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1. Introduction

During the last few years, a number of articles have appeared in
the publications of this Society that deal with the radiation

from simple filamentary current distributions and simple wire
antennas [1-6]. The purpose of these articles generally is to add to
the physical understanding of the process of radiation: that is, to
add to the understanding of where radiation originates on these
structures, and the mechanism by which energy propagates away
from the structures to the far zone.

In an earlier article, we examined the radiation from two sim-
ple filamentary current distributions: traveling-wave and uniform
[3]. The radiated or far-zone electric field was computed for an
excitation that was a Gaussian pulse in time. Two interpretations
for the origin of the radiation were presented, based on the far-field
results, In this article, we continue this investigation; however, the
emphasis is on an examination of the near field and the related
transport of energy away from the current filament. In this article,
we examine traveling-wave and standing-wave current distribu-
tions, because these distributions are frequently used to model
practical antennas.

Exact analytical expressions are presented for the electric and
magnetic fields of the assumed, filamentary current distributions
when the excitation is a general function of time. For the filamen-
tary distributions, the current and charge arc confined to a line (a
line source). There is no radius associated with the filament. The
expressions for the fields apply in both the near and far zones, and
are used to determine the Poynting vector. For an excitation that is
a Gaussian pulse in time, exact analytical expressions are obtained
for the energy leaving the filament per unit time per unit length,
the total energy leaving the filament per unit length, and the total
energy radiated. Graphical results based on these expressions are
used to study the encrgy transport from the filamentary current
distributions.

At the end of the article, the results for the standing-wave
current distribution are compared with those from an accurate
analysis of a pulse-cxcited, cylindrical monopole antenna, per-
formed using the Finite-Difference Time-Domain (FDTD) method.
This comparison shows how the energy transport for the assumed
current distribution is related to that for an actual antenna.
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2. Electromagnetic Fields of
Two Filamentary Current Distributions

The geometry and the associated coordinates for the travel-
ing-wave current distribution, which we call the traveling-wave
element, are shown in Figure la. The eclement, of length A, is
aligned with the z axis. There is a sourcc of current [_‘.(t) at the
bottom of the element, and there is a perfect termination at the top
of the element. A traveling wave of current leaves the source and
propagates along the element at the speed of light, ¢, until it
reaches the termination, where it is totally absorbed. The distribu-
tion for the axial current is

Hz1)=1,(t-2/c)[U(z)-U(z-h) ], )

and, from the equation of continuity for electric charge, the charge
per unit length on the element is

0(z,1)=0, (t—z/c)l:U(z)—U(z —h)] +qo(6)8(2)+q;, (1)5(z =),

@)
where
0, ()=1,(1)/e,
!
qo{t)=- J 1.("dt',
{'=—0
t
qy (£) = I I (t'=hfc)dr" . 3)
{=—c

Here, U is the Heaviside unit-step function, and & is the Dirac
delta function. The three terms in Equation (2) represent a travel-
ing wave of positive charge, Q. , propagating along the element at
the speed of light; a negative charge, ¢, that is left behind at the
lower cnd as the pulsc of positive charge leaves the source (the
element is electrically neutral); and a positive charge, ¢, that

accumulates at the upper end as the pulse enters the termination.
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Figure 1a. A schematic drawing showing the traveling-wave
element with the coordinates used in evaluating the
electromagnetic field.
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Figure 1b. A schematic drawing showing the standing-wave
dipole with the coordinates used in evaluating the
electromagnetic field.

The geometry and the associated coordinates for the stand-
ing-wave current distribution, which we call the standing-wave
dipole, are shown in Figure 1b. This terminology is used because
the distribution becomes the familiar standing wave when the
excitation is time harmonic. It is a dipole with the arms (each of
length A4) aligned with the z axis. There is a source of current,
I (/) at the center of the dipole (z=0). The source produces a

traveling wave of current (a pulse of positive charge) that propa-
gates at the speed of light up the top arm of the dipole. A similar
traveling wave of current (a pulse of negative charge) propagates
down the bottom arm of the dipole. These waves are totally
reflected when they rcach the open ends of the dipole at time
t =17, = hfc. This produces traveling waves of current that propa-
gate on the arms from the open ends toward the source. These
waves are totally absorbed when they reach the source at time
t =2z, =2h/c. The distribution for the axial current is
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I(z,t)=[[s (t-z/c)-1, (t+z/c—2h/c)][U(z)—U(z—h)]
+[Is (t+z/c)—]s(t—z/c—Zh/c)][U(z+h)—U(z)],
(4)

and the charge per unit length on the dipole is

Q(z,t) :[QS. (t—z/c)+QS(l +z/s—2h/c)][U(z)~U(z—h)]
—[QS (t+z/c)+Q, (- z/c—2h/c)][U(z+h)~U(z)].
&)

As discussed in reference [7], the standing-wave dipole can
be can be viewed as a combination of four basic traveling-wave
elements. Two elements are arranged to produce outward-traveling
waves on the arms, starting at time =0, and two elements are
arranged to produce inward-traveling waves, starting at time
t=1, =h/c. This representation is easily understood by compar-
ing the current distributions given in Equations (1) and (4): Equa-
tion (4) is the sum of four terms, each with the same form as
Equation (1). Notice from Equation (5) that there is no accumula-
tion of charge at the center or ends of the standing-wave dipole as
there is for the traveling-wave element of Equation (2). For the
standing-wave dipole, equal amounts of positive and negative
charge simultaneously leave or enter the source, and the traveling
waves of charge are totally reflccted at the open ends.

The complete electromagnetic field (both the near field and
far field) of these current distributions can be obtained in closed
form. The derivation is presented in reference [8], so only the final
results will be given here. The field for the traveling-wave element
is

-, 1 —rfc) . qp{t—mn/c).
E(r’t):?go[%(iz / )r+ 41 ( rlz// )rh
. cot(G/Z)IA.(t~r/c)évcot(0,1‘/2)ls (t—h/c—r,,/c)é
cr o, i
(6)
é(;,l):%{cot(gﬂ)ﬁ (t—r/c)
_cot(ﬂ,,/Z)Is(z—h/c—r,,/c) .
) ¢, ™

and the field for the standing-wave dipole is

E‘(F,t) ZTI:I(S);T&{[IS (t-rfc)+1, (I—Zh/c—r/c)}é

—[S,(t—h/C~I7,/C) é/z _]S (tﬁh/c_r—h/c) é~/1}’ (8)

B(#,6)= ﬁ?“" (t=rfc)+1,(t=2hfc-r/c)

~I(t=hjc—nfe)~I(t=hlc=r,[c)]d. (9

There are three spherical coordinate systems used in the descrip-
tion of these fields: they are shown in Figure 1. For the standing-
wave dipole, they are the system 7,0,¢, with origin at the center
of the dipole; the system 7#,,6;,¢, , with origin at the top of the
dipole; and the system r_;,,60_,,¢_,, with origin at the bottom of
the dipole. The azimuthal coordinate is the same in all systems, so

Pr=0_,=9.
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Figure 2. A plot of the Poynting vector for the traveling-wave
element at the time ¢/7, =2.5: the right side is the magnitude,
the left side shows the vectors. Logarithmic scaling is used for
both sides.
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Figure 3. A plot of the Poynting vector for the standing-wave
dipole at the time /7, =2.5: the right side is the magnitude,
the left side shows the vectors. Logarithmic scaling is used for
both sides.
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In the limit as » — o, Equations (6)-(9) simplify to become
the radiated or far-zone field [7, 8]. For the traveling-wave ele-
ment, the electric field is

- Hocsiné
=il (-
B () 4nr(l—cos€){ (=)

~I,[t=rfc-(hfc)(1-c0s0) 10, (10)
and for the standing-wave dipole, the electric field is

E‘r(F,t) =27:%{1S (t=rfc)+ 1 (t=r[c—2h/c)
~I[t=rfe—(hfc)(1-cosb) ]I, [t—r/c—(h/c)(l+cos€)}}6h’.
1n

For both distributions, the radiated magnetic field is simply

B"(f,¢)=lfxE"(7,x). (12)
c
Notice that the superscript » is used to indicate the radiated or far-
zone field.

In the calculations that follow, the current of the source is
assumed to be a Gaussian pulse of the form

1) =1pe ) (13)

where 7 is the characteristic time. For all numerical results, we will
use 7/7, =0.076; then, the width of the pulse in space is approxi-

mately one fourth of the length of an element (four pulses fit along
the length 4).

The expressions for the clectric and magnetic fields of the
current distributions, Equations (6)-(9), apply at any point not
directly on the filament. Therefore, we can use these expressions to
calculate the Poynting vector in the space surrounding the fila-
ment:

S’(F,t)=i§(?,t)xl§(?,t). (14)

Figures 2 and 3 show the Poynting vector for the field of the trav-
eling-wave element and of the standing-wave dipole, respectively,
at the time #/7, =2.5. In these figures, the Poynting vector is not
plotted within a narrow region adjacent to the filaments, specifi-
cally, for p < 0.15h, where p is the radial distance from the fila-

ment, because — as we will show later — the Poynting vector
becomes infinite at the filaments. On the right-hand side of these
figures, the logarithm of the magnitude of the Poynting vector,

[§1, is plotted on a color scale. The intensity of the field increases
as the hue goes from blue to red, and the range for the values of
| S| displayed is 10%:1. On the left-hand side of these figures, the
arrows indicate the direction of the Poynting vector, and the length
of an arrow is proportional to the logarithm of | S |.

For the traveling-wave element, a spherical wavefront, 17,
centered at z =0, is produced when the pulse leaves the source,
and a second spherical wavefront, W,, centered at z =4, is pro-

duced when the pulse is absorbed by the termination. These wave-
fronts travel outward from the ends of the element at the speed of
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light. For the standing-wave dipole, there are four spherical wave-
fronts: W], centered at z =0, is produced when the pulses leave
the source; W, and W,, centered at z=h and z=-h, respec-
tively, are produced when the pulses are reflected from the open
ends; and W;, centered at z=0, is produced when the pulses are
absorbed at the source. For all of the wavefronts, the Poynting
vectors are seen to be predominantly normal to the wavefront.
Notice that the energy is not distributed uniformly over a spherical
wavefront, but is concentrated in certain regions. This can be
clearly seen in Figure 2 for the traveling-wave element, where the
concentration of energy is highest for wavefronts W, and W,
within the red areas at the angle 8 ~ 20°.

It is not surprising that the graphical results in Figures 2 and
3 show spherical wavefronts centered on the source and ends of the
filaments, for the formulas for the electromagnetic field, Equa-
tions (6)-(9), directly support this interpretation. Consider the for-
mula for the electric field of the traveling-wave element of Equa-
tion (6). The first and third terms in this formula involve only the
radial distance, r, from the source (not #,), and the time delay,
t—r/c. Thus, these terms can be interpreted as spherical waves
centered on the source, z=0. The second and fourth terms in this
formula involve only the radial distance, 7, from the termination
(not 7), and the time delay, t—#,/c or t—hfc—r,/c. Thus, these
terms can be interpreted as spherical waves centered on the termi-
nation, z = 2. A similar argument can be used with the formula for
the electric field of the standing-wave dipole, Equation (8), once
one recognizes that »sin@ =7, sind), =r_siné_,.

3. Total Energy Radiated by the
Filamentary Current Distributions

The total energy radiated by a filament is determined by inte-
grating the normal component of the Poynting vector for the radi-
ated field, §*, over the surface of a large sphere surrounding the
filament and over all time:

P oo
E'| rsinfd8dt

w by T
Urgg =27 I I 748" r2sinOd Odt = el 'f I
t=—006=0 %o o0 0=0

(15)

where o =./ty/&, is the wave impedance of free space. Surpris-

ingly, this expression can be evaluated in closed form for both cur-
rent distributions when the source current is the Gaussian pulse of
Equation (13) (see Appendix A). For the traveling-wave element,
we obtain

_40“5{ _ 2
md_4\/2—ﬂ_ 1% 2+ln[2(ra/r) :|

e E R B P /rﬂ}, (16)

and for the standing-wave dipole
Soeld
Vid

\[2_ ({7 + ln[2(1a /z—)z}}{l + exp[_z (,[a /2_)2]}

+E; [2 (7 /7)2} —exp [—2 (7, /r)z} Ei[Z (7, /2’)2 :|) .
17

U

Urag =
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Figure 4. The total energy radiated by filaments excited by a
Gaussian pulse of characteristic time 7, 7, =//c.

Here, ¥ =0.57721... is Euler’s constant, erf is the error function,
and E; and Ei are exponential integrals [9].

In Figure 4, the total energy radiated is plotted in normalized

form,
&,ol?
U, =U, 200 |/ 18
rad n md/[6 (—27[ (18)

versus the parameter 7,/7 = h/cr, which is the time for light to
travel the length £ divided by the characteristic time for the pulse.
For both distributions, traveling-wave and standing-wave, the total
energy radiated is seen to increase monotonically with increasing
7,/t (with increasing length of the element or dipole). This
behavior is easily explained. Consider the spherical wavefront
for the traveling-wave element, shown in Figure 2. This wavefront
originated at the source end of the element. As the wavefront
expanded, it stayed in contact with the element for the length of
time 7,. During this time, energy continually left the element and
entered the wavefront (this will be shown explicitly in the next
section, Figure 6). Hence, an increase in 7, / 7 causes an increase
in the energy within the wavefront and an increase in the total
energy radiated.

When the filaments are electrically short, that is, in the limit
7,/7 — 0, the energies are
2 .
Uradn ~(7,/7)", traveling-wave element, (19)

Upadn ~ 12(7, /r)4 , standing-wave dipole. (20)

Notice that these energies differ by a factor of (z,/ r)2. This differ-

ence is explained when we recall the relationship between the
Poynting vector of the radiated field, which appears in Equa-
tion (15), and the electric dipole moment, p, of these clectrically
short filaments [7]:
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1§ | d’p 2@ L d(z=0,0) 2@ (&]Z dr(z=01)
dt* dt T d(t7)
1)

So, for the traveling-wave element with the current of Equa-
tion (1), we have

(e, Va0 T
o= (2[5 -

and for the standing-wave dipole with the current of Equation (4),
we have

I L 4(& jz di(0)  di(e=2h/e) |
T ) | d(r) d(t/r)

m4(r_0j2 Q(T_ﬂjﬁ(t_) 2 23)
T T Jd(/r)

4 2
" ( 7, J d*1,(1) ,
v ) Ld@/ry?
which, in agreement with Equations (19) and (20), differ by a fac-
tor of (7, /7)’.

When the filaments are clectrically long, that is, in the limit
7,/7 = 0, the energies are

Uradn ~ 3In(7,/7), traveling-wave, (24)

rad n
Upad n ~121n(7,/7), standing-wave. (25)

Notice that these energies differ by a factor of four. To explain this
difference, we will first consider the plot in Figure 2 for the
Poynting vector of the traveling-wave element. As mentioned ear-
lier, for wavefronts W, and W,, the concentration of energy is
highest within the red areas at the angle 6 ~20°. As the length of
the element is made longer (as 7,/7 is increased), the energy

within these regions increases, and the regions move closer to the z
axis (to a smaller angle #). This effect is probably more familiar
for traveling-wave antennas with time-harmonic excitation, where
the main lobe in the far-field pattern decreases in width and moves
to a smaller angle as the electrical length of the antenna is
increased [7]. For a long element, these regions contain most of the
energy radiated by the element. Now, there are four times as many
regions like this for the standing-wave dipole as there are for the
traveling-wave element. For the standing-wave dipole, shown in
Figure 3, these regions occur where the following wavefronts
overlap: W) and W,, Wy and W;, W, and W,, and W; and W;.
(This is more easily seen in plots for a longer time, //7,, than

shown in Figure 3, when all of the wavefronts have expanded
beyond the dipole.) Therefore, the energy radiated by the standing-
wave dipole is approximately four times that radiated by the trav-
eling-wave element.
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Figure 5. The coordinates for a point P close to the filament of
current, p<h, 0<z <h.

4. Transport of Energy Away from the
Filamentary Current Distributions

Using plots of the Poynting vector, we can examine the trans-
port of energy very close to the filament of current. For this analy-
sis, we will express the Poynting vector, Equation (14), in terms of
the circular cylindrical coordinates p, @, z, centered at the source:

~ ) 1 R .
S=S/,p+SZz:/T(—EZB¢p+EpB¢z), (26)

0
First, we will consider the radial component of the Poynting vec-
tor, S,, in the limit as p — 0. This will be used to determine the
energy leaving the filament per unit time per unit length:

U
lim (2758 27
didz plino( 705, ). @n

To evaluate this expression, we must obtain asymptotic forms that
apply in the limit p — 0 for the distances, angles, and unit vectors
that appear in the expressions for the components of the field,
Equations (6)-(9). For a point z within the range 0 <z </ (see Fig-
ure 5), these forms are

r~z, 6~0,
~(p/z)p+2 0~ p-(p/z)z.
VhNh—Z, 9/X~7[’

h~[p/(h-2)]p-2
}"_h~h+Z, 0;l~0,

p=[p/(h+z)]p+2, 0y ~p-
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When these results are substituted into the expressions for the
field, the Poynting vector is evaluated, and the limit is taken,
Equation (27) becomes, for the traveling-wave element,

AU _ ¢y | 2[1s (- #o)' el (t-2/c)ay (1-7/c)

ditdz  Arx z 2
(29
cly(t-z/c)q, (1~ h/C+z/c)
(h- z)
and for the standing-wave dipole
AU _ gy |[L(e=2/)T NEAGELE Bl
didz 2 z h_2
I, (t - z/c) I, (t—2hfc + z/c) G0)

z(h—z)

i, (t~2h/c—z/c)|:1s (t-z/c)-1, (t—Zh/c+z/c)}}
z(h+z) ’

In Equation (30), we have given the result for the top half of the
dipole; by symmetry, the result for the bottom half is the same.
Outside of the region for which Equations (29) and (30) apply —
that is, for z/h <0, z/ h>1 for the traveling-wave element, and for

|z/k|>1 for the standing-wave dipole — a detailed analysis shows
that dU/dtdz =0

For the special case where the current of the source is the
Gaussian pulse, Equation (13), these expressions become the fol-
lowing: for the traveling-wave element,

i~

V2Uusn | o
[ Eosl s

[22 et -2)e/)] 6D

n

(s |

> {1 +eorf [ (4, +2,-2)(z, /T)]}H,

+(l—zn)

and for the standing-wave dipole,

((ZU ]( 2hrJ 12 C"P{ 2[ (2, -
drdz )\ U g V272U Zp

exp{ 2[(1‘,, ~-2+z,) ]2}

1-2z,

SO

(32)

(s./2)T )

+

(za/7) :| }exp{ [ -2+z,)
w(1-2,)

) /7)) }(exp{ [t -2) (. /r)]z}
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exp{~[(

N

exp {——[(t” -2-z,

+
z, (l +2z,




—exp {—[(z,z -2+ 2,)(x, /1)]2})} .

Here, to produce a dimensionless quantity, we have normalized the
result by dividing by the total energy radiated by the filament,
U, » divided by the length of the filament, 4 (2h for the dipole),

times the characteristic time for the pulse, 7. The normalized posi-
tion z, =z/h and the normalized time ¢, =t/7, = ct/h have also

been introduced.

The total energy leaving a unit length of the filament is
obtained by integrating Equation (27) over all time:

au % du .
;Z—z:[%dtz iphi)no(bzp.gp)dL (33)

ee}

When Equations (31) and (32) are substituted into this expression,
a number of complicated integrals result, all of which can be
evaluated in closed form (see Appendix B). We obtain for the trav-
eling-wave element,

(512) h ) 3 1, 1izf7
dz J\ U Undn | 2o 2V2\7,

(34)

and for the standing-wave dipole,

) el

{cxpl:—Z (Ta/7)2:|"' exp[—Zz,z, (’[‘(l /r)2 :]}J ,

(33)

S S
2y (“'Zn)

where, again, we have normalized the expression to produce a
dimensionless quantity. We will now examine graphical results
obtained from the four formulas: Equations (31), (32), and (34),
(35).

4.1 Traveling-Wave Element

Figure 6 shows the normalized energy per unit time per unit
length, Equation (31), leaving the element as a function of the
normalized position, z/h, and the normalized time, #/7,. This

graph is a series of one-dimensional plots (energy versus spatial
position); each plot is for a fixed time. The plots are vertically dis-
placed by an amount proportional to the time to show the progres-
sion of the signal along the element. Figure 7 shows the total nor-
malized energy per unit length, Equation (34), leaving the element
versus the normalized position, z/A.

From Figure 6, it is clear that as the pulse of current/charge
moves along the element at the speed of light, energy leaves the
element at the location of the pulse. Figure 7 shows that there is a
net amount of energy leaving every unit length of the element. Ini-
tially, an infinite amount of energy leaves the source end of the
element (point A in Figure 6). This supplies the infinite amount of
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energy stored in the field of the negative point charge ¢, Equa-
tion (3), that remains at the source end of the element. It also sup-
plies the infinite amount of energy associated with the pulse of cur-
rent/charge that travels up the element. A detailed calculation
shows that when the pulse is out on the clement, the axial compo-
nent of the Poynting vector, S,, very close to the element is
approximately

%0 [7,(t=2/c)]. (36)

S, (p,z,t)~
2 (p.2.t) anp?

Thus, the energy per unit time passing through a small disc of
radius gy, centered on the filament, is

______ﬁgk —————
( au j ht =——=RBR
dtdz )\ U_,
ti't, =
1
A
0.5
——
0 T =
0 0.2 04 0.6 0.8 1

z/h

Figure 6. The energy per unit time per unit length leaving the
traveling-wave element, /7, = 0.076.

dUldz) | (U_,/h)

zlh

Figure 7. The total energy per unit length leaving the traveling-
wave element, 7/7, = 0.076.
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Figure 8b. The total energy per unit length leaving a cylinder
of radius p =0.24 surrounding the traveling-wave element,

7/, =0.076.

dU 0
- 27zp£0 S,pdp z%[[s (t—z/c):lz[ln( p)]O"O , 37)

which is clearly infinite. An infinite amount of energy also leaves
the termination end of the element (point B in Figure 6). This sup-
plies the infinite energy stored in the field of the positive point
charge ¢, Equation (3), that remains at the termination end of the

element.

The results in Figures 6 and 7 are for a cylindrical surface at
the element, that is, for the limit p — 0. Resulis for a cylindrical
surface of any other radius surrounding the element can be
obtained by numerically evaluating the expressions for the field,
Equations (6) and (7), and the Poynting vector, Equation (26). In
Figure 8a, we show the total energy passing through such a cylin-
drical surface, normalized to the total energy radiated, versus the
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normalized radius of the surface, p/h (see the inset in the figure
for the geometry). As expected, the energy grows without bound
asp/h—0. However, once p/h>0.2, the energy passing
through the surface is nearly constant and equal to the total energy
radiated by the element. Figure 8b shows the energy per unit length
passing through the surface with p/#=0.2 versus the normalized
position, z/h. The energy is spread out over a region that extends
well beyond the ends of the element; however, there are well-
defined peaks near the two ends. By inspection, we see that the
area under this curve is approximately one, which is in agreement

.:‘E
—
2 (dU) 2t %
dtdz )\ U, :gg
1.5
ED

B

L

0 0.2 0.4 0.6 0.8 1
z/h

Figure 9. The energy per unit time per unit length leaving the
standing-wave dipole, z/z, =0.076. The graph is for one half

of the dipole; by symmetry, the result is the same for the other
half.
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Figure 10. The total energy per unit length leaving the
standing-wave dipole, 7/7, = 0.076. The graph is for one half

of the dipole; by symmetry, the result is the same for the other
half.
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Figure 13a. A plot of the Poynting vector for the standing-wave
dipole at the time 7/7, =0.3: the right side is the magnitude,
the left side shows the vectors. Logarithmic scaling is used for
both sides.
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Figure 13b. A plot of the Poynting vector for the cylindrical
monopole antenna at the time 7/, =0.3: the right side is the

magnitude, the left side shows the vectors. Logarithmic scaling
is used for both sides.
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Figure 12. A plot of the Poynting vector for the cylindrical
monopole antenna at the time #/z, =2.5: the right side is the
magnitude, the left side shows the vectors. Logarithmic scaling
is used for both sides.
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Figure 14a, A plot of the Poynting vector for the standing-wave
dipole at the time /7, =1.3: the right side is the magnitude,
the left side shows the vectors. Logarithmic scaling is used for
both sides.
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Figure 14b. A plot of the Poynting vector for the cylindrical
monopole antenna at the time #/7, =1.3: the right side is the

magnitude, the left side shows the vectors. Logarithmic scaling
is used for both sides.
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Figure 11. The geometry for the cylindrical monopole antenna.

with our earlier observation that practically all of the energy pass-
ing through a cylinder with this radius is radiated away.

4.2 Standing-Wave Dipole

Figures 9 and 10 show the normalized energy per unit time
per unit length, Equation (32), and the total normalized energy per
unit length, Equation (35), respectively, leaving the standing-wave
dipole. These graphs are for the top half (arm) of the dipole; by
symmetry, the results for the bottom half are the same. In Figure 9,
we can clearly see that energy leaves/enters the arm of the dipole
near the position of the pulse of current/charge as it travels along
the arm. Initially, an infinite amount of energy leaves the source
end of the arm (point A in Figure 9). This supplies the infinite
amount of energy associated with the pulse of current/charge trav-
eling along the arm, Equation (37). As the pulse approaches the
open end of the arm (z/h~1, t/r, ~1), energy enters the arm
(point B), and then as the pulse leaves the open end of the arm,
energy leaves the arm (point C). When the pulse arrives at the
source end of the arm (z/A~0, t/7, ~2), an infinite amount of

energy enters the arm (point D). Figure 10 shows that there is a net
amount of energy leaving every unit length of the arm, even
though — as Figure 9 shows — at different times, energy can either
leave or enter a particular point on the arm (points C and D),

At the point z/h=0 in Figure 10, the energy per unit length

appears to be zero, but it is not. A detailed calculation shows that it
is

(%), ) breol T

(3%)

which has the numerical value 0.311... for the case shown in Fig-
ure 10.

For the standing-wave dipole, there is no point in making a
graph of the total energy passing through a cylindrical surface sur-
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rounding the dipole, such as the graph shown in Figure 8a for the
traveling-wave element. The graph would simply be a straight line
of value 1.0, because, for the standing-wave dipole, the net energy
passing through a cylinder of any radius is radiated away. Unlike
the traveling-wave element, in the limit ¢/7, -, no point

charges remain at the ends of the arms of the standing-wave
dipole; thus, there is no field around the dipole in which energy is
stored.

The results presented above show that there is a net amount
of energy leaving every unit length of both filamentary current
distributions: the traveling-wave element and the standing-wave
dipole. This energy must supply the energy stored in the near field
of the filament, as well as the energy radiated to the far zone. It is
not possible to say that energy leaving a particular point on the
filament, such as an end, at a particular time contributes only to the
radiated energy. For example, consider an amount of energy AU
that leaves a unit length of the standing-wave dipole near the
source (z/h=0) at a time around #/r, =0. Several things could
happen to this energy. It could contribute directly to the radiation.
It could enter the field near the filament and travel along the fila-
ment until it reaches the open end (z/h=1). At the open end, it
could contribute to the radiation, it could be absorbed back into the
filament, or it could travel down the filament toward the source.

5. Comparison with Results for a
Cylindrical Monopole Antenna

The two filamentary current distributions discussed above are
often used as approximate models for actual antennas. So a reason-
able question to ask is, “How do the results for these models com-
pare to those for actual antennas?” To answer this question, we
will compare the results for the standing-wave dipole with those
for a cylindrical monopole antenna. The results for the monopole
antenna were calculated using the FDTD method. In the past, cal-
culations made for the monopole antenna using this method were
shown to be in excellent agreement with measurements [7, 10].
Therefore, we can safely assume that the results we calculate by
this method are the same as what we would measure for an actual
monopole antenna.

The cylindrical monopole antenna is shown in Figure 11. It is
a vertical, perfectly conducting rod of radius « that extends a dis-
tance # above an infinite, perfectly conducting image plane. The
monopole is fed through the image plane by a coaxial line. For the
results to be presented, the radii of the inner and outer conductors
of the line are a=4/200 [Q=2In(2k/a)~12] and b=2.30a,
and the incident voltage in the coaxial line is a Gaussian pulse with
the same form as Equation (13):

. 2
Vi(e)=Ve ', (39)
with 7/, =0.076.

Figure 12 shows the Poynting vector for the field of the
monopole antenna at the time ¢/7, =2.5; this is to be compared
with Figure 3 for the standing-wave dipole. The plots are very
similar, and clearly show why this assumed current is often used to
obtain a simple description for the radiation from the actual
antenna. The most obvious difference in the plots occurs for the
wavefront W; near the drive point, z/ h=0. This difference is due,

in part, to the pulses in the assumed current being totally absorbed
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when they reach the source at time t/r,~2. For the actual

antenna, only a portion of the pulse of current enters the coaxial
line (is absorbed), and the rest is reflected. The reflection of the
pulses of current at the source can be included in the simple model,
as shown in reference [7], and this would make the agreement with
the FDTD results better. However, the inclusion of the reflection
would unnecessarily complicate the calculations of the energy pre-
sented earlier: Equations (17), (32), and (35).

Additional comparisons of the Poynting vector of the
assumed current (a standing-wave dipole) with that of the mono-
pole antenma are in Figures 13 and 14. In these figures, the
Poynting vector is not plotted within a narrow region adjacent to
the filaments, specifically, for p <0.05%. Figure 13 is for a time

t/r,=0.3, when the pulse has just left the drive point, and Fig-
ure 14 is for a time ¢/r, =13, when the pulsc has just been

reflected from the open end. Again, we scc that the two results are
in good qualitative agreement. In both figures, the Poynting vec-
tors are directed radially outward on a spherical surface, which
indicates that energy is being transported away from both the drive
point and the open end. Notice that therc are differcnces in the dis-
tribution of energy within the colored rings. For example, in Fig-
ure 13, there is a circular, light-blue region near the drive point of
the monopole and no similar region for the assumed current; and in
Figure 14, close to the monopole the colored ring is wider for the
monopole than for the assumed current. These differences are
caused by dispersion (changes in shape) for the pulse of current as
it leaves the coaxial line, travels along the monopole, and is
reflected from the open end; there is no change in shape for the
Gaussian pulse in the assumed current.

Despite the good qualitative agreement shown in these fig-
ures for the Poynting vectors for the assumed current (a standing-
wave dipole) and the monopole antenna, we know that very close
to these two structures the Poynting vectors must be very different.
As can be seen in Figure 9, at every point along the standing-wave
dipole there is a radial component of the Poynting vector at some
time. For the perfectly conducting monopole, the radial component
of the Poynting vector is always zero at the surface of the antenna,
that is, at p=a. Stated differently, energy enters the space sur-
rounding the standing-wave dipole at all points along its length,
whereas energy enters the space surrounding the monopole antenna
only through the coaxial aperture in the image plane. [One could
interpret this result differently. One could say that there is energy
entering and leaving the perfectly conducting monopole at every
point on its surface. However, the energy entering is instantane-
ously equal to the energy leaving, so the net energy passing
through the surface is zero.] To examine this point further, in Fig-
ure 15 we compare the total energy per unit length leaving the
standing-wave dipole and the monopole.

The graphs in Figure 15 show dU/dz , appropriately normal-
ized, versus z/h, for three cylindrical surfaces of differcnt radius
surrounding the structures: (a) p/h=0.0115 (p/b=1.0), (b)
p/h=0.115 (p/b=10.0), and (c) p/h=0.230(p/b=20.0}. The

solid line is for the assumed current (a standing-wave dipole), and
the dashed line is for the cylindrical monopole antenna. Notice that
the vertical axis is logarithmically scaled. For the smallest radius,
Figure 15a, the surface coincides with the outer conductor for the
coaxial line of the monopole. For this case, the two distributions
are very different. The large peak at z/4 =0 in the distribution for
the monopole is caused by the energy leaving the coaxial aperture.
Of course, there is no similar peak in the distribution for the
assumed current. For the larger radii, Figures 15b and 15c¢, the dis-
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Figure 15a. The total energy per unit length leaving through a
cylindrical surface of radius o surrounding the standing-wave
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Figure 15b. The total energy per unit length leaving through a
cylindrieal surface of radius o surrounding the standing-wave

dipole and the cylindrical monopole antenna, p/i =0.115.

10""I""I"'ﬁl""

S E
> i ]
=~ 0lfp 3
s g ]
S L .
T 001 2

k.

L |

0001 b Lo o
0.0 0.5 1.0 1.5 2.0
z/h

Figure 15¢. The total energy per unit length leaving through a
cylindrical surface of radius o surrounding the standing-wave

dipole and the cylindrical monopole antenna, p/h = 0.230.
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tributions for the two structures are very similar. So, we can con-
clude that even though energy leaves the surfaces of the two
structures in completely different ways, once we are slightly away
from the structures — at a radius that is typically 10% to 20% of the
height of the monopole — the distribution of the energy in space is
very similar for the two structures.

6. Discussion and Conclusions

In this paper, we considered the transient radiation from two
simple, filamentary current distributions that are frequently used to
model practical antennas: the traveling-wave clement and the
standing-wave dipole. Exact analytical expressions were presented
for the electric and magnetic fields of these distributions when the
excitation was a general function of time. These expressions apply
in both the near and far zones. For an excitation that is a Gaussian
pulse in time, exact analytical expressions were obtained for the
energy leaving the filament per unit time per unit length, the total
energy leaving the filament per unit length, and the total energy
radiated. Graphical results based on these expressions were used to
study the energy transported from the two filamentary current dis-
tributions. One interesting observation was that there is a net
amount of energy leaving every unit length of both of these current
distributions. For the traveling-wave element, some of this energy
is radiated away from the element, and the rest is stored in the field
of the point charges that remain at the two ends of the element. For
the standing-wave dipole, this energy is all radiated away.

The results for the standing-wave dipole were compared with
those from an accurate analysis of a cylindrical monopole antenna,
performed using the FDTD method. The comparison showed the
similarities as well as the differences in the energy transported
from this simple filamentary current distribution and an actual
antenna.

For the standing-wave dipole, a spherical wavefront, ] cen-
tered on the source, is produced as the pulse of current leaves the
source (¢~ 0). As W cxpands, it stays in contact with the filament
and continually exchanges energy with the filament until it reaches
the open end (¢ ~ 7,,). Then, W] breaks away from the filament and
expands into space. At the same time, a second spherical wave-
front, W, (W, ), centered on the open end, is also produced. As W,
(W;) expands, it stays in contact with the filament, and continually
exchanges energy with the filament until it reaches the source
(t~27,). At this time, a third spherical wavefront, 5, centered
on the source, is also produced. After this time, both W, (W) and
Wy continue to expand. However, there is no further exchange of

energy between these wavelronts and the filament, even though
these wavefronts remain in contact with the filament until they
reach the open ends (¢~ 37,,), because there is no longer any cur-

rent in the filament,

For the cylindrical monopole antenna, energy enters the
space surrounding the antenna through the coaxial aperture when
the incident voltage pulse reaches the end of the transmission line
(¢=~0). At this time, a spherical wavefront, #,, centered on the

aperture, is produced. As W, expands, it stays in contact with the
monopole until it reaches the open end (¢~7,). It then breaks

away from the monopole and expands into space. At the same
time, a second spherical wavefront, I, , centered on the open end,
is also produced. 7, expands until it encounters the image
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plane/aperture (¢~ 27,). At this time, some of this energy in W,

enters the coaxial line where it is absotbed, and some of the energy
in W, goes into the two new wavefronts, 7, and W;. This process

goes on, with new wavefronts continually being produced, until all
of the energy that initially left the coaxial aperture is carried away
by the wavefronts or is absorbed back into the coaxial line.

There are several differences in the descriptions presented
above for the energy transport very close to these twa structures.
Probably the most distinct difference is that energy is continually
exchanged between the current filament and the spherical wave-
fronts as they travel along the filament, whereas no energy enters
or leaves a spherical wavefront through the surface of the perfectly
conducting monopole. Energy enters the space surrounding the
antenna only through the coaxial aperture, and the perfectly con-
ducting monopole simply serves to distribute this energy in space.
Despite these differences, at a small distance from the structures
(typically 10% to 20% of the length /) the energy transport is con-
spicuously similar. This is the reason that the simple model (a fil-
amentary current) is useful for making good qualitative predictions
for the radiation (far field) of the actual antenna (a monopole).
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8. Appendix A

For the traveling-wave element, the total energy radiated,
Equation (16), is obtained by substituting the expression for the
radiated electric field, Equation (10), into Equation (15), and then
replacing the current of the source by Equation (13):

Upng _4010 J J. I:exp{ 2[ (t-r/c) /T] }

t=—0 =0
+ exp(—2{[t —rfe—7,(1 —Cose)]/,[}z)

NZCxp{—[(l —r/c)/r]z}
xeXp(—{[t —rfe-1,(1 _COSQ)J/TFHU(%IZ);)?
(40)

dodt.

After making the change of variable ¢ = (¢ —r/c) / 7 and complet-

ing the square in the exponent of the third term, Equation (40)
becomes

Usa =
{0110 _[ J‘[exp(~2§ )+exp{ 2|:§ /T)(l—cose)]z}

—Zexp[—l/Z(ra/r) (1-cos0) }
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N3
xexp{—z[é:—I/Z(TH/T)(l_COSQ)]Z}il d‘fa(—s%i)@? “
2 o0
_ %T”A [ exp(_2§2)c1§
E=—on
) 2
ij' l_exp[—l/Z(ra/T) 51—0059) ] (sin9)349
oo (1-cos8)
:40“,3 z ]—exp[—]/Z(Ta/T)2(1_Cosg)2} (Sing)jd&
R (1-cos6)’
(41)

Now, we will introduce the of  variable

n=(r,/7)(1-cos0)/2:

change

V2(r,/7)

o2
Upad = i‘\)/ﬁ ~V2(¢/7,) 6[ dn +~2(z/7,)

V2(z,/7) N2(z, /7)1 _ 2
X J exp(—nz)d77+2 J I—M dn .
0 0 ’7
“2)

After evaluating the first integral and introducing the change of
variable y = 772 in the third integral, we obtain

orly et 2
Uyd = N 242 (¢/z,) J exp(—7} )(177
2(r, 38 B _
+ j' [LM}] Fas (43)
0 X

The integrals that remain are standard integrals, so our final answer
is

Uppd = j’f;g {y -2+ lll[Z(Ta/r)z]

+ Zzz&jerf[ﬁ(ra /9] 2(z, /f)z]}, (44)

where y = 0.57721... is Euler’s constant, erf is the error function,
and E; is an exponential integral [9].

The calculation for the total energy radiated by the standing-
wave dipole, Equation (17), is more complicated: it involves ten
double integrals, whereas this calculation only involved three dou-
ble integrals. The procedures used, however, are similar to those
used in this calculation.
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9. Appendix B

For the traveling-wave element, the energy leaving a unit
length of the element Equation (34) is obtained by substituting
Equation (31) into Equation (33):

(i]—lzjj[Uhd ] )

L T el s

g[_ji T @of-[-2)/T]

IZZI_O: erf[ (1, - 2,)(z, /r)]} dt,
" T(LJ —12,52— 1 =’[_00 P {~ l:(t" T ) (T”/T)]z }

(1-
x{1rert[(z, +2, -2)(z, /) |} dr, |-
(49)

After making the change of variable & = (1, -z, )(r,/7) and writ-
ing out the error function,

z

1+crf(z):% [ e#ay, (46)
T
7=

Equation (45) becomes

dUJ[ h ] 6 L% g
_— = ——=| — e d§
[ dz Uraa ‘/Z Uradn | %n 4‘:_[00

@ <
171 g2 2
+5[7J;2‘ J oo I emina
a ng;:_w

r=—w
«© §-2(1-z, )z, /7)
+l[_7_]___1 - J' g‘gz “' e_zzd;(clf .
2\ (I_Zn) =—c0 Y=

(47)

Now, the first integral in Equation (47) has the value vz /2, and
using integration by parts, we can show that the second integral has
the value

0

5 % ’
J 2,52 I e*lzd)(df:%{ I e_lzcl;(:! :%. (48)
=~

y=—w y¥=—0

To evaluate the third integral in Equation (47), we first introduce
the change of variable 7= y — [é‘ -2(1-z, )(ra/r)], and then we

interchange the order of the integrations to obtain

o E-20-2,)w 0

[

E=—

2
e A dyds
y=—
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0

- Ij exp[“{m[é—2(1—z,,)(ra/f)]}2“52}01&1’7
==® g==®

(49)

After completing the square in the exponent, Equation (49)
becomes

0 §—2(l—z")(z‘“/r)

_[ e_§2 J' e_zzd)(af
g=—00 x=-
= :[ exp {—%I:ﬂ -2(1- z”)(fa/r)]z}
X ,_0])‘ cxp(—2{§+[n—2(l—z” (ra/r)]/Z}z]dfdn

:\/g Oj exp{——;—[n—2(1~z,,)(2‘a/r):|2d77}. (50)
e

With the change of variable v =[7—-2(1~ zn)(ra/r)]/x/f, we are

able to evaluate the remaining integral, so

© P 5*2(1_211)(1(1/7)

j e° J e_sz ydé
E=—00 y=—©
~A(loz)el?)
n .[ e dv
V=—o0

=%{1—erf[\/i(l—z,,)(ra/r)]}. 51)

On substituting the values for the three integrals into Equa-
tion (47), we obtain our final answer:

ekt
dz )\ Uraq Uvadn \ Za

1L jef{ ]}l 1 1
e Ee e ||

a n

(52)

The calculation for the energy leaving a unit length of the stand-
ing-wave dipole Equation (35) can be performed in a similar man-
ner.
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Editor's Comments Continued from page 8

USNC/URSI National Radio Science Meccting. If you are there,
please do two things. First, encourage the authors of any papers
you hear that you think might make appropriate contributions to
the Magazine to submit such contributions, either as feature arti-
cles or to one of our columns. Second, let me and the other mem-
bers of our Staff know what we can do to make the Magazine more
useful and interesting for you. If you’re not at the meeting, send in
your contributions and your suggestions.

Summer is here, in the northern hemisphere. I’'m actually
going to try to take some vacation after the Symposium — and per-
haps avoid some of the predicted blackouts here in Southern Cali-
fornia! I hope that you have a chance over the next few months to
pause (at a time of your choosing, with the lights on!), reflect, and
perhaps share the results with your colleagues through these pages.
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A new IEEE Job Web site, at http://www.ieee.org/jobs, fea-
tures the IEEE e-Recruitet™ job service, which should make the
job-hunting process easier and more effective for technical-profes-
sional job seekers. The online service, sponsored by IEEE-USA
and [EEE Spectrum, allows IEEE members worldwide to create
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they would like in a new job. The service, powered by Hire.com’s
e-Recruiter software, then scours its extensive database for posi-
tions that match what the job hunter has specified. New job post-
ings are continually being added, and the job seeker is notified by
e-mail if there is a profile match. The process can be conducted
anonymously.

To encourage IEEE members to register and submit their pro-
files early, IEEE Spectrum will award a Personal Digital Assistant
to three members who establish a profile within the first 90 days of
the site’s June 7 launch. The job service is free for IEEE members.

[Information for the above item was taken from an IEEE-USA
press release. |
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the IEEE logo (the “kite”) and the letters “IEEE” to the right of the
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Brand, and associated Identity Standards that provide specifica-
tions for its use. These are now available at http:/
www.iece.org/about/documentation/copyright/IDStandards.pdf on
the Web. By adhering (o these Standards, the IEEE believes it can
enhance the image of the organization and protect ownership of the
Master Brand. These Standards include such details as location,
color, minimum size, and prominence in use. More information on
the use of the IEEE Master Brand is available on the Web at
http://www.ieee.org/about/documentation/copyright/ or from Bill
Hagen, IEEE Intellectual Property Rights Manager, Tel: +1 (732)
562-39606; E-mail: w.hagen@iece.org.

Changes of Address

Information regarding subscription addresses is managed by
IEEE headquarters. It is not maintained, nor can it be changed, by
any member of the Magazine staff. If you are a member of the
IEEE, your subscription is sent to the address in your IEEE mem-
ber record. To record a change of address, contact IEEE headquar-
ters: Member Address Records, IEEE Headquarters, 445 Hoes
Lane, Piscataway NJ 08855-1331 USA; Tel: +1 (908) 981-0060 or
+1 (800) 678-4333; Fax: +1 (908) 981-9667; E-mail: address.
change@ieee.org. If you are an institutional or other non-member
subscriber, contact IEEE Customer Service at the above address,
telephone, and fax numbers; E-mail: customer.service@ieee.org.
Do not send requests to any member of the Magazine Staff.
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