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ABSTRACT: Fundamental antenna effects of a dielectric substrate
backed by a perfectly conducting ground plane and excited by elementary
dipoles are studied. The effect of the surface wa¨es and the radiation
efficiency as a function of substrate thickness and permittï ity are ana-
lyzed. Q 1997 John Wiley & Sons, Inc. Microwave Opt Technol Lett
15: 316]320, 1997.
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I. INTRODUCTION

Microstrip structures are now widely used in ground-based
and aerospace antenna applications. In this article the funda-
mental antenna effects of dielectric substrate materials

Ž .backed by a perfectly electric conducting PEC ground plane
are investigated. These effects include radiation efficiency,
normalized power, and radiation pattern. In order to analyze
the basic properties of this canonical substrate fed by a
coaxial line or an elementary slot, the problems of the

Ž .Hertzian vertical electrical dipole VED and horizontal mag-
Ž .netic dipole HMD are solved analytically. Although similar

w xproblems were considered in 1]7 , it appears that the men-
tioned characteristics have been studied only in the case of a
horizontal electric dipole placed on top of a dielectric sub-
strate.

At first, the field-potential components for the infinitesi-
mal dipoles are derived with the use of Sommerfeld’s method
in the form of the Fourier]Bessel integrals. After that, sad-
dle-point integration is used to compute the space-wave radi-
ation pattern, the surface-wave power in the transverse-mag-

Ž .netic TM surface waves excited by VED, and the hybrid and
Ž .transverse-electric TE surface waves of HMD. Both parts of

the Poynting theorem are used to check the results. Overall
antenna parameters are further computed and discussed, and
the role of the substrate is found.

II. PROBLEM FORMULATION

The geometry of the problem of VED and HMD located on
the substrate-covered PEC ground plane with infinite trans-
verse directions is shown in Figure 1. The origin of the
coordinate system is chosen at the dipole. Assuming a time
dependence of the form eiv t, the electromagnetic fields in
such a structure can be derived from the vector potentials as

1
e e m Ž .E s yivmA q grad div A y rot A 1

iv«

1
m m e Ž .H s yiv«A q grad div A q rot A 2

ivm

Figure 1 Geometry of the problem

It is known that the vector potentials are tied with the
electrical and magnetic currents Je, m by the following expres-
sion:

e, m Ž . e, m Ž . Ž . Ž .A p s J q G p , q d¨ , 3H
V

where p and q are the observation and source points, respec-
tively, G is the Green’s function:

`1 k`
yinw "g Ž zyz 9. Ž2.Ž . Ž .G s e e J k r 9 H k r dk ,HÝ n n8p gksy`nsy`

Ž .4

where k and g are the radial and vertical components of the
wave number:

k2 s v 2«m s k 2 q g 2 ,

and r, w, z are the cylindrical coordinates. The boundary
conditions for the tangential field components in the mi-
crostrip structure are

w 2 x Ž .n, E s 0, z s 0, 5

w 1 2 x w 1 2 x Ž .n, E y E s 0, n, H y H s 0, z s h , 6

where indices 1 and 2 refer to the air and the dielectric
substrate, respectively.

A. Vertical Electrical Dipole. Consider a z-directed VED of
the amplitude I el located on the dielectric]ground-plane
interface:

Ž .d r 9 y a
e e Ž . Ž . Ž .J s I l d z9 y d d f9 y 0 . 7z r

We split the field into the incident and the scattered fields,
w xand, following the Sommerfeld method 1 , introduce an

Ž . Ž .electric vector potential by using 3 and 4 . In the case of a
z-directed source, in the space domain this potential is given
as follows:

I el e"g 2Ž zyd.
`

in Ž2. Ž . Ž .A s H k r k dk . 8Hz 08p gy` 2

Note that this value differs from the electric-type Hertz
potential only by a constant factor. For a VED, no need to
consider a magnetic-type vector potential arises. We search
for the scattered field potential components in each of two
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regions by analogy of the incident field. After satisfying the
Ž . Ž .boundary conditions 5 , 6 and assuming that a dipole is

located on a ground plane, that is, the potentials are obtained
as

I el« eyg1Ž zyh.
`11 Ž2. Ž . Ž .A s H k r k dk , 9Hz 0 Ž .4p D ky` m

e Ž . Ž .I l g « cosh g z y h y g « sinh g z y h` 2 1 2 1 2 22A s Hz Ž .4p D ky` m

Ž2. Ž .H k r0 Ž .= k dk , 10
g2

where

Ž . Ž .D k s g « sinh g h q g « cosh g h. 11m 2 1 2 1 2 2

Ž .The real zeros of D k correspond to the TM surface-wavem
poles of the lossless substrate. Thus, the fields can be found

Ž . Ž . Ž . Ž .with the aid of 1 and 2 and 9 and 10 .

B. Horizontal Magnetic Dipole. The current density of an
HMD is given by the following expression:

Ž .d r 9 y a
m m Ž . Ž . Ž .J s I l d z9 y d d w9 y 0 . 12x r

w xIt is well known 6 that two components for the magnetic
vector potential Am and Am are needed to satisfy thex z
boundary conditions. The potentials for the incident field are

I ml e"g z z
`

in Ž2. Ž . Ž .A s H k r k dk , 13Hx 08p gy` 2

I ml e"g z z
`

in Ž2. Ž . Ž .A s H k r k cos w dk . 14Hz 18p gy` 2

As in the case of VED, to satisfy the boundary conditions the
potentials in both regions are considered. In the space do-
main, the total-field potentials, after simplifying and combin-
ing some of the terms, are obtained, in the substrate, as

m Ž .J dx U k , z`
2 Ž2. Ž . Ž .A s H kr k dk , 15Hx 0 Ž .4p g D ky` 2 m

J m dx
2 Ž .A s « y «z 1 28p

w Ž .xsinh g z q h` 2Ž2. 2Ž . Ž .= cos w H kr k dk , 16H 1 Ž . Ž .D k D ky` m e

and in the air as

m Ž .J dx exp yg z` 11 Ž2. Ž . Ž .A s « H kr k dk , 17Hx 2 0 Ž .4p D ky` m

J m dx
1 Ž .A s « y «z 2 18p

Ž . Ž .sinh g h exp yg z` 2 1Ž2. 2Ž .= cos w H kr k dk ,H 1 Ž . Ž .D k D ky` m e

Ž .18

where

Ž . Ž . Ž . Ž .D k s g sinh g h q g cosh g h , 19e 1 2 2 2

Ž . Ž . Ž . Ž .U k s g « cosh g z y g « sinh g z . 202 1 2 1 2 2

Ž . Ž .The real zeros of D k and D k give the wave numbers ofm e
the characteristic hybrid surface-wave modes propagating in
such a structure. As might be expected, the A componentsz
vanishes when the substrate is absent.

III. APPLICATION OF THE POYNTING THEOREM

ŽThe Poynting theorem in the complex form with real parts
.defining the time-average power values can be used to

obtain a partial validation of the obtained results:

1 e m˙ ˙ Ž .y Re j E q  H d¨ s Re P = n ds, 21˙H HŽ .2
V S

1 w xwhere P s E, H* is the Poynting vector, and S is a surface2

enclosing a finite volume V. We choose S as a finite-height
circular-cylindrical surface capped with a spherical roof, with
the radii and the height expanding to infinity. Then the
right-hand part can be simplified by the use of the far-field
expressions reduced to the contour integration in the com-
plex k plane:

`
Ž . Ž . Ž . Ž .F k dk s F k dk q F k dk q 2p i res F k .H H H Ý m

y` V G̀ m

Ž .22

The integration contour is to be shifted under the k axis to
bypass the poles and the cuts. The integral along the in-
finitely remote contour G vanishes. The branch-cut integral`

along the cut Q can be estimated by the saddle-point method
w x2 and yields a spherical wave. The surface wave fields are
determined by computing the residues at the poles located in

w xthe interval 1, « m of the real axis. The surface-wave' 2 2
powers are obtained by integrating the radial component of
the Poynting vector over a circular cylindrical surface. The
space-wave power is obtained by integrating the spherical
wave of the Poynting vector over the spherical surface.

Ž .The left-hand-part integration, which takes account of 7
Ž .or 12 , is reduced to the corresponding total field component

taken at the source point. The powers of the surface and the
space waves are then obtained similarly via the contour
integration in the complex k plane. The resulting surface-
wave power expressions are the same as the ones obtained

Ž .with the use of the right-hand part of 21 . The space-wave
Ž .power real part is reduced to the definite integral, over the

w xinterval y « m , « m . After some algebra, it can be' '2 2 2 2
converted to the form obtained previously.

IV. NUMERICAL RESULTS

In the computations all of the power characteristics were
normalized to the radiation power of a dipole located on the
PEC ground plane in free space:

2e , mŽ .I lk «1 1 Ž .P s . 23norm (6p m1

A. Surface-Wä e Power. The total surface-wave power is the
sum of the powers carried by each wave, because these are
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Figure 2 The total surface wave power}VED case

Figure 3 The total surface-wave power}HMD case

w xorthogonal 5 . Figures 2 and 3 show this quantity for the
different media, as a function of the substrate thickness, for
VED and HMD cases, respectively. As is seen, a flat-layer
dielectric substrate is a good waveguide for the surface waves.
If the substrate thickness increases, the total surface-wave
power becomes quickly larger than unity. Here, the power of
the individual modes rises and falls but the total power is
oscillating with a damping amplitude. But in the case of a
HMD the surface-wave power is larger than for a VED.

B. Radiation Pattern. The radiation patterns for different
dipoles are plotted in the Figures 4 and 5. One can see that
the dependence of VED and HMD patterns versus the sub-
strate thickness is the same: As the thickness increases, the
number of lobes increases as well. But as the permittivities of
the substrate increase, the power of VED radiation de-
creases, unlike the HMD case. This effect can be explained
by the distinctions between the structures of the fields of
VED and HMD.

C. Space Wa¨e Power. Figures 6 and 7 show the behavior of
the space-wave power versus the substrate thickness. These
curves have two principally different basic features: periodic
oscillations caused by varying electrical thickness of the sub-
strate, and peaks appearing with a different period, at the

Žpoints where a new surface wave is able to propagate at the

Ž . Ž .Figure 4 The radiation pattern of VED. a « s 1.1, b « s 2,2 2
Ž .c « s 4. Solid lines, hrl s 0.75; dotted lines, hrl s 1; dashed2 2 2
lines, hrl s 2.32

.cutoff frequencies}see Figures 8 and 9 . As far as we know,
the latter effect has not been studied before. In fact, this is a
threshold phenomenon, closely related to the so-called
Wood’s anomalies of periodic gratings and closed wave-
guides.

As seen in Figure 9, for the HMD case the powers of the
hybrid modes are greater than the powers of TE modes. In
addition, the space-wave power increases with increasing
substrate permittivity for HMD, unlike the VED, case where
it decreases.

D. Radiation Efficiency. The radiation efficiency of the mi-
crostrip antenna on a lossless substrate is defined as

Psp Ž .h s . 24
P q Psur sp

In Figures 10 and 11, the curves of the radiation efficiency
versus the substrate thickness for different media are plotted
for VED and HMD, respectively. In each case, a maximum
radiation efficiency is obtained either at the cutoff frequency
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Ž . Ž .Figure 5 The radiation pattern of HMD. a « s 1.1, b « s 2,2 2
Ž .c « s 4. Solid lines, hrl s 0.75; dotted lines, hrl s 1; dashed2 2 2
lines, hrl s 2.32

Figure 6 The space-wave power}VED case

Figure 7 The space-wave power}HMD case

Figure 8 The surface-wave power and the space wave power versus
Ž .substrate thickness « s 2, VED2

Figure 9 The surface-wave power and the space-wave power versus
Ž .substrate thickness « s 2, HMD2

of a surface mode or at the frequency of an interference peak
Ž .see Figures 6 and 7 . The greater the dielectric constant, the
lower the average value of the radiation efficiency, the greater
the amplitude of the interference oscillations, and the smaller
the period of the latter.
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Figure 10 The radiation efficiency}VED case

Figure 11 The radiation efficiency}HMD case

V. CONCLUSIONS

In this article the effect of the grounded substrate on the
radiation of VED and HMD has been considered. To vali-
date the results we have used the Poynting theorem. It is
found that the radiation efficiency is reduced because of the
surface-wave excitation. The space-wave power has periodic
oscillations caused by varying the electrical thickness of the
substrate, and generally smaller but sharper peaks at the
points where a new surface wave is able to propagate. The
space-wave power increases with increasing substrate permit-
tivity for HMD, unlike the VED case, where it decreases.

The surface-wave powers in the HMD case are greater
than the surface-wave powers in the VED case. For the both
kinds of excitation, the radiation efficiency decreases with
increasing substrate permittivity, and is greater in the HMD
case.

It is hoped that the above-presented analysis will serve as
reference data in the further research on the radiation of
disk-patch antennas and arrays fed by VED and HMD.
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ABSTRACT: The truncation boundary condition is a stumbling block in
( )sol̈ ing electromagnetic scattering problems by the finite-difference FD

( )or finite-element FE methods. A simple, exact, and proper boundary
condition is always desirable for use in terminating the FD mesh. In this

( )article a no¨el iteratï e boundary condition IBC is proposed for sol̈ ing
electromagnetic scattering problems by the FD method. This no¨el
boundary condition, expressed by an exact two-point field equation
( )2PFE and derï ed from rigorous analysis of the scattered field or the
radiation field, is obtained by an iteration process. The ¨alidation of the
IBC and the con¨ergence of the iteration processes ha¨e been numeri-

( )cally studied. A number of two-dimensional 2D scattering problems
ha¨e been successfully sol̈ ed with IBC. The results agree ¨ery well with
that obtained by the MoM and the MEI. This no¨el approach is simple
in concept and easy to apply. It can possibly be extended to three-dimen-
sional problems. Q 1997 John Wiley & Sons, Inc. Microwave Opt
Technol Lett 15: 320]328, 1997.

Key words: scattering; finite difference; numerical method

I. INTRODUCTION

FD and FE are two of the basic methods used to solve
electromagnetic wave propagation problems. By FD or FE,
the unbounded spatial domain needs to be truncated by an
artificial boundary to render the computational domain finite,
and a boundary condition must be addressed for the trunca-
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