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Abstract – While the analytical and numerical tools for
determining the basic properties of a variety of antenna
types have been long-established, there remains some
continuing curiosity about how electromagnetic radia-
tion is launched by such a simple antenna as a dipole.
The following article discusses this problem in both the
frequency domain and time domain. The sinusoidal cur-
rent filament (SCF) is investigated first as a prototype of
a wire dipole. The length-wise distribution of radiated
power for the SCF is obtained from the distributed radia-
tion resistance of Schelkunoff and Feldman, the induced
electromotive force (IEMF) method, and the far-field
analysis of radiation sources (FARS) developed by the
author.

The FARS approach is next used to analyze a
frequency-domain numerical model of a dipole antenna,
producing results similar to those for the SCF for a dipole
of near-zero radius. Differentiating the decaying on-
surface Poynting vector (PV) produces results compa-
rable to those from FARS to explicitly demonstrate the
power loss caused by radiation of the propagating cur-
rent and charge. The lobed distributed radiated power
is shown to be closely correlated with the square of the
dipole current, confirming the cause of the radiation to
be due to a partially reflected charge as the current and
charge form standing waves on the dipole. Application
of a time-domain version of FARS yields a smoothed
length-wise distribution of radiated energy as opposed
to the lobed variation of the frequency domain.

Index Terms – Charge reflection, dipole radiation, dif-
ferentiated Poynting vector (DPV), distributed radiation
resistance, far-field analysis of radiation sources, IEMF
method, NEC, Poynting vector, sinusoidal current fila-
ment, TWTD.

I. INTRODUCTION
How electromagnetic fields are radiated from such

a simple antenna as a wire dipole seems to have been
periodically revisited over the years. Perhaps, the first
discussion related to this problem is due to Poynting
who introduced the concept of electromagnetic power

flow with a vector that bears his name. Streamline plots
of Poynting vectors (PVs) near a dipole reveal the flow
of power from the feedpoint along the antenna where
they successively leave the antenna to become far-field
radiation [1]. Computation of the power flow along the
antenna exhibits a monotonic decrease down the arms of
the dipole to its ends where the charge is reflected and
the current becomes zero.

While the PV streamlines reveal a tantalizing image
of power flow extending from the antenna feedpoint to
the far field, their interpretation can be misleading. If the
streamlines are constructed such that each represents the
same amount of power flow, each will reach a different
point on the far-field sphere with their angular separa-
tion dependent on the radiation pattern. Tracing them
back to the dipole itself, each seems to bend away from
it along its length at a different location. This might be
interpreted to mean that a given angular steradian on the
far-field sphere receives its power solely from a particu-
lar and different area of the antenna.

But numerical evaluation of the electric and mag-
netic fields around the antenna at any specific angle
and distance involves integrating over its entire surface.
This implies, to the contrary, that the charge and cur-
rent distribution over the entire antenna potentially have
some effect on the radiation at any given location in the
far field. These two observations cannot both be true.
Thus, some other interpretation is needed to establish
the quantitative origin of where and how radiated power
originates from over the antenna. The purpose of the
following discussion is to provide some different ways
of doing so. Two different but related kinds of radiat-
ing sources are considered: the sinusoidal current fila-
ment (SCF) and a dipole antenna consisting of a perfect
electric conductor (PEC). This paper is motivated in part
by a recent article by Jackson [1] who referred to the
radiation emitted by a dipole antenna saying it somehow
“ultimately shakes free” as the current propagates down
its length.

The following discussion provides physical and
computational demonstrations for how, why, and where
the radiated power leaves, or shakes free, from the
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dipole. This is done using various analytical pro-
cedures to determine the radiated-power density on a
per-unit-length basis. The dipole results are obtained
using Numerical Electromagnetics Code (NEC) [2], a
well-validated computer model based on the thin-wire
electric-field integral equation solved using the method
of moments [3]. The moment method, widely used in the
engineering electromagnetics community, involves sam-
pling an unknown source such as a current distribution
using basis functions and sampling boundary conditions
using testing functions. While this procedure is represen-
tative of any electromagnetic numerical model, whether
formulated using the differential or integral forms of
Maxwell’s equations, it has come to be typically asso-
ciated with an integral-equation formulation.

While modeling linear objects such as wires, 6-
10 samples per wavelength usually provide acceptably
accurate results, the numerical results that follow use
20 samples per wavelength. This higher sampling rate
is used for both the SCF and NEC dipole to ensure an
acceptable accuracy for the far-field results and for their
numerical comparisons. Note that the spatial density
of the emitted radiated power in the frequency domain
(FD) or radiated energy in the time domain (TD) can be
expressed in two ways. One is on a per wavelength basis
(FD) or on a per segment basis for either domain. The
total power or energy can conveniently be normalized to
1 W or 1 J, respectively.

II. THE SINUSOIDAL CURRENT
FILAMENT

The SCF has served as a surrogate for a wire antenna
in the pre-computer era. It has the advantage of hav-
ing closed-form expressions for its near and far fields
and it closely approximates the current on an actual PEC
thin-wire dipole. In a 1942 article [4], Schelkunoff and
Feldman introduced the concept of a distributed radia-
tion resistance, Rrad,SF (x). Their analysis used the SCF
as an analytical model

I (x) = Io sin [k (L−|x|)] ,−L≤ x≤ L, (1)
while conducting experimental measurements to con-
firm their results using a wire antenna. They derived an
expression for Rrad,SF given by

Rrad,SF (x) =
60L

L2− x2 , (2)

where they restricted the length 2L of the antenna to an
integral number of half-wavelengths and the feedpoint is
at a current antinode. Further examination of their work
[3] shows that eqn (1) can be generalized to

Rrad,SF (x) = 30
1

sinβ (L−|x|)[
sinβ (L− x)

L− x
−2

sinβx
x

cosβL+
sinβ (L+ x)

L+ x

]
.

(3)

The radiated-power density is then given by

prad (x) =
1
2

I2 (x)Rrad,SF (x) = 15I

(x)
[

sinβ (L− x)
L− x

−2
sinβx

x
cosβL+

sinβ (L+ x)
L+ x

]
.

(4a)
In the following discussion, both the SCF and wire

dipoles are divided into N equal-length segments for
numerical purposes using the method of moments [3].
The radiated power per segment of an SCF having N seg-
ments of length 2L/N is then

prad/seg (xi) =
1
2

I2 (xi)Rrad,SF (xi)∆x, (4b)

where ∆x is the segment length. This expression provides
a useful confirmation for two other methods described
below to obtain the spatial distribution of power radiated
by the SCF.

The SCF distributed radiation resistance Rrad,SF (x)
from eqn (3) varies with its length L due to the slope dis-
continuity in the current that can occur at the origin x
= 0. The SCF current in the range −1 ≤ x ≤ +1 for L
= 10l/2 or 5.0l wavelengths and L = 11l/2 or 5.5 wave-
lengths is plotted in Figure 1 with N = 101 and 111 seg-
ments, respectively. This value of N was used to produce
a symmetric distribution about the origin. The current
slope at the origin for L = 5.0 has a sharp discontinuity
at the origin, while for L = 5.5, there is no slope dis-
continuity. The distributed radiation resistances for these
two cases are plotted in Figure 2. The 5-wavelength SCF
becomes infinite at the origin, a point necessarily omitted
in the plot. The 5.5-wavelength SCF, on the other hand,
exhibits a smooth minimum there.

The radiated-power density from eqn(4) is plotted in
Figure 3 where a striking difference is seen between the
two SCF lengths. The current-slope discontinuity at the
origin for the 5-wavelength case and the corresponding
peak it causes in the Rrad,SF (x) results in a sharp dou-
blet in the radiated-power distribution. This doublet in

Fig. 1. The center portions of sinusoidal current fila-
ments an even and odd number of half wavelengths long.
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Fig. 2. The distributed radiation resistances from
Schelkunoff and Feldman of sinusoidal current filaments
an even and odd number of half wavelengths long.

radiated power is due to charge-density maxima caused
by the current-slope discontinuity at the origin. Simi-
lar but smaller effects occur for other SCF lengths while
becoming zero only when n is an odd integer. The lobed
structure of the radiated power will be explained after
results for a dipole antenna are also presented.

Another way to determine the radiated-power dis-
tribution for the SCF is the induced electromotive force
(IEMF) method. The IEMF method involves using
the tangential electric field Ex (x) along the SCF as
given by

Ex (x) =
jηoIo

4πkρ

e− jkr

r{
k cos(kx)− (1+ jkr)

(x− x)2

r2 [sin(kx)]

}x=L

x=−L

. (5)

Having the field along each current segment the
associated supplied power for segment i can then be
obtained from

pIEMF/seg (xi) =
1
2

∫
∆xi

I (x)Re [Ex (x)]dx

≈ 1
2

I (xi)Re [Ex (xi)]∆x. (6)

Note that the IEMF result is an input quantity and
so is opposite in sign to a positive radiated power. For
comparison purposes here, however, the IEMF results
are plotted as a positive quantity.

The IEMF power results from eqn (6) for the
5.0- and 5.5-wavelength SCFs are compared with the
Rrad,SF (x) results of Figures 3 and 4 where they can
be seen to be graphically indistinguishable. Concern-
ing this agreement, it is worth noting that eqn (5) can be
written as

prad/seg (xi) =
1
2

I2 (xi)Rrad,SF (xi)∆x

=−1
2

I (xi)Ex (xi)∆x≈−pIEMF/seg (xi) (7)

Fig. 3. The distributed radiated-power densities per seg-
ment for sinusoidal current filaments an even and odd
number of half wavelengths long from eqn (5).

and that the two methods are essentially equivalent. This
result confirms the validity of the distributed radiation-
resistance concept of Schelkunoff and Feldman.

An alternate approach to evaluating the radiated-
power distribution of the SCF is far-field analysis of radi-
ation sources (FARS) [4]. As its name implies, FARS is
based on the far field that for the SCF can be written
as [5]

Erad,θ (θ) = jηo
Ioe− jkr

2πr

[
cos(kLcosθ)− cos(kL)

sinθ

]
,

(8a)
or

Erad,θ (ϑ) = jηo
Ioe− jkr

2πr
1

sin(θ)[
e( jkL)cos(θ)+ e−( jkL)cos(θ)−2cos(kL)

]
(8b)

where Erad,θ is the θ component of the electric field.
Note that the bracketed terms in eqn (8b) have the
appearance of three point sources located at the ends and
center of the SCF. This has led to speculation that the
SCF radiates from only those three locations, but this is
not the case as shown by Figure 3 and elsewhere [6] due
to the sin(θ ) in the denominator of eqn (8).

The implementation of FARS involves evaluating
the far radiated field in a slightly modified way com-
pared to the usual computation of the radiated power
from some object. This is done by developing the far-
field power on an incremental basis in the context of the
moment method. The incremental FARS power, pi,FARS
(θ ,ϕ) for segment si in observation direction θ ,ϕ is

pi,FARS(θ ,ϕ) = limr→ ∞(
r2 1

2η
Re [ei (θ ,ϕ) ·E∗ (θ ,ϕ)]

)
(9)

where ~ei (θ ,ϕ) is the electric field due to source (or
segment) i and η is the medium impedance while the
total electric field for N sources or segments, denoted by
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Fig. 4. TheI2(x)Rrad ,SF (x) and IEMF distributed
radiated-power densities for sinusoidal current filaments
an even and odd number of half wavelengths long.

E (θ ,ϕ), is

E(θ ,ϕ) =
N

∑
1

ei (θ ,ϕ) . (10)

The total power contributed by segment i, denoted
as Pi,FARS, comes from integrating the incremental result
pi,FARS(θ ,ϕ) over all θ ,ϕ to obtain

Pi,FARS =
∫

π

0

∫ 2π

0
pi,FARS (θ ,ϕ)sinθdθdϕ, (11)

as the total power coming from segment i.
Finally, the total radiated power is obtained from

integrating the Pi,FARS samples over all N sources, or

PFARS =
N

∑
1

Pi,FARS. (12)

Note that the FARS computation differs from a con-
ventional evaluation of the total far-field power only in
defining the intermediate quantity Pi,FARS, the individ-
ual contribution of each incremental source, to the total
radiated or scattered power. Note also that there is no
constraint that each Pi,FARS be positive, with a negative
value indicating that a particular segment is reducing the
total radiated power.

III. THE NEC DIPOLE
Next considered is a comparison of FARS results for

the SCF and an NEC-modeled dipole antenna presented
in Figure 6. The NEC radiated power is slightly less than
that for the SCF since the NEC current decays in ampli-
tude away from the feedpoint.

The normalized, on-surface real component of the
PV for a 10-wavelength NEC dipole is shown in Fig-
ure 7, as computed from the conjugate product of the
wire charge density and current divided by 2. A longer
dipole is used here to exhibit more clearly the decay in
power flow along the dipole due to radiation. Power flow
to the right is shown as positive and to the left is shown as
negative in this graph. The normalized complex current

Fig. 5. The IEMF and FARS distributed radiated-power
densities for sinusoidal current filaments an even and odd
number of half wavelengths long.

Fig. 6. A comparison of the FARS radiated-power den-
sity for a 1-A, 5-wavelength sinusoidal current filament,
and an NEC dipole having a current maxima of 1 A.

Fig. 7. The normalized on-surface Poynting vector
PV j j(x) along a center-fed, 10-wavelength dipole.

on the dipole is plotted in Figure 8 where the real part
decays substantially more than the quadrature, or imagi-
nary, component.

There is a slight oscillation in the PV of Figure 7, the
effect of which is emphasized by differentiating it to pro-
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Fig. 8. The normalized complex current on a 10-
wavelength dipole antenna.

Fig. 9. Normalized DPV and FARS radiated-power den-
sities for a 10-wavelength, center-fed dipole.

Fig. 10. FARS power densities for a 9.5-wavelength SCF
and NEC dipole with maximum currents of 1 A.

duce the loss rate of radiated power with distance from
the feedpoint as presented in Figure 9. Also included
for comparison is the FARS radiated-power density, with
the end maxima of the differentiated PV (DPV) normal-
ized to the FARS result. Observe that the FARS result,
being based entirely on the far field, does not explic-
itly include the effect of the input power provided by
the exciting voltage at the antenna feedpoint as does the

Fig. 11. The energy densities of dipoles of 151-301 0.1-
m long segments excited by a Gaussian voltage pulse.

IEMF method. The agreement between the two methods
for determining the quantitative absolute (FARS) or rel-
ative (DPV) radiated-power distribution is within a few
percent, providing mutual validation for both.

FARS results for an NEC dipole of decreasing radius
were obtained for comparison with an SCF [3]. The NEC
results converged to within 1% of the SCF values for a
dipole radius of 10−20 wavelengths.

FARS has also been implemented in the TD [7,
8] using the computer model thin-wire time domain
(TWTD) [9]. A result for several dipoles of differ-
ent lengths with center feedpoints is presented in Fig-
ure 11 where the excitation is a Gaussian pulse with
a half-amplitude width of about 13 time steps, ∆t, and
with the segment length ∆x = c∆t. The energy den-
sity is a smooth function of position in contrast with the
frequency-domain result.

A comparison of a 10-m center-fed dipole radiating
1 J in the TD, a normalized version of the 101-segment
curve of Figure 11, and a 10-wavelength dipole radiating
1-W in the FD is shown in Figure 12. The standing-wave
nature of the frequency-domain dipole presents a distinc-
tive contrast compared with the time-domain result.

IV. ACCELERATED CHARGE AND
RADIATION

Three methods for determining where and how
much radiation originates from an SCF have been pre-
sented above: the Schelkunoff-Feldman radiation resis-
tance, a closely related procedure, the IEMF method, and
FARS. Two, the DPV and FARS, have been shown to
provide the same kind of information for a PEC dipole.
Since charge acceleration is known to be the cause for
electromagnetic radiation, the question remains about
where and why does this occur on a PEC object? The
answer to this question for an SCF is clear: Being a
purely standing wave with zero net power propagation
along its length, charge is accelerated due to an applied
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Fig. 12. Comparison of frequency-domain and time-
domain FARS for a 10-m center-fed dipole radiating a
total power of 1 W or energy of 1 J, respectively.

electric field as demonstrated by the IEMF method, with
the result corroborated by FARS.

Where charge acceleration occurs on a PEC needs
some further discussion. It is clear that charge is set into
motion, or accelerated, at the feedpoint where an excit-
ing electric field is applied. In addition, the current goes
to zero at the ends of a finite-length antenna where the
charge is completely reflected and is thus consequently
accelerated, as well. But both the frequency-domain and
time-domain versions of FARS show that radiation and
accompanying charge acceleration must occur all along
the interior length of a dipole. So the question to be con-
sidered is what is the cause of this interior acceleration.

A related phenomenon provides the answer. It has
been observed that the current propagating down a wire
of constant radius decays in amplitude, with the cause
being attributed to power loss due to radiation. This
result of this decay is exhibited by the on-surface PV in
Figure 7 where the power flow decays in an oscillatory
but monotonic fashion with increasing distance from the
feedpoint. Because charge is conserved, the conclusion
follows that some portion of the outward-propagating
charge and current is reflected back toward the feedpoint.
This reflection and associated charge acceleration thus
account for the radiation that takes place down the arms
of the dipole antenna.

This raises the additional question about what
causes the charge reflection itself to occur. It is known
that the total current on an infinite biconical antenna is
independent of distance from the feedpoint [5], i.e., there
is no reflection because the bicone wave impedance is
independent of position. An infinite wire or cylinder
of constant radius by contrast has a variable, distance-
dependent, wave impedance and so a partial reflec-
tion of a propagating current occurs. This accounts
for what can be described as “propagation radiation”
as shown by the FARS results in Figures 9 and 10

Fig. 13. The magnitudes of the standing-wave current
and charge distributions on half of a 10-wavelength,
center-fed dipole antenna.

where radiation lobes occur at half-wavelength inter-
vals. On the other hand, for a dipole antenna excited
by a short-pulse electric field, there is no standing wave.
Instead, the propagation radiation is a smooth, contin-
uous curve extending between the feedpoint and wire
ends as shown in Figures 11 and 12 as obtained using
TWTD [9].

The cause of the lobed, standing-wave radiation
power in the FD is simply explained. The counter-
propagating sine waves of current and charge produce
standing waves of the kind shown for one-half of a 10-
wavelength dipole in Figure 13. The peaks and minima
of the current and charge magnitudes are interleaved.
The plot of the FARS radiated-power density and the
square of the normalized current in Figure 14 shows that
their lobe maxima are aligned. This is because current
maxima are produced when opposite-signed, counter-
propagating charge waves meet. The partial reflection
of opposite-signed charges moving in opposite direc-
tions produces additive radiated electric fields, resulting
in the FARS maxima. Charge maxima, on the other hand,
occur when same-signed charge waves meet. Their par-
tial reflections produce canceling radiated electric fields
that result in FARS minima. These results demonstrate
why and where the radiation originates from the PEC
dipole.

Observe that the effective propagation speed of the
current and charge waves on the PEC wire is approxi-
mately at the speed of light in the medium in which the
dipole is located, a fact that deserves some additional dis-
cussion. Observe that when modeling in the TD, charge
and current pulses are found to move at approximately
the speed of light along a uniform-radius, straight wire.
However, this phenomenon does not require any physi-
cal charge to move at near-light speed. Instead, it arises
from the fact that the fields launched from the feedpoint
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Fig. 14. The FARS power density in W/wavelength
for a 10-wavelength, center-fed dipole together with the
square of the current normalized to the inner FARS lobes.

of an impulsively excited wire propagate along the wire
near or at the speed of light of the medium in which the
wire is located. The magnetic and electric fields asso-
ciated with these pulses must terminate on the wire as
required by the boundary conditions of a PEC. This pro-
cess can be analogized in various ways [9] or as a row of
falling dominos. Each domino moves very little but with
the overall effect propagating along the entire row.

Since the tangential electric field on the wire sur-
face is zero, there is only a radial field that terminates
at the charge on its surface. Similarly, since the normal
magnetic field on the wire surface is zero, there is only a
tangential, or azimuthal, magnetic field that terminates at
the current on its surface. Thus, the moving charge and
its accompanying current are attached to the propagating
fields. When the field propagation is interrupted by ends,
bends, loads, junctions, etc., some or all of the propagat-
ing fields and Q/I pulses are reflected with the reflected
field lines developing bends as discussed in Chapter 2.

While the magnetic field lines are closed around a
wire antenna since there is no magnetic charge, the radi-
ated electric fields from finite objects must eventually
form closed lines as well to “break off” from it. This
is easily visualized for an impulsively excited object in
the TD. After enough time has passed, the object must
return to overall charge neutrality which means that there
are no remaining electric or magnetic fields attached to
its surface. Closure of the electric fields occurs when
opposite-signed charges can neutralize each other as they
pass moving in opposite directions.

It is reasonable to ask whether the equivalent sources
used in boundary-value problems match physical real-
ity, i.e., whether their computed results match measure-
ments. The computed radiated fields have been found
to match the measured radiation and scattering pat-
terns within their respective numerical and experimen-
tal uncertainties since the beginning of electromagnet-

ics as a discipline. Measurements of near-field interac-
tions and input impedance are somewhat more experi-
mentally difficult to determine, but they also have con-
firmed analytical and computational results. One of the
more demanding checks on computations is measure-
ment of the source distribution on an object. Examples
of frequency-domain measurements for current distribu-
tions can be found in the literature such as 10–15.
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