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ABSTRACT While evaluating the near field of dipole antennas, it is noted that different software suites
yield values of the electric and the magnetic fields, at the surface of antennas, that can be substantially
different, especially at the tips and at the feed gap. The close near field of dipoles has not been yet
analysed in detail. An asymptotic expansion method for the near fields at the surface of these antennas has
been developed and compared to the computed fields. The results show that the software of the computed
field should not use a uniform mesh. The mesh should be much tighter at the metal extremities than in
the dipole body. The proposed technique can be used to check complex field computations, producing
diverging values, with simple analytical equations.

INDEX TERMS Dipole antennas, near fields, computational electromagnetics, asymptotic expansion.

I. INTRODUCTION

THECLOSE near field (< λ/2π ) of dipoles has not been
the object of detailed analysis because, for wireless

technologies, antennas are spaced at much greater distances.
Relatively few authors [1], [2], [3], [4], [5], [6], [7], [8]
have investigated the close near field of thin and thick
dipoles, mainly using integral equation solutions.
Recently, there has been a proliferation of radiating

devices whose antennas can be very close to each other or to
electronic circuits of vital importance in human health. The
analysis of interference phenomena can require the evalua-
tion of magnetic (H) and electric (E) fields extremely close
to their sources.
The advent of finite element analysis enabled the eval-

uation of the near field of dipoles without using integral
equation analysis. However, as shown below, if the com-
putational mesh is not carefully selected, the resulting near
fields are asymmetric with respect to the feed point of the
antenna. The computational approach presented in this paper
is a merger, a hybrid, of the finite element method analysis
and the asymptotic expansion of the cylindrical functions
that express the field amplitude dependence on the radial

distance from the surface of the dipole. It simplifies evalu-
ation of E and H fields at arbitrarily close distances from
the surface of dipoles, because it does not require the com-
putation of the field contributions of the various current
elements at one observation point very close to the antenna
surface.
The current on a cylindrical dipole, its first and second

derivatives are continuous functions of the axial coordinate
except at the tips and at the feeding gap of the antenna,
where diverging, high intensity, displacement currents origi-
nate or terminate, while the electric current always remains
finite [9]. To compute the fields on the surface of a perfectly
conducting dipole or arbitrarily close to it, it may be con-
venient to evaluate the current function and its derivatives
without having to resort to exceedingly tight finite differ-
ence mesh that can cause computational instabilities in the
field numerical values. This is possible by using asymptotic
expansions of E and H fields that are valid close to the
antenna surface.
In this paper, to compute the very close near fields of

dipoles, we have used two widely available suites: Comsol
Multiphysics �, RF module, and the Frequency Domain
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FIGURE 1. Dipole geometry and coordinate system.

Solver of CST Studio �, which are based on the finite
element method (FEM). Both approaches have numerical
incongruences as the computational field domain approaches
the surface of the dipoles as shown later in the text. The
FEM computed results are compared with the field values
derived by using very simple asymptotic equations.
This paper presents the advantages of using a dual

approach (theory of functions and finite element software
tools) to the evaluation of E and H fields very close to their
sources where these fields can have large values that are dif-
ficult to evaluate accurately with only finite element digital
analytical tools. This is a novel approach to the analysis of
electromagnetic fields very close to their sources.

II. ANALYTICAL APPROACH
We have considered a “thin” (1 mm radius) and a “thick”
(2 mm radius) resonant dipole to evaluate the H field, the
axial and radial components of the E field using both the
values computed by the suites and the asymptotic expansions.
Using the CST software for the computation of the

antenna impedance, the thin dipole resonant length at 3 GHz
(R = 71 �, X = 0. �) is 45 mm with 0.5 mm feeding gap.
The thick dipole resonant (R = 69 �, X = 0. �) length is
41 mm with 2.2 mm feeding gap.
With the Comsol Multiphysics software at 3 GHz and

the same antenna dimensions, the thin dipole has a driving
impedance of R = 76 �, X = 0.1 �. The thick dipole
at 3 GHz has a driving point impedance of R = 69 �,
X = −j9.2 �.
Fig. 1 shows the geometrical dimensions of the resonant

dipoles.

FIGURE 2. Mesh density effect on the radial E-field component.

The results for the current density, the H field and the
two E-field components Eρ (radial) and Ez (axial) will be
presented in Section III-A, III-B, and III-C, respectively, with
the corresponding values from the asymptotic expansion.
A summary and some concluding remarks are given in the
final section. The asymptotic equations for the fields are
given in the Appendix.

III. FIELDS COMPUTATION
A good example of the uncertainty of the results of the fields
near a dipole is shown in Fig. 2, which plots the radial E
field for the thin dipole at ρ = 1.1 mm.

As expected, the computed field values are different for
the coarse and the fine computational meshes. However, even
the field evaluated with fine uniform meshes presents dif-
ferent peak and gap values. In the following, the proposed
asymptotic analytical method is presented in detail for all
field components.

A. MAGNETIC FIELD
Fig. 3 plots the H field for 1 W input power to the thin
(panels a and b) and the thick (panels b and c) dipole,
using either Comsol (panels a and c) or CST (panels b
and d) computational suites. The H field was calculated
along 6 lines parallel to the dipole axis at different distances
from the antenna surface and has the same value over the
length of the dipole as the axial current density. In Fig. 3,
the axial current density shows clearly a discontinuity at the
feed gap and at the tips of the antenna. With 1 W excitation
and R = 71 �, the current at the feed point is I = 1/sqrt
(71) = 0.118 A. The current density near the feed point is
simply J = 0.118/(2π0.001) A/m = 18.88 A/m, which is
also the value of the H field. In Fig. 3, as expected, the
asymptotic expansion of the H field does not provide values
past the tips of the antenna for any radial distance while
computed results show that the H field decays rapidly past
the ends of the dipole.
For the H field near the thicker dipole, the peak value of

the current density and of the H field are approximately half
of those of the thin dipole because of the doubling of the
antenna radius.
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FIGURE 3. H field near the dipole.

The results of Fig. 3 show that the H-field pattern on
the surface of the dipole can be computed using the simple
equation A3 given in the Appendix.

B. RADIAL ELECTRIC FIELD
The radial E field (REF) diverges at the metal tips and at
the edge of the feeding gap of the dipole because its sources
are the electric charges on the surface of the antenna cre-
ated by the discontinuity of the antenna current density. The
discontinuities of the current density at the metal edges are
step functions, so the charge density at such locations is infi-
nite. The diverging amplitude of the local E fields is bound
by the amount of the stored electric energy at the current
discontinuities [10]. See Fig. 4 which shows half a dipole
and the location of one of the field singularities.
In the planar edge [10] in the domain with radius R the

stored electric energy is finite by the requirement that the
modulus of the E field is bound by the following relation:

∫ R

0
|E(ρ)|2ρdρ < ∞ (1)

Then |E(ρ)| must have the functional form: ρ−1+α for ρ →
0 with α > 0.

In the case of a cylindrical edge, because of rotational
symmetry, the E fields have identical distribution in the
toroidal volume whose cross section is shown in Fig. 4.

Equation (1) gives the electric energy stored at a cross
section of a straight edge. Because of rotational symmetry,

FIGURE 4. Cylindrical edge singularity.

the total electric energy at a tip of a cylindrical dipole is
given by:

∫ 2π

0

[∫ R

0
|E(ρ)|2ρ

]
ρdϕdρ < ∞ (2)

This last integral shows that |E(ρ)| has the functional
form: ρ−1.
To check the edge approximations provided by the two

widely used suites mentioned above, the following E-field
computations were performed with 1 W power applied to
the feeding gap of the dipole. Since the charge density is the
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FIGURE 5. Radial E field for the thin (panel a) and thick (panel b) dipoles using fine
and coarse meshes.

FIGURE 6. Radial E field. CST and Comsol results for the thin dipole.

derivative of the current density, the amplitude of the radial
E field (REF) depends on how fine is the mesh selected for
the computations. Fig. 5b shows the REF results for the thick
dipole using a very fine Comsol mesh (d = 0.5 mm) and
a more relaxed mesh (d = 3 mm) at 2.2 mm and 4.13 mm
distances from the axis of the dipole (0.002λ and 0.0038λ
from the antenna surface). For the shortest distance, the field
pattern calculated with the coarse mesh loses the symmetry
and underestimates the field value in correspondence of the
current discontinuity at one end of the dipole. For greater
distances, the field patterns calculated using the coarse and
the fine meshes become much more similar, except for higher
fluctuations obtained with the coarse mesh, as expected.
Similar results are found for the thin dipole as shown in

Fig. 5a, with discrepancies observed along the closest line
to the dipole in correspondence of the points with current
discontinuities.
Fig. 6 shows the radial near field for the thin dipole eval-

uated using Comsol with a very fine mesh (0.5 mm) and
using the CST with a mesh with an inhomogeneous adaptive

FIGURE 7. Thick dipole gap modification.

FIGURE 8. Radial E field. CST and Comsol results for the thick dipole.

tetrahedral mesh refinement. Looking at the closest distance
(1.10 mm), the field patterns are similar but the peak val-
ues at the current density discontinuities are very different,
probably due to the different mesh refinements used by the
two calculation suites.
Fig. 6 shows that, at the radial distance of 1.90 mm

(λ/15π ), the REF patterns computed with either suite yield
practically similar results for the thin dipole; the similarity
is stronger for greater radial distances.
The computed values also depend on mesh step size and

how closely the mesh abuts the discontinuity of the axial cur-
rent density. The REF amplitudes at and in the feeding gap
originate from a discontinuity of the current density, so their
values depend on how the computational mesh approaches
the boundary of the gap. Near the surface of the antenna,
different mesh size and geometry can yield different REF
values at the current discontinuity.
In the case of the thicker dipole, the CST computational

suite yielded inappropriate results for the REF when the gap
is 2.2 mm. In order to improve the results, it was possible
to modify the computational geometry of the antenna by
inserting a cylindrical step in the center of the gap as shown
in Fig. 7. The radius of the inserted cylinder is 0.7 mm,
with a length for the port of 0.5 mm (represented with a red
arrow in Fig. 7). The modified structure yielded the results
in Fig. 8, which are in agreement with those of Comsol.
As shown in the Appendix, the radial component of the

field has the following relation with the antenna current:

Eρ(ρ, z) = jη

2πkρ

dI(z)

dz
(3)
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FIGURE 9. Asymptotic plot of the thin dipole radial E-field component.

The fields at a distance ρ ≥ a could be evaluated by a sim-
ple multiplication factor if the axial current density and its
derivative have been computed.
Fig. 9 compares the values from equation (3) and those

from computations with the CST software for the thin dipole.
Fig. 9 shows that the REF is given by the derivative of
the surface current density on the antenna. The asymptotic
expansion peak values depend on the evaluation of the cur-
rent density on the dipole near the metal discontinuity. For
the closest distance, the plot shows a very good agreement
of computed and asymptotic values except near the feed
gap of the dipole. The asymptotic equation yields sharp
peaks in correspondence of the tips at radial distances larger
than 0.03λ from the antenna; the peaks are absent from the
computational results. The disagreement is due to the con-
tribution to the field amplitudes from charges further away
from the tip of the dipole, as the radial distance from the
antenna increases, but it clearly shows that the asymptotic
formula gives correct results for the closest distance from
the thin dipole.

C. AXIAL ELECTRIC FIELD
The tangential component of the E field should diverge at
the edge of the gap because of the presence of a cylindrical
metal wedge [10] as discussed in Section III-B for the radial
component.
As shown in the Appendix, the axial component of the E

field can be expressed by:

Ez(ρ, z) = −η

8πk

∫ ∞

−∞
H0

(
ρ

√
k2 − ζ 2

)[∫ h

−h
I(z′)ejz′ζdz′

]

×
(
k2 − ζ 2

)
e−jzζ dζ (4)

This relation does not lend itself to a simple asymptotic eval-
uation because the local values of the field on the surface of
the source depend from the current (and its second derivative)
over the entire dipole as shown by the H0 Hankel function
which involves an integral (around two branch points) of all
the infinite number of cylindrical wavelets emanating from
the current everywhere on the surface of the dipole. Some
additional considerations about the asymptotic behavior of

FIGURE 10. Axial E field. CST and Comsol results for the thin (panel a) and thick
(panel b) dipoles.

Ez for ρ → a are given in Appendix-C, where the following
relation is established:

Ez(ρ, z) = 1

2π

[
1

jωεo

d2

dz2
I(z) − jωμoI(z)

]
ln

(ρ

a

)
(5)

Figs. 10a and 10b show the tangential component of the
E field (TCE) at various distances from the axes of the
two dipoles, computed with the Comsol and the CST
suites.
Figs. 10a and 10b show very good agreement between

computed results, except at the current discontinuity, espe-
cially at the ends of the thick dipole. As expected, the
tangential E field tends to very low values independently
from the z coordinate over the metal surface of the antenna as
ρ → a. An exploded view of Ez in the interval 0.011λ <

ρ < 0.017λ is shown in Figs. 11a and 11b for the thin and
the thick dipole.
The plots show a progressive flattening of the field near

a minimum value at the various distances. However, the
asymptotic equation does not yield the functional radial
change of computed values of the TEF. Equation (4) presents
a field profile of Ez = 0 V/m over the metal of the antenna
and diverging values at the tips and the feed gap of the
dipole. The computed values show this trend. The logarith-
mic behavior of the TEF as the observation point moves
arbitrarily close to the surface of the antenna can be seen
in the graphics of Fig. 11a for the thin dipole. The com-
putations for the thick dipole show an analogous trend
(Fig. 11b).
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FIGURE 11. Very close axial E field for the thin (panel a) and the thick (panel b)
dipoles.

IV. CONCLUSION
Both computational suites yield very similar E and H
field results for radial distances from the axis of the
antenna greater than λ/(20π ).
The asymptotic expansions proposed in this paper have

a limited capacity of handling the discontinuity of the current
density at the feed point of the antenna. While it is possible
to use the asymptotic expansion of the H field because the
current density is a continuous function over the metal of
the antenna with only finite discontinuities at the feed gap
and at the tips of dipole. At these locations, the derivative
of the current density diverges and it makes difficult to eval-
uate the E fields at these points. The asymptotic expansion
yields results analogous to those using very fine meshes
(see Fig. 9a) at very close distance from the tip of the
antenna where the radial E field has its maximum value.
For this reason, it is important that the computational mesh
be very dense at the feed gap and at the antenna tips for the
computations of fields at distances extremely close (< λ/20)
to the surface of the dipole. At these locations, the E fields
have diverging amplitude.
This paper has examined also the effect of feeding

gap dimension on the E-field values. The gap causes the

divergence of the local radial and axial E-field components.
In the immediate vicinity of the gap there are some elec-
tric spillover charges that support the radial E field on the
metal at and near the gap edges. This part of the radial field
can be evaluated if the computed current density and/or H
field have a finite discontinuities of the derivative near the
gap. This paper also shows that the tangential E field has
a logarithmic asymptotic behavior as the observation point
approaches the antenna surface.
In summary, in those applications requiring the calcu-

lation of the E and H fields extremely close to the dipole
(radial distance <λ/20), an adaptive non uniform mesh along
the dipole’s length represents the best compromise between
computational time and accuracy of the estimated fields,
particularly in correspondence of the antenna’s edges.
The H field and the maximum value of the REF can be

also conveniently estimated in the close proximity of the
antenna using the asymptotic expansion proposed here.

APPENDIX
ASYMPTOTIC EXPANSION OF THE FIELDS NEAR
DIPOLE ANTENNAS
A. VECTOR POTENTIAL AND RADIAL ELECTRIC FIELD
With k = 2π/λ the vector potential from the currents on
a dipole antenna of radius “a” and length 2h is [11]:

A(ρ, z) = 1

8π j

∫ ∞

−∞
J0

(
a
√
k2 − ζ 2

)
H(2)

0

(
ρ

√
k2 − ζ 2

)

×
[∫ h

−h
I(z′)ejz′ζdz′

]
e−jzζ dζ (A1)

From (A1) and [12]

Eρ(ρ, z) = 1

jωε0

∂2

∂ρ∂z
Az(ρ, z)

Eρ(ρ, z) = −jη
8πk

∫ ∞

−∞
ζJ0

(
a
√
k2 − ζ 2

)
H(2)

1

(
ρ

√
k2 − ζ 2

)

×
√
k2 − ζ 2

[∫ h

−h
I(z′)ejz′ζdz′

]
e−jzζdζ

In [13] it is shown that for 2πa/λ << 1 J0(a
√
k2 − ζ 2) ≈ 1

and [15] that for 2πρ/λ � 1, H(2)
1 (ρ

√
k2 − ζ 2) ≈ −j2

πρ
√
k2−ζ 2

.

The asymptotic equation for the radial component of the
E field Eρ(ρ, z) is expressed by:

Eρ(ρ, z) = −η

4π2kρ

∫ ∞

−∞
ζ

[∫ h

−h
I(z′)ejζ z′dz′

]
e−jzζdζ

= jη

4π2kρ

∫ ∞

−∞
(−jζ )

[∫ h

−h
I(z′)ejζ z′dz′

]
e−jzζdζ

= jη

2πkρ

dI(z)

dz
(A2)

The equation (A2) shows that very close to and on the
surface of the antenna (ρ = a<< λ) the radial field decays
approximately as 1/ρ. The relation is valid for distances from
the antenna surface where the values of Eρ are defined by
the nearest charge density.
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B. MAGNETIC FIELD

Hθ (ρ, z) = −1

8π j

∂

∂ρ

∫ ∞

−∞
J0

(
a
√
k2 − ζ 2

)
H(2)

0

(
ρ

√
k2 − ζ 2

)

×
[∫ h

−h
I(z′)ejz′ζdz′

]
e−jzζ dζ

= 1

8π j

∫ ∞

−∞
J0

(
a
√
k2 − ζ 2

)
H(2)

1

(
ρ

√
k2 − ζ 2

)

×
√
k2 − ζ 2

[∫ h

−h
I(z′)ejz′ζdz′

]
e−jzζ dζ

As for the radial E field, with 2πa/λ << 1

J0

(
a
√
k2 − ζ 2

)
≈ 1 and

H(2)
1

(
ρ

√
k2 − ζ 2

)
≈ −j2

πρ
√
k2 − ζ 2

for 2πρ/λ << 1;

the H field is given by:

Hθ (ρ, z) = −1

4π2ρ

∫ ∞

−∞

[∫ h

−h
I(z′)ejz′ζ dz′

]
e−jzζ dζ = −1

2πρ
I(z)

(A3)

This is the magnetostatics law of Biot-Savart. Eq. (A3) is
correct very close to the antenna (ρ ≈ a) and it is valid for
larger distances (a < ρ ≤ λ/2π ) because no derivative of
the current is involved in the computation of the H field.

C. AXIAL ELECTRIC FIELD
From Eq. (A1) and [12]:

Ez(ρ, z) = 1

jωε0

(
k2 − ∂2

∂z2

)
Az(ρ, z)

= −η

8πk

∫ ∞

−∞
J0

(
a
√
k2 − ζ 2

)
H0

(
ρ

√
k2 − ζ 2

)

×
[∫ h

−h
I(z′)ejz′ζdz′

](
k2 − ζ 2

)
e−jzζdζ

The J0 Bessel function is given by the following series [13]:

J0

(
a
√
k2 − ζ 2

)
= 1 − a2

4

(
k2 − ζ 2

)
+ a4

16

(
k2 − ζ 2

)2 − · · ·

With ak/2<< 1, the function J0 can be approximated by the
first term of the above series as in the previous asymptotic
formulations.

Ez(ρ, z) = 1

jωε0

(
k2 − ∂2

∂z2

)
Az(ρ, z)

= −η

8πk

∫ ∞

−∞
H0

(
ρ

√
k2 − ζ 2

)[∫ h

−h
I(z′)ejz′ζdz′

]

×
(
k2 − ζ 2

)
e−jzζ dζ (A4)

This relation does not lend itself to a simple asymptotic eval-
uation because the local values of the field on the surface of
the source depend from the current (and its second derivative)
over the entire dipole as shown by the H0 Hankel function
which involves the integral (around two branch points) of

all the infinite number of cylindrical wavelets emanating
from the current everywhere on the surface of the dipole.
For extremely thin dipoles 2πa/λ → 0, the tangential E
field Ez is a logarithmic function of the radial coordinate as
shown below.
From the asymptotic functions of the H field and the radial

component of the E field,

−→
H θ (ρ, z) = −1

2πρ
I(z)

−→
θo ,

−→
E ρ(ρ, z) = 1

jωεo

∂

∂z

I(z)

2πρ

−→ρ 0

and the rotation of the E field we find the following relation
for Ez:

∇ × −→
E = −jωμo

−→
H

= ∂Eρ

∂z
− ∂Ez

∂ρ
= jωμo

2πρ
I(z)

∂

∂ρ
Ez(ρ, z) = 1

jωεo

d2

dz2
I(z)

2πρ
− jωμo

2πρ
I(z)

which yields:

Ez(ρ, z) = 1

2π

[
1

jωεo

d2

dz2
I(z) − jωμoI(z)

]
ln

(ρ

a

)
(A5)

by enforcing the boundary condition Ez(a, z) = 0.
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