1b shows a fed antenna where the propagation phase constant of the
out-going current can be either negative within a specific frequency band (f < 0) or
zero at a nonzero frequency (f =0). This type of antenna is categorized as a meta-
material-based antenna (simply referred to as a metamaterial antenna). The phase
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(b)
Figure 1.1 Antenna definition. (a) Natural antenna. The propagation phase constant is positive.
(b) Metamaterial-based antenna (metamaterial antenna). The propagation phase constant is either

negative within a specific frequency band or zero at a nonzero specific frequency.

distribution for <0 takes a progressive form from point F to the antenna element
ends. A phase constant of zero (f =0) means that the wavelength is infinitely long.

Exercise

Figure 1.2a shows a plane wave traveling within a lossless medium (permittivity & and perme-
ability u) in the z-direction. Figure 1.2b shows a lossless transmission line characterized by
distributed circuit parameters [C'(F/m),L'(H/m),C'z(F «m), and L'y(H « m)]. Discuss the cor-
respondence between the medium constitutional parameters (& and y) and the circuit parameters.

Answer Plane wave propagation within a lossless medium is specified by the following
characteristic impedance Z¢ and propagation constant y:

Ze = \/g (1.1)

7 = jofue (1.2)

The propagation of voltage and current in a lossless transmission line is specified by the
following characteristic impedance Zy,r), and propagation constant y,r,:

1

Zytm = v (1.3)

Yurm = VZ'Y' (.4
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Figure 1.2 Equivalence. (a) Plane wave propagation within a lossless medium. (b) Lossless
transmission line.

where
7 . ’ 1 J—
Z =jo(L _a)TC’Z = jo ury, 1.5)
P , 1y _ .
Y =jo( C ~ oL, =jwerL (1.6)

Then, Egs. (1.3) and (1.4) are given by

Zurm =  [HIL 1.7)
€TL

YmMTM = JO\JHTLETL (1.8)

It is concluded that the medium constitutional parameters y and e correspond to the circuit
parameters yy; and err, respectively,

, 1
H=pr, =L T2, (1.9)

1
0)2 L Y

€=€TL=C/— (110)

Note that y;; and e, can both be negative across a specific frequency region. In such a
situation (simultaneously u;; < 0 and e7;, < 0), the transmission line in Fig. 1.2b has a neg-

ative phase constant of § = —w+/|err||ur]- u
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1.2 SOME ANTENNA EXAMPLES

The above-mentioned categorization is explained using some examples. Figure 1.3
shows spiral antennas, a spiral with a cavity (Fig. 1.3a) [4], and a spiral antenna
above an electromagnetic band gap (EBG) reflector (Fig. 1.3b) [5]. These antennas
are fed from their center terminals. The phase constant for the out-going current
along each antenna arm is positive (> 0). Hence, these antennas are categorized
as natural antennas.

On the other hand, the current along the spiral arms in Fig. 1.3c shows a
negative phase constant (< 0) across a specific frequency band, as will be dis-
cussed in Chapter 22 [6]. Hence, this antenna is categorized as a metamaterial
antenna. The antenna shown in Fig. 1.3d is designed using a zero phase con-
stant (f=0) at a nonzero frequency [7], and hence it is categorized as a meta-
material antenna.

Note that this book focuses on NTR and MTM antennas, as categorized above.
Readers can find discussion on other MTM-related antennas [8-21], including an
MTM-inspired antenna system composed of a fed element and an ENG or MNG
metamaterial. The fed antennas used for the MTM-inspired antenna systems in
Fig. 1.4a and b are, respectively, a natural monopole antenna and a natural patch
antenna [the current of each antenna has a positive phase constant (f>0)]. The
effects of each MTM on the antenna system performance are discussed in Refs 20
and 21.

(b) (d)
Figure 1.3 (a) Spiral antenna with a cavity. (Reproduced from Ref. [4] with permission from IET.)

(b) Spiral antenna above an EBG reflector. (Reproduced from Ref. [5] with permission from IEEE.)
(c) Metamaterial spiral (Metaspiral) antenna. (Reproduced from Ref. [6] with permission from IEEE.)
(d) Zeroth-order resonance antenna. (Reproduced from Ref. [7] with permission from IEEE.)
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Figure 1.4 MTM:-inspired antenna systems. (a) Monopole surrounded by an ENG shell. (Reproduced
from Ref. [20] with permission from IEEE.) (b) Patch with MTM layers. (Reproduced from Ref. [21]
with permission from IEEE.)

Exercise

Figure 1.5 shows a situation where a plane wave illuminates a slab of thickness B, effective
relative permittivity &,, and effective relative permeability p,. The phase constant within the slab
is given by f=ko 4/, €,, where ko= w/c is the phase constant (real number) in free space, with
 and ¢ being the angular frequency and the velocity of light, respectively. Express the wave
impedance within the slab, using the scattering parameters S;; and Sp; [22].

Answer Using a signal flow chart [23], the scattering parameters for a finite thickness slab
are written as

1-A)r
Sy =7(] —cm);z (1.11)
(1+D)(1-DNg _(1-T)
Sy = _ 112
21 1 _I_ng l_l_,zgz ( )
where
—1
r =§+—1 (1.13)
c=e eVt (1.14)

- efjkgnB
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Figure 1.5 A plane wave illuminating a slab of effective relative permittivity ¢,, effective relative
permeability u,, and thickness B.

Note that z in Eq. (1.13) is the wave impedance within the slab normalized to the free-
space wave impedance Zy, and n in Eq. (1.14) is the refractive index.
From Eqs. (1.11) and (1.12), I is expressed as

F=¢Ex4/E8-1, (1.15)

where
_1-(85 - Sh)

E= 25, (1.16)

The normalized wave impedance z in Eq. (1.13) is calculated using I” from Eq. (1.15):

1=+ (1+S11)2_S§1 (1.17)
V(1 =Su)* =53,

where the sign should be chosen so that the real part of z is

Re[z] > 0. (1.18)
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