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Abstract—The electromagnetic field produced by a horizontal electric
dipole over a double negative (DNG) medium half space is discussed,
and the analytical expressions of the field which are convenient for
calculation are derived. It can be concluded that the dipole on the
configuration composed of the double positive (DPS) medium and the
DNG medium half space can effectively excite the surface wave. The
propagation wave number of the surface wave is less than that in both
of the mediums, so that this kind of surface wave is a slow wave.
Considered both the mediums are lossless, the amplitude of the surface
wave decreases with the radial distance as 1/p'/2. The total field shows
complicated interference because of the superposition of three kinds of
wave modes.
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1. INTRODUCTION

In 1968, Veselago was the first to consider double negative materials
(DNG) with both negative permittivity and negative permeability [1].
It was predicted that the material would exhibit many unusual
properties such as inverted Snell’s law, Doppler shift and Cherenkov
radiation. ~ With the development of the fabricating technology
of the DNG medium in recent years [2,3], its distinctive physical
characteristics have attracted considerable attention [4-7]. Moreover,
it has been suggested that the material would have possible
applications to the artificial dielectrics, lenses, antenna structure,
optical and microwave components, sensors and frequency selective
surface [8].

The frequency-domain electromagnetic field generated by an
electric dipole near the boundary between two quite different material
half-spaces has been investigated in the past decades owing to its wide
ranging applications [9-18]. In addition, several groups have further
studied the properties and applications of lateral pulses due to dipoles
with delta-function and Gaussian pulse excitations in the time domain
[18-23]. However, these works mainly focuse on how the wave behaves
along the boundary of two kinds of double positive medium (DPS),
i.e., both permittivity and permeability are positive. Quite recently,
the electromagnetic waves over half-space DNG metamaterials excited
by a infinite line source and a space-time wave packet have been treated
in [7,8]. Some interesting results, such as backward lateral waves
and a small negative displacement of the reflected wave have been
found. Therefore, it is worthwhile to theoretically investigate the new
properties and phenomena of the electromagnetic field excited by a
dipole in a DNG medium.

The goal of the present paper is to study the characteristic of the
electromagnetic field generated by a horizontal electric dipole on the
interface of a DNG and DPS medium. The geometry and notation
underlying analysis are shown in Fig. 1. The horizontal dipole is
located on the upward-directed z-axis at a distance h from the origin
of coordinates on the interface, i.e., the p¢-plane. The electromagnetic
field is to be determined at an arbitrary point (p, ¢, z) in cylindrical
coordinate. The upper half space is region 1 with DPS medium, the
lower half space is region 2 with DNG medium.

2. INTEGRATED FORMULAS OF THE FIELD

A time-harmonic dependence e ™! is assumed and suppressed

throughout.  Following the procedure given in [19], the integral
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Figure 1. Geometry of a horizontal electric dipole in the half-space.

formulas of the electromagnetic field in region 1 are described by
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where J,(A\p) is the Bessel function of nth order, and the coefficients
are defined as

Q = (kiv2 —k3m) / (kive + k3m) (7)
P=(v-—m)/(r+m) (8)

"=y kf — N2 (9)
Yo = —\ k3 — A2 (10)

For a DPS medium, both the real and imaginary parts of k are positive.
However, for a DNG medium, the real part of k is negative and the
imaginary one is positive.

3. EVALUATION OF THE INTEGRALS

Let us now evaluate the integrals (1)-(6). As an example, it is
convenient to rewrite (1) as

~wldl
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cos p[Fpo(p, z—h) = Fpo(p, 2+ h) + Fpu(p, z+h)] (12)
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where Fyo(p,z — h), Fy(p,z + h) and F,1(p,z + h) are defined as,
respectively

Fyo(p, 2 / % [Jo(Ap) — J2(Ap)]
0
Fa n(ag) + O (13)
Flp.z+ ) = [ {Z1000) = 2(w)
0
k% 1y1(z+h)
e (IO R ACY] (14)
Falp.z+1) = [ {B@Q+ D) - 2()
0
i

5o (P = DlJo0) + O] e EH0nan - (15)

(13) and (14) represent the direct and reflected wave, respectively,
whose analytical results can be derived as [19]

. 2k 21 (Z + h)2 ik? 3k 31
_ ikir 1 1 1
Fpo(p,zﬂ:h)— kie™ T—2+ﬁ+T <7_74—__ (16)

in which, r = r; = [p? 4+ (z — h)]"/? for plus is the path length of the

direct wave, and r = ry = [p>+(2—h)]*/? for minus is the path length of
the reflected wave. The third term F},i(p, z + h) represents the surface
and lateral wave influenced by the boundary surface of two mediums.
When the distance between the observation and source point is large
and it is greater than that of source or observation and boundary,
the integral converges very slowly because of the high oscillatory of
the Bessel functions. It is not easy to get exact values by numerical
methods. Thus, it is necessary to evaluate the integral by using the
complex function method. For the two DPS medium configuration,
many authors have studied and derived its approximation expressions.
When Medium 2 is a DNG material, the electromagnetic field excited
by a vertical dipole is discussed in [24]. Borrowed from the idea
of [24], the first integrand term of (15) has a singular point on the A
complex plane. It is quite different from that of two DPS configuration.
However, the second integrand of (15) has no singular point on the A
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Figure 2. The configuration of the poles and the branch cuts.

complex plane. In addition, the integrand has two branch points at
A = k; and A = ko. In order to evaluate the integral in (15), it is
necessary to shift the contour around the branch lines at A = k; and
A = kg. The configuration of poles and branch cuts is shown in Fig. 2.
Using the similar procedure as in [24], F,1(p, z+d) can be obtained by
determining the poles and evaluating the integration along the branch
cuts C7 and C.
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and er fe(z) is the error function.
Similarly, the complete analytical expressions of the other
components of the electromagnetic field can be obtained as follows:
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4. NUMERICAL RESULTS AND DISCUSSION

Thus, the complete analytical expressions of the electromagnetic field
in the DPS medium excited by a horizontal dipole over the boundary of
DPS and DNG mediums have been derived when |kp| > 1, p > h and
p > |z|. As an example, each term in (17) is discussed to explain
its physical conception. The first term indicates the surface wave
propagating along the boundary of two different mediums. Its wave
number is given by (18) and determined by the excited wave frequency
and the physical parameters of two mediums. When Medium 1 is air
and |ka| > ki1, it can be seen from (18) that |A\*| is smaller than the
wave number in Medium 1, so it is a kind of slow wave. As the distance
between the observation and source point becomes large, the phase
of the surface wave decreases and its amplitude for the lossless media

attenuates as 1/p'/? due to I—L(zl)()\*p) ~ [2/(m\* p)| /2t =/ 4)—inT /2
In z direction, the surface wave decreases with e()(z+th) — The
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variation of surface wave with z is more slowly than that in p direction
because 7y1(A*) is much smaller than k; as |ko| > k1. The second
and third terms indicate the lateral wave propagating with e in
Medium 1 along the surface. The fourth term represents the lateral
wave propagating with e’*2¢ in Medium 2. Because the real part of ks
is negative, its phase decreases with p. As the Medium 2 is lossy, it
attenuates very quickly as the radial distance.

According to formulas (16)—(33) given above, we have performed
our numerical calculations for the electric field components and its
sub-components. The physical parameters used in our calculations are
chosen as f = 1.2GHz, Idl = 1(A'm), z = h = 0. For convenience,
the contribution of k; wave in the following figures is the sum of the
direct, reflective and lateral waves in Medium 1. The contribution of
ko wave indicates the lateral wave in Medium 2.

The amplitude of the electric field E1,(p,0,0) and E1.(p,0,0) has
been numerically calculated as a function of propagation distance with
€1r = p1r = 1 and €9, = p9, = —1.1. The total field and its sub-
components of Ej, are illustrated in Figs. 3(a) and 3(b), respectively.
Moreover, the calculation results for o, = 1.21, pg, = 1 are also given
in Fig. 3(a). It can be seen that (1) The variation of the amplitude of
Eq, with the distance is similar to that of Eq, at ¢ = 0. Compared
with the electric field component, the magnetic field component is
so small that it is neglected in Fig. 2; (2) The surface wave can be
effectively excited by the horizontal dipole in the surface of DPS and
DNG mediums. Because of the contribution of the surface wave, the
total field in this configuration is greater than that of two DPS medium
configuration; (3) Because amplitude of the surface wave varies with

radial distance as p~1/2, the contribution of the surface wave to the
total field plays an important role for sufficiently large values of p. As p
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Figure 3. The electric field E1,(p,0,0) and its sub-components as a
function of the distance.
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Figure 4. The electric field Ei4(p,7/2,0) and its sub-components as
a function of the distance.

increases, the second term in (17) reduces to e?*1°[1/(k1p?)+1i/(k?p3)],
thus the lateral wave in Medium 1 decreases approximately as 1/(k;p?).
However, the lateral wave in Medium 2 decreases approximately as
1/(k2p?). Therefore, the contribution of lateral wave in Medium 1 is
greater than that in Medium 2 and attenuates slowly with the radial
distance.

The electric field FEi4(p,7/2,0) as a function of propagation
distance is given in Fig. 4 with the same physical parameters as in
Fig. 3. The total field comes mainly from the contribution of the
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Figure 5. The electric field E1,(p,0,0) and its sub-components as a
function of the distance.

lateral wave in Medium 1. The lateral wave in Medium 2 decreases
quickly with the propagation distance. The contribution of the surface
wave is smaller than that of lateral wave and is ignored. Moreover,
the amplitude of the magnetic field component Bi,(p,7/2,0) and
Bi:(p,m/2,0) is much smaller than that of the electric field.

To study the effect of the physical parameter of Medium 2 on the
amplitude of the field, the variation of the field component E1,(p,0,0)
with the distance is calculated at e9, = po, = —1.1,—1.5,-2.0,
respectively. Figs. 5(a) and 5(b) show the total field and its sub-
components, respectively. It is shown that the total field decreases as
the amplitude of relative permittivity and permeability of Medium 2
increases. It is mainly induced by the variation of contribution of
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the surface wave with the physical parameters of the DNG medium.
Because of the existing of three kinds of wave number, the total field
shows complicated interference.

5. CONCLUSION

In this paper, the complete analytical expressions have been derived for
the electromagnetic field generated by a horizontal electric dipole over
the interface of the DPS and DNG mediums. Numerical calculations
of the field components are performed and illustrated when both
the dipole and observation point are located on the interface of two
mediums. The influence of the physical parameters on the fields is
also calculated and discussed. The main conclusions obtained in the
present paper are summarized as follows.

(1) Comparing with the electromagnetic field induced by a horizontal
dipole on the interface of two DPS material, the surface wave can
be effectively excited on the interface of a DPS and DNG medium.
The wave number of the surface wave is less than the wave number
in Region 1 and Region 2, so that this kind of surface wave is a
kind of slow wave, the amplitude of the surface wave for the lossless
media decreases with the radial distance as 1/p/2. The variation
of the surface wave in the vertical direction of the interface is much
more slowly than that in the radial direction as |ka| > k;.

(2) The excited field is the superposition of the contribution of the
direct, reflected, lateral and surface waves with three kinds of
propagation wave numbers. The total field shows complicated
interference because of the superposition of those waves.

(3) When the upper half space is air, the amplitudes of field
components E1,, F1, and By, depend mainly on the contributions
of surface wave, whose wave number is influenced by the physical
parameters of the DNG medium in the lower half space. However,
the contributions of the lateral waves play important role for the
amplitudes of field components F1,, B1, and Bi..
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