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Model of a Dipole Antenna in Free-Space and Near a
Perfectly Electrical Conducting Plate

Nobby Stevens and Luc Martens, Member, IEEE

Abstract—In this paper, an accurate method is developed to
model dipole antennas in free-space or near an infinite perfectly
electrical conducting plate. The magnetic field integral equation is
implemented and point-matching is used to construct the interac-
tion matrix. The edges of the cylinder, which can cause numerical
instabilities in the simulated current distribution, are getting a
special treatment by choosing a specific set of basis functions.
The excitation is modeled based on the equivalence principle and
leads to the application of a magnetic surface current over the gap
region. The exact kernel of the integral equation is applied and
all possible current components are taken into account. When the
antenna is close to a conducting plate, a strong modification of the
surface current distribution is observed. It is demonstrated that
for these configurations, the incorporation of the circumferential
component of the surface current distribution is needed. At larger
distances, the circumferential surface current can be neglected in
the total distribution. The only approximation (or rather assump-
tion) we made is that we impose a longitudinal directed electrical
field over the boundary of the gap region. The results are verified
experimentally.

Index Terms—Dipole antennas, magnetic field integral equation
(MFIE), method of moments (MoM), scattering.

I. INTRODUCTION

THE study of dipoles is an old topic with still many prac-
tical applications. Dipole antennas are used for calibra-

tion of other antennas, for electromagnetic compatibility (EMC)
testing and are the basic components of wireless base station an-
tennas. Over the recent century, several techniques and methods
have been developed to solve the configuration of a finite cir-
cular dipole antenna in free-space [1]–[17] or near a conducting
half space [18]. Due to the open boundary character, the vast
majority of these methods deal with the solution of an inte-
gral equation. If certain restrictions with regard to the diameter
of the dipole are taken into account, the integral equations of
Hallén or Pocklington prove to be simple and efficient to calcu-
late the main far-field properties of the dipole. For small diam-
eters , the kernel of the correct integral equation can
be reduced to a simpler form, which leads to an integral equa-
tion that can be solved easily by the method of moments or by
iteration. In this approximation, one assumes that the current
flows only in the direction of the wire axis. The charge and cur-
rent contribution on the end caps are ignored and the boundary
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condition for the electrical field is only applied to the axial com-
ponent at the wire surface. Previous work [19] shows that if the
radius exceeds the critical value of (rule of thumb), the
solution of the problem becomes much more complicated.

A difficulty in the modeling of dipole antennas is the excita-
tion. A popular excitation is the delta-source. A good model for
the source is presented by Cui and Chew [20]. It is based on the
equivalence principle and it was shown that this type of source, in
combination with the reciprocity theorem, leads to a variational
formulation of the input impedance. The main restrictions of the
model of Cui [20] are the limitation of the diameter and the fact
that the caps are not incorporated in the model. The effect of the
end caps was studied by Huffman and Werner [21]. The edge sin-
gularities were taken into account by using a ring of charge.

In our work, all possible current components are calculated.
We have not found any publication where the curved surface of
a dipole is followed exactly while all possible surface currents
are taken into account. It is demonstrated in this paper that for a
configuration of a dipole near a PEC plate, one needs to incorpo-
rate all possible surface currents for small separation distances.

We have decided to use the magnetic field integral equation
(MFIE) instead of the electric field integral equation (EFIE) for
several reasons [22], [23]. The first reason is that the EFIE is a
Fredholm integral equation of the first kind, whereas the MFIE
is one of the second kind. The MFIE involves the sum of a com-
pact operator and a constant operator, for which it is formally
possible to prove convergence [24]. This is not the case for the
EFIE. A second reason is related to numerical considerations.
The system matrix of the EFIE tends to become less diagonally
dominant when the number of mesh points is increased. The
self-patch term of the MFIE contributes in the same way to the
diagonal elements of the interaction matrix, irrespective of the
mesh size. As a consequence, the interaction matrix will become
more diagonally dominant as the number of match points in-
creases, which leads to a higher numerical stability and a better
condition number compared to the EFIE for the same number
of unknowns. A disadvantage of the MFIE is that it can only be
used for closed surfaces, whereas the EFIE can also be applied
for open bodies. As one or several dimensions of the body be-
come small (relative to the wavelength), it is more difficult to ob-
tain convergence with the MFIE, as stated by Poggio and Miller
[25]. Nevertheless, even for thin wires, the MFIE is proven to
deliver accurate results as will be demonstrated. The excitation
model we use is based on the equivalence principle. In the first
part of this paper, a model of a dipole antenna in free-space is
described. The current distribution is shown and compared to
results from other simulation tools. It is demonstrated that for
dipoles in free-space, the circumferential surface currents are
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Fig. 1. Configuration of a dipole with the corresponding notations.

equal to zero. In the second part of this paper, we will model
the behavior of a dipole when it is not in free-space, but close to
another PEC object. As an example, we will consider the con-
figuration of a dipole at various distances from an infinite PEC
plane. It is observed that the input admittance is strongly depen-
dent on the distance from this plane. The surface current distri-
bution is not rotational symmetric anymore. The results of the
model are confirmed by experimental data.

II. DIPOLE IN FREE-SPACE: MODEL AND RESULTS

A. Model

LetusconsiderFig.1,whereadipole in free-spacewith thecor-
responding notations is shown. The total height of the dipole with
radius is while the gap width is . A difficult task in the cor-
rect modeling of a cylindrical dipole is the source model. The cor-
rect behavior of the field within the gap region is dependent on the
practical excitation. Nevertheless, we do not need to know the ex-
citation within the gap region; the equivalence principle allows us
to omit the complex behavior. The only component that one has
to know is the tangential field component of the electric or mag-
neticfieldattheboundaryofaclosedvolume[26],[27].Theclosed
volume we consider is of course the gap region. It is defined as
(corresponding to the notations of Fig. 1): ,
and for all . We suppose that the electric field over surface of

is known. If a voltage source of 1 V is applied over the gap re-
gion, the applied electric field at the surface is approximated by

(1)

Based on the uniqueness theorem and equivalence principle, the
surface can be replaced by a perfect conductor carrying a
magnetic surface current defined by [26], [27]

(2)

with the outward normal of the surface . We remark that
the solution is not valid inside . So a dipole in free-space can be

modeled as a PEC rod with a magnetic surface current excitation
imposed over the gap region. We have not investigated large gaps
(relative to the wavelength), but for practical dipoles used at their
operating frequency, the gaps are always small. We now formu-
late the coupled set of Fredholm integral equations of the second
kind since they are of importance further in this work. If the clas-
sical cylindrical coordinates are introduced in Fig. 1 (with the
angle starting at the axis and increasing counterclockwise), the
followingsetofequations isvalidfor locations onthecylindrical
surface ( stands for the cylindrical surface and for the sur-
face of the caps)

(3)

(4)

For the observation point located on the cap surfaces, (5) and
(6) are applicable. The lower or upper sign is used when is
respectively on the bottom or top cap

(5)

(6)
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Here, denotes the principal value [25] and

with the three-dimensional scalar
Green’s function in free-space. The surface current flowing on
the cylindrical surface is
and the surface current on the caps is

. The righthand term of these equations is deter-
mined by the incident field, which is caused by the magnetic
surface current over the gap region in this specific configu-
ration. Due to the rotational symmetry, we have no magnetic
surface charge

(7)

So the incident magnetic field over the surface of the dipole is
easily calculated [25]

(8)

This equation leads to

(9)

(10)

(11)

The incident field projected on equals zero due to symmetry.
Before starting to calculate the surface current distribution, it is
interesting to verify whether there are no simplifications pos-
sible, due to the rotational symmetric configuration and sym-
metric source when the dipole is in free-space. Let us reconsider
(4) and (5) with the source model as described above

(12)

(13)

With regard to the expressions of kernels, we can write

Even in around (14)

Odd in around (15)

Even in around (16)

Every surface current distribution must be rotational invariant,
due to the rotational symmetry of the configuration and source.
This means that the surface currents can be placed outside the
integration over . Integrating odd functions over a symmetric
interval gives zero, while integrating an even function over a
symmetric interval will be different from zero. Therefore, (12)
and (13) can be written as

(17)

(18)

Unless these coupled integral equations have eigenvalues equal
to zero, we can conclude that for all . Imposing this
condition reduces strongly the size of the interaction matrix. If
one calculates the surface current distribution without imposing

, the calculated value of is equal to the numer-
ical noise.

B. Results

We first compare our results with results from the commercial
electromagnetic software package NEC [28]. The basis func-
tions and test procedure we apply are identical as described in a
previous publication [29]. The NEC code is very fast but also has
a number of limitations, which are not present in our method. A
first limitation is with regard to the segment length (a segment
is the interval on the dipole between two point-match points).
The segment length should be smaller than . This is a rea-
sonable condition since the field can change significantly over
this distance. For the wire radius, it is stated that should
be much less than 1. This condition excludes thicker wires. An
upper limit on the number of point-match points is imposed by
the condition that the ratio of the segment length over the radius

should be greater than 0.5. Further, the gap height is equal
to the segment length. An antenna with a small gap (relative to
the radius ) can thus not correctly be modeled by use of NEC.
In the method we use, the size of the gap is independent of the
number of point-match locations and there are no limitations
with regard to the radius.
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Fig. 2. Distribution of the equivalent line current with our method and NEC
for a dipole with h=� = 0:447; a=� = 5:4 � 10 , and � =� = 6 � 10 .

A first example we treat is a dipole antenna we will use later
in the experimental verification, namely an antenna with radius

mm at 900 MHz (thus ), a length of
149 mm and mm . If we use NEC
for this gap height, numerical difficulties occur (as explained
further). So only in order to compare our method with NEC, we
choose as 2 mm. To obtain the equivalent line current, we
have to integrate over the circumference of the dipole,
as defined by (19)

(19)

On Fig. 2 the real and imaginary parts of the equivalent line
current are plotted for the dipole under study. The real part of
the equivalent line current corresponds very well. The imagi-
nary part is slightly different. This is due to the different source
model. In NEC, the incident electric field is set to at the
central segment and zero at all other point-match points. In our
method, we calculate the incident magnetic field at all point-
match locations. As mentioned previously, the gap height for
NEC is limited at the lower end by the condition that

. If we take mm in the previous dipole, we obtain
that , which fulfills the previous condition. But for
the imaginary part of the current, anomalies occur. If the height
of the gap is further reduced to e.g., 0.75 mm ,
the imaginary current component of the thin-wire approxima-
tion becomes unstable at the center of the dipole and the real part
at the dipole ends, in contrast to our method, shown on Fig. 3.

As a final numerical validation, we can calculate the total
magnetic field in and outside the dipole antenna. For any lo-
cation , (20) is valid

(20)

When is positioned on the PEC surface, a principal value and
self-patch are defined [25]. For all other locations, no numerical

Fig. 3. Distribution of the equivalent line current calculated with our method
for � = 0:75 mm.

Fig. 4. Radial variation of the total field.

difficulties occur in the evaluation of the integral. Based on the
fact that equals zero for all , that all other surface cur-
rent components are rotational symmetric and that has an
odd dependency in , it is clear that and are zero
and only is different from zero. Since the incident field
from the excitation also has only a -component, we also find
that the total magnetic field has only one cylindrical component
different from zero, namely . We have plotted this com-
ponent for going from zero to and in Fig. 4.
The parameters of the antenna are again

, and mm. The values are normalized to a radiated
power of 1 W. We approach the PEC surface as close as .
The calculated field is indeed zero inside the PEC body, which
again confirms the correctness of our model. Finally, we show
the magnitude of the distribution of the normalized total field

close to the an-
tenna. We have plotted in Fig. 5.
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Fig. 5. Variation of the normalized total magnetic field [dB].

Fig. 6. Dipole near an infinite PEC plane.

III. DIPOLE NEAR A CONDUCTING SCREEN

When the dipole is located near a conducting object, the cur-
rent density distribution will become nonrotational symmetric.
In this section, we will describe the behavior of a dipole near an
infinite perfectly electrical conducting (PEC) plane, as shown
in Fig. 6. We have done this study as it can be considered as a
worst case configuration of a dipole antenna near a conducting
object. It is demonstrated that the conducting plate has a non-
negligible impact on the surface current distribution, especially
if the electric distance is small.

A. Construction of the Interaction Matrix

The solution method is based on the modification of the
kernel of the original field integral equation. The configuration
of Fig. 6 is best modeled by use of image theory [26]. At the
boundary of the conducting plane, the normal component of
the magnetic field and the tangential component of the electric
field must vanish. This is accomplished by placing an image
current distribution symmetric with respect to the boundary.
So the original configuration of Fig. 6 can be replaced by two
aligned dipoles at a distance of from each other,
with the condition of the image theory imposed on the surface
currents of the mirror dipole. In order to take the mirror dipole
into account in the MFIE, we have to calculate the scattered
field at the real dipole surface due to the image surface currents

(21)

Fig. 7. Used conventions for the calculation of the scattered field due to the
image dipole.

The scattered field now consists of four terms. The first two
terms are the self-patch and the field caused by the electrical sur-
face currents at all other locations of the real dipole. These terms
have been formulated for the dipole in free-space configuration.
The additional terms are due to the electric and magnetic image
surface currents. Let us call these fields respectively
and . For the calculation of the scattered field, we use
the notations and conventions as indicated on Fig. 7. The first
part of the scattered magnetic field we will calculate is the field
due to the electric image surface currents. Following the nota-
tions of Fig. 7, we can write that

(22)

where is the surface of the mirror dipole and is the elec-
tric surface current distribution on that dipole. At this stage, we
do not yet enforce the image surface current conditions. Based
on the image conditions and the invariance of the cartesian unit
vectors under translation, it is better to write the kernel of the
integral in cartesian coordinates. For the integration itself, it
is much easier to use as the reference coordinate
system. and indicate the same spatial location and are both
describing the surface of the image dipole (noted as or ),
but with another reference coordinate system and respec-
tively. One can write that

(23)
with

(24)

and

(25)

Fig. 7 shows that , which leads to an expression
of in the local coordinate system of the image
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dipole in cylindrical coordinates

(26)

where

(27)

Using these manipulations, we have written the scattered field
(generated by the surface currents flowing on the mirror dipole)
on the real dipole at as an integral over the local coordinates
at

(28)

Now, we can make use of the image relationships. When we
elaborate the kernel of (28), we obtain

(29)

We remark that we can write instead of
since due to the invariance of carte-
sian unit vectors under translation. Let us call the surface cur-
rent densities on the real dipole . We know that the current
densities on the image dipole are identical to those on the real
dipole in magnitude but the phase is modified according to the
image theory. This leads to

(30)

In order to use the scattered field in the MoM, we need to project
on the tangential directions of the surface

of the real dipole. For the observation point located on the
cylindrical surface, we have [ and stand, respectively, for
the cylindrical surface and cap surfaces, as in (3) to (6)]

(31)

(32)

For the observation point located on the caps, we can write

(33)

(34)

These equations are used to construct an interaction matrix by
the method of moments that takes into account the reflection of
the electric surface currents on the PEC plane. In order to obtain
the total interaction matrix, one simply has to add the mirror in-
teraction matrix to the one of the dipole in free-space. When the
distance is modified, the only interaction matrix that has
to be calculated is the mirror matrix; the free-space interaction
matrix remains of course unchanged.

Not only an electric surface current flows on the mirror
dipole, but also a magnetic surface current flows on the
mirror surface, corresponding to the gap region of the real
dipole. Based on image theory, we have (for in the gap
region)

(35)

The scattered field caused by the image of the original source is
( is the surface of the gap region)

(36)
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Fig. 8. Distribution of jJ (z; �)j over the cylindrical surface for d =
a + �=167.

Projection on the cylindrical coordinates of the real dipole gives

(37)

(38)

(39)

We remark that is not equal to zero anymore
since, for is not symmetric in . is inde-
pendent of so it can be considered as an additional incident
field in the field integral equation.

B. Results

We have again taken the antenna from previous sections as
an example, namely , and .
Fig. 8 shows the distribution of over the cylindrical
surface. At 900 MHz, the distance equals 2 mm.
The presence of the plane is clearly introducing a strong -de-
pendency of the current distribution. On Figs. 9 and 10, the

is shown for larger distances. The coupling between
the dipole and plane clearly decreases as increases, as
could be expected from a physical point of view. The results of
the measurement and the modeled admittance as a function of
the distance between the dipole and the plane can be seen on
Figs. 11 and 12, which shows excellent agreement. The mea-
sured admittance at the gap was obtained by a
reflection measurement with a network analyzer (NWA) and ap-
plying a de-embedding procedure on the time domain reflection
response in order to derive the admittance at the gap. The size
of the rectangular plane in our measurement set-up was by

.
Finally, we investigate the influence of imposing
since this reduces the size of the interaction matrix. From a

Fig. 9. Distribution of jJ (z; �)j over the cylindrical surface for d =
a + �=16:7.

Fig. 10. Distribution of jJ (z; �)j over the cylindrical surface for d =
a + �=6:7.

Fig. 11. Variation of the input conductance G as a function of the distance
to the plane.

physical point of view, this is not exactly correct, but we can
investigate the influence of the circumferential surface currents
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Fig. 12. Variation of the input susceptance B as a function of the distance
to the plane.

Fig. 13. Comparison of the real part of the longitudinal surface current at � =

0 and � = 90 for d = �=119 when J 6= 0 and J = 0.

on . As a first example, we place the dipole very close
to the plane, namely . At 900 MHz, this means
that the cylindrical surface is as close as 1 mm from the plane.
Figs. 13 and 14 show respectively the real and imaginary distri-
bution of for and when
and . The difference is especially important for
the real part of the longitudinal surface current. When one com-
pares the magnitudes of the real and imaginary parts, it is clear
that the latter is dominant. For this distance, is only
relevant near the end caps, but there is clearly a strong coupling
between and . Figs. 13 and 14 show the im-
portance of this coupling. For larger distances, the interaction
with the plane decreases and thus also the importance of the

-component, which is basically excited by the introduction
of the plane that causes a rotational asymmetry in the config-
uration. We have found that for distances beyond ,
the calculation of will again be unnecessary.

Fig. 14. Comparison of the imaginary part of the longitudinal surface current
at � = 0 and � = 90 for d = �=119when J 6= 0 and J = 0.

IV. CONCLUSION

In this paper, an accurate model of a dipole antenna is
constructed. The only approximation (or rather assumption)
we made is that we impose a -directed electrical field over
the boundary of the gap region. It has been demonstrated
mathematically that no circumferential current occurs if the
antenna is in free-space. The kernel of the integral equation is
exact, the physical boundary of the dipole is described exactly
and the boundary conditions are imposed at the real surface of
the dipole, in contrast with the classical methods to solve the
dipole in free-space configuration.

As a worst case study of a dipole near a conducting object, we
considered the configuration of a dipole close to an infinite PEC
screen. A rigorous model was constructed to take the effect of
the screen into account in the integral equation. A strong modifi-
cation of the current distribution was observed. The results were
compared with experimental data and excellent correspondence
was obtained. For larger distances, the circumferential current
component can be neglected.
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