Teaching antenna radiation from a time-domain perspective
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Radiation from a simple wire antenna, such as a dipole, is a topic discussed in many courses on
electromagnetism. These discussions are almost always restricted to harmonic time dependence. A
time-harmonic current distribution is assumed on the wire, and the time-harmonic radiated field is
determined. The purpose of this paper is to show that simple wire antennas with a general excitation,
e.g., a pulse in time, can be analyzed easily using approximations no worse than those used with
time-harmonic excitation, viz. an assumed current distribution. Expressions are obtained for the
electromagnetic field of the current that apply at any point in sgi&ctéhe near zone as well as in

the far zong The analysis in the time domain provides physical understanding not readily available
from the time-harmonic analysis. In addition, an interesting analogy can be drawn between the
radiation from these antennas when excited by a short pulse of current and the radiation from a
moving point charge. ©2001 American Association of Physics Teachers.
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[. INTRODUCTION the direction of the velocity, while the radiation for the latter
is a narrow pencil beam with a maximum in the direction of
Electromagnetic radiation is a fundamental topic discusseehe velocity.
in most undergraduate and graduate courses on electromag-A second problem often examined is the practically im-
netism. The basic formulas for radiation, that is, the integralportant one of radiation from thin-wire antennas. The discus-
that give the potentials and field for a specified distributionsion usually begins with a calculation of the radiation from
of charge and current, are illustrated by application to somehe simple dipole or linear antenna shown in Fig. 2. In text-
standard problems. Arguably, the most important of these i®ooks, the excitation for the antenna is taken, almost invari-
the radiation from a point charge moving along a prescribechbly, to be time harmonic with the angular frequengyand
trajectory. With reference to Fig.(d), at the observation the distribution for the axial current along the arms of the
point P, the electric field of the point chargemoving with  antenna, each of length is assumed to be a standing wave:
velocity v and acceleratioa ist

l(zt)=Rel(2)e’"], 3
E(r,)=E,+Es where the phasor for the current is
_q <1—v2/023<Rq—v/C> .(Z):.O—S'r{s'jfé:_r]'f'”u<h—|z|>, 4)
4meg|  R(1-Rqvic)? . 0
r ko=wl/c=2m/\q, andU is the Heaviside unit-step function.

2 & The phasor for the radiated or far-zone electric fighe field

+ g . [ ReX[(Rq v/c)Xa]} (1) in the limit askor — <) for this current i$

- 3
A7enC Ry(1—Rgvic) ; ) jroClo . [costkoh cose) —cogkoh) 5 ®
ry= e . - .
wheret, is the retarded time 2 sin(koh)siné

t,=t—Ry(t,)/c. ) For the special case of a dipole one-half wavelength long

' ar (2h=\o/2, orkoh= 7/2), the magnitude of this field is sim-
Here, the vectors, andr locate the charge and the obser- ply
yatlon.pomt., rgspectlvely, anﬂq=r—.rq. The e!ectr.|c field coi(w/2)0050]|
in (1) is split into two components: the velocity fiel&,, , |E"(r)|= i ) (6)
and the acceleration field&,. The latter is proportional to sing |
the acceleration and accounts for the radiation from thend the field patterta polar plot of[E'| vs 6) is the familiar
charge, that is, for the portion of the field that falls off asfigure eight.
1/R,. From(1), it is clear that the temporal behavior of the |t is interesting to compare the two examples of electro-
radiated electric field depends directly on the temporal bemagnetic radiation outlined above. For the moving point
havior of the velocity and acceleration at an earlier time  charge, the radiation at every point in space can be associ-
tarded tim¢. The directional characteristics of the radiation ated with the motion of the charge at a particular, earlier
field depend upon the relative orientation of the velocity andime. Thus, a physical understanding can be established that
the acceleration. This is illustrated for two casesems- links characteristics of the radiation with elements of the
strahlungin Fig. 1(b) wherea is parallel tov, andsynchro-  motion. For the dipole antenna with time-harmonic excita-
tron radiationin Fig. 1(c) wherea is perpendicular te. For  tion, the current essentially has existed on the antenna for-
both cases, the velocity is relativistis=v/c=0.9. The ra- ever. The field at any point in space is a superposition of the
diation for the former is a narrow conical beam with a null in fields due to the current at all points along the antenna; the

ocllol
2mr

288 Am. J. Phys69 (3), March 2001 http://ojps.aip.org/ajp/ © 2001 American Association of Physics Teachers 288



()

TRAJECTORY
OF CHARGE

(a)

(b)

FIELD POINT

Fig. 1. (a) Trajectory for the moving
point charge and the coordinates used
in evaluating the electromagnetic field.
Directional characteristicépower ra-
diated per unit solid angl€for the ra-
diation from the point charge wheh)

the acceleration is parallel to the ve-
locity, and (c) the acceleration is per-
pendicular to the velocity.3=v/c
=0.9.

current at each point, of course, is evaluated at a differerttave a model for the antenna, similar to that for the moving
earlier time. Thus, a one-to-one relationship cannot be estalpoint charge, that allows this correspondence.

lished between characteristics of the radiation and the current In an earlier treatment, the author introduced the topic of
at a particular point on the antenna. It would be instructive taradiation from wire antennas from a time-domain

FIELD POINT
P

C

T

perspective—the current on the antenna was assumed to be a
pulse in time* The radiated field of this current is no more
difficult to obtain than for the current with harmonic time
dependence; however, the physical understanding that can be
obtained from this field is much greater. Several characteris-
tics of the radiated field of the pulse-excited wire antenna are
analogous to those for the radiated field of the moving point
charge. Thus, this approach strengthens the physical under-
standing of electromagnetic radiation obtained when the two
problems are treated in the same course. In the earlier treat-
ment, only the radiated or far-zone field of the wire antenna
was obtained. In this paper, the treatment is extended to in-
clude the field at all points in space. With this extension, the
wave fronts near the antenna can be graphed and used to
further the understanding of the process of radiation.

In Sec. Il of the paper, we obtain exact expressions for the
complete electromagnetic fieldear field and far fieldof an
assumed, filamentary current distribution that we calllihe
sic traveling-wave elemenfor illustrative purposes, the ex-
citation for the element is chosen to be a Gaussian pulse of
current/charge in time. In Sec. Ill, we show how the field of

Fig. 2. Schematic drawing showing the standing-wave dipole antenna an@ Wire antenna of general shape can be obtained as a super-

the coordinates used in evaluating the electromagnetic field.
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FIELD POINT cally neutral, and positive chargey,,, that accumulates at
P the upper end as the pulse enters the termination.
The complete electromagnetic field of this current/charge
is obtained in Appendix B:

Qo(t—r/c)_ qu(t—rp/c)
2 r+ 2 I
h

TERMINATION

i

1
E(r)= 47760[

612)1 (t—rlc) .
+cot( ) ( rC)a

h i cr
z
cot( 0,/2)1(t—h/ic—ry/c) .
J - : On|, (10)
Yy v Crp
SOURCE x Bt o [cot(B12)I((t—r/c)
Fig. 3. Schematic drawing showing the basic traveling-wave element and ' 4 r
the coordinates used in evaluating the electromagnetic field.
cot(8,/2)1(t—h/c—rn/c)| .
- " . (13)

ments. In Secs. IV and V, this methodology is used to obtai . . . .
the fields of a standing-wave dipole antenna and travelingr-NOt'Ce that two spherical coordinate systems are used in the

wave and standing-wave loop antennas. Throughout the pg_escnpno_n of this field; they are shown in Fig. 3: the system
per, graphical results are used to illustrate the analogy bé- 0 ¢ with 0r|g|n.at th_e. bottom of the element, and the
tween the radiation from these antennas when excited by %y_stemrh,ah 1 #h _W'th orngin at the top of the eIement.AThe
short pulse of current/charge and the radiation from a mov@Zimuthal coordinate is the same in both systemsggo
ing point charge. =¢.
In the limit asr — o, or more precisely as/ct— o where

7 is a characteristic time associated with the duration of the

Il. THE BASIC TRAVELING-WAVE ELEMENT current, (10) and (11) simplify to become the radiated or

To begin, we will introduce a structure that we call the far-zone field of the element:
basic traveling-wave element. This element is the building woC Sin
block out of which we will construct all other wire antennas. E'(rit)= —————{I
It can be thought of as an idealized model for a practical 4 (1-coso)
traveling-wave antenna. _ e _ 2

The geometry for the basic traveling-wave element and | [t=r/c=(h/c)(1~cos)]}0, (12
the associated coordinates are shown in Fig. 3. The element 1
of length h is aligned with thez axis. There is a source of B(r,t)= E”rXEr(r,t). (13
currentl ((t) at the bottom of the element and a perfect ter-
mination at the top of the element. We will assume that a In the examples that follow, the current of the source in
traveling wave of currenta pulse leaves the source and (7) is assumed to be a Gaussian pulse of the form
propagates along the element at the speed of lighintil it 5
reaches the termination, where it is totally absorbed. Thus |s(t)=loe” 7", (14)
the distribution for the axial current along the element is
simply’

S(t—rlc)

wherer is the characteristic time. The time for light to travel
the length of the element is,=h/c. In the examples, we
I(z,t)=14(t—2/c)[U(2) —U(z—h)], (7)  will choose 7/7,=0.076; then, the width of the pulse in

and the charge per unit length on the element, as obtained fP2c€ 1S approximately one-fourth of the length of the ele-
ment (four pulses fit along the element

Appendix A, is ; S . .
Figure 4 shows the electric field surrounding the traveling-
Q(z,t)=Qs(t—2z/c)[U(z) —U(z—h)]+0o(t) 5(2) wave element at three timed:r,=0.5, 1.5, and 2.5. Here,
_ the logarithm of the magnitude of the electric fielg], is
Fan(Da(z=h), ® plotted on a gray scale, and the range for the valugi& of
where displayed is 100:1.The pulse of current/charge travels up
t the element until it reaches the termination where it is ab-
Q4 (t)=I4t)/c, qo(t)=— f I4(t")dt’, sorbed. In Fig. &), the pulse is halfway up the element, and
t'=—o

in Figs. 4b) and 4c), the pulse has been absorbed by the
t 9 termination. A spherical wave froW/;, centered az=0, is
qh(t):f/ Is(t"—h/c)dt’, produced when the pulse leaves the source, and a second
tee spherical wave frontW,, centered atz=h, is produced
and ¢ is the Dirac delta function. The three terms @)  when the pulse is absorbed by the termination. These wave
represent a traveling wave of positive charQg, propagat-  fronts travel outward from the ends of the element at the
ing along the element at the speed of light, negative charggpeed of light. Notice in Fig. 4) that there are strong elec-
Jo, that is left behind at the lower end as the pulse of posiiric fields about the source and the termination not associated
tive charge leaves the sourtthe element is always electri- with these wave fronts. The traveling-wave element is elec-

290 Am. J. Phys., Vol. 69, No. 3, March 2001 Glenn S. Smith 290



(b)

(c)

Fig. 4. The magnitude of the electric field surrounding the basic traveling- l

wave element at three timega) t/7,=0.5, (b) t/7,=1.5, and(c) t/7,
=2.5. The excitation is a Gaussian pulse withr,=0.076.

1 — 6 225
g=0° i OBSERVERS
.. Toos
7. 1 45
~ ~
“Tas
N . Ea
N b
el \1 675 N 675

180°

@ (b)

Fig. 5. (a) Schematic drawing showing the observers that record the time-
domain wave forms for the radiated fieldh) Radiated or far-zone electric
field of the basic traveling-wave element. The excitation is a Gaussian pulse

with 7/7,=0.076.

Notice that the separation between the times of arrival for
these pulses changes with the angle of observationhis is
easily explained with the help of the schematic drawings in
Fig. 6. The observer at broadsidé=90°), shown in Fig.
6(a), receives a signal associated with the pulse of current

W, E

o
______________ » OBSERVER
»

JW‘_W/Q

2

]

h

w,
At=h/c=r1,

trically neutral, so negative charge remains at the source afte
the pulse of positive charge leaves, and positive charge ac
cumulates at the termination as the pulse arrives. Thest
charges produce static electric fields about the two ends o
the element.

Figure 3a) is a drawing detailing the scheme we will use
for plotting the radiated or far-zone electric field. A spherical
surface of large radius, is centered at the source. Observers
are stationed at points equally spaced in the adgha this
sphere, e.g., at the anglé#s=0°,22.5°,45°,.... Each of the
observers records the radiated electric field at their position
as a function of the normalized timér,, wheret is now the
time with the common delag/c removed. Figure ®) shows
the plots made by these observers. The time axis for eact
plot points in the direction of the observer, and the times
t/7,=0 for all of the plots lie on a circlé A dashed line in
Fig. 5(b) connects the times of arrival associated with each
of the two spherical wave front8y; andW,, shown in Fig.

Wl
-4
i
o

At = h/c(1- cos 0) =1, (1- cos 8)

(b)

4. i . . Fig. 6. Schematic drawings used to describe the difference in the times of
At any angle shown in Fig.(5), there are two Gaussian arrival for the two pulses in the radiated electric field of the basic traveling-
pulses of electric field, one associated with each wave froniwave element.
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leaving the source. This is followed by a second signal asso- 4
ciated with the pulse of current entering the termination.?
Both of these signals travel the same distance in free space

however, the pulse of current had to travel an additional

distance h, along the element before reaching the termina-

tion. So the two signals are separated in timeMty=h/c

=T5.

The observer positioned off of the end of the element (
~0°), shown in Fig. 6b), receives the two signals at o - P
roughly the same time, because the two signals now trave d r
over approximately the same path. When the amdgteclose B
to zero, the two signals are separated in time by the smal
amountAt=7,(1—cos#)<r. The radiated electric field is P
then approximately proportional to the temporal derivative of 0
the current:

~

>

~
r

\ 4
/
-]

=

r _—i — — — — 1 y: X — v
E'(r,t) 7 rAt[IS(t ric)—l4t—r/c—At)]singé O — .
woh dlg(t—r/c) .
- 0 s( )00.

4qrr dt

This is why the field at the anglé=22.5° in Fig. §b) re-  Fig. 7. Coordinates associated with the displaced basic traveling-wave
sembles the derivative of the Gaussian pulk®. element.

An analogy can be drawn between the radiation from this
pulse-excited, basic traveling-wave element and the radiation
from a moving point charge. When the pulse of charge . . . .
leaves the source of the element, radiation is produeed thatspecify the location and orientation of the elenteinss,
spherical wave front with positive electric figldThis is ¥ @nd the coordinates of the field poifit 6):
analogous to a point charge undergoing acceleration in the ., _ r2 42— _
direction of the velocity. As the pulse of charge moves along r'=\r*+d*-2rd cog6-B), (16
the element, no radiation is produced. This is analogous to a /— [(1"\2+h2+ 2hld cos B— v)—r coS O— 1
point charge moving with constant velocity. When the pulse n=(r) [ $B-7) 6= A1
of charge enters the termination of the element, radiation is
again produceda spherical wave front with negative electric cosf’ =
field). This is analogous to a point charge undergoing decel-

(15) Y

¥y

rcog¢—y)—dcogB— 7)}
r’ ’

eration in the direction of the velocity. Notice that the radia- i A— ) —d sin( B—

tion from the traveling-wave element, shown in Figb) is sing' = rsin(6—) ,d sinA=y) , (18
zero in the direction of the motion of the pulse of charge, that r

is at#=0°, and maximum at a small angle to this direction. r' cosd’ —h r'sing’

These characteristics are similar to thoseldmemsstrahlung cosfp=————, sinf=————. (19
shown in Fig. 1b). In '

The relationships between the unit vectors in the primed and

IIl. WIRE ANTENNAS AS SUPERPOSITIONS OF unprimed coordinate systems are

TRAVELING-WAVE ELEMENTS f'=cosy'f+siny’'d, ' =-—siny'f+cosy’d, (20

More complicated wire antennas can be modeled by su- -/ _ 1B eing’ D A — _aingl? »;
perimposing basic traveling-wave elements. Before we can Fh=cose'f+sing’d, oy sing’f+cosg”d, (2
perform this superposition, we must obtain the electromagwhere the auxiliary angleg’, ¢, which are shown in the
netic field of a traveling-wave element with a more generalnset in Fig. 7, have been introduced:
orientation than shown in Fig. 3. Consider the orientation
shown in Fig. 7. Here, the element is displaced from zhe X' =y+to' -0, &=y+6,—0. (22

axis so that it lies in thex—z plane with the source end at Computation of the electromaanetic field of the travelin
O'. The translation of the source point is described by the omputation ot the electromagnetic Tield of the traveling

. " wave element usingl6)—(22) with (10) and(11) may appear
distanced and the angle8 (0<p<2m). In addition, the 4 he 4 formidable task; however, it is easily accomplished

element is rotated through the angje(0=y<2m) with  \ith a simple computer program. For a specified field point
respect to the axis. In_the discussion that fo'llovx'/s, we w|II (r, ), first the quantities ir(16)—(22) are determined; then,
on!y be concgrnt_ad with the electromagnetic field at fieldipege guantities are substituted irfi®) and (11) to deter-
points, P, that lie in thex—z plane. mine the field® For an antenna composed of several basic

The previously obtained formulas for the electromagnetiaraveling-wave elements, each with different valuesioB,
field, (10) and(11), now apply in the primed coordinate sys- ,, the field is determined for each element, and the fields of
tems ¢',0';ry,,6;) shown in Fig. 7. To use these formulas, all of the elements are added to obtain the field of the an-
we must express these coordinates in terms of the variablésnna.
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I entation of the elementd(/h,B;,7v;), and two new quanti-

T ties: the “sign” associated with the charge on the element,
positive for the top elements and negative for the bottom
elements, and the relative time for the excitation of the

h 1 2 source of the element(; / 7,). The last quantity accounts for

the fact that the sources for all of the elements are not excited

at the same time. For example, the excitation of element 2 is
C) SOURCE 8 delayed by the time-,=h/c from that for element 1 to ac-

count for the fact that the pulse has to travel the length of

element 1, i.e.h, before it reaches the source end of element

l 2.

h The electromagnetic field of the dipole antenna is the su-

perposition of the electromagnetic fields of the four basic
traveling-wave elements:

4 4
I E(r,t)=Zl E(r,t), B(r,t)=_21 Bi(r,t). (24)

a . . . .

(2) (b) To obtain numerical results, this operation can be performed

Fig. 8. The standing-wave dipole anterfaaas a combination of four basic using the formulas presented in Secs. Il and Il with a simple

traveling-wave element&). computer program. However, because the elements are so
simply arranged for this examplélements are superim-
posed and aligned with the axis), the operation can be

For the special case of the radiated or far-zone field, takinerformed analytically to give
the limitr/cr—coo greatly simplifies(16)—(22), so on substi-

C ~
tution into (12), we obtain a very simple result for the elec- E(r,t)= 2“—0.9{[|S(t—rlc)+Is(t—2h/c—r/c)]0
tric field: 7rr sin

c sin(6— —I(t—hlc—r,/c)8
E(r 0= “"1_”( ez) (1{t—[r—d cog 60— B)l/c} ! )%
mr[1=cog6-7v)] —I(t—hic—r /) ), (25)
—I{t—[r—dcog6—p)]/c u
-0 _ _ _
—(h/e)[1—cog 6— )]} . 23 B = S sing (1710 +1s(t=2h/e—ric)
IV. THE STANDING-WAVE DIPOLE ANTENNA —l(t=h/c—ry/c)—I4(t—hic—r_p/c)].

Ouir first application of the method of analysis outlined in (26)
Sec. Il will be to the dipole antenna shown in Fig. 2. We There are now three spherical coordinate systems used in the
will assume that the source produces a traveling wave oflescription of the field; they are shown in Fig. 2: the system
current (a pulse of positive chargehat propagates at the r,0,¢ with origin at the center of the antenna, the system
speed of light up the top arm of the dipole. A similar travel-r 4, ¢, with origin at the top of the antenna, and the sys-
ing wave of currenta pulse of negative chargpropagates temr_,  6_,,¢_, with origin at the bottom of the antenna.

down the bottom arm of the dipole. These waves are tota}llyl—he azimuthal coordinate is the same in all systemspso
reflected when they reach the open ends of the dipole at time ~

e . ; @ _nh=®. In the limit asr/cT—~, (25) simplifies to be-
t=7,=h/c. This produces traveling waves of current thatCome the radiated or far-zone electric field:

propagate on the arms from the open ends toward the source.

We will assume that these waves are totally absorbed when MoC

they reach the source at tinte- 27,=2h/c. E(ry)=5 g gtst—r/e)+ls(t—ric—2h/c)
This dipole antenna can be viewed as the combination of

four basic traveling-wave elements shown in Fig. 8. The pa- —It=r/c—(h/c)(1—cosh)]

rameters for each of the elemenis=(1,2,3,4) are given in N

Table I. They are the relative length of the elememt/b), ~I{t=r/c=(h/c)(1+cos6)]}6. (27)

the previously defined quantities giving the location and ori- Figures 9 and 10 show the magnitude of the electric field
surrounding the dipole and the radiated electric field, respec-
tively. The parameters and method of constructibmes,

Table |. Parameters for the four basic traveling-wave elements used to reiscaling of the plots, etpare the same as used for the graphs

resent the standing-wave dipole antenna. for the traveling-wave element in Figs. 4 an@) There are

now four spherical wave fronts associated with the radiation.

: S tilm B di/h Y hi/h These wave fronts are generated whenever the pulses of
1 + 0 0 0 0 1 current/charge encounter the source or the open afgs:

; f é 8 é Z 1 centered az=0, when the pulses leave the sourée; and

2 B 1 - 1 0 1 W,, centered az=h and z=—h, respectively, when the

pulses are reflected from the open ends; ¥hd centered at
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(a)

(b)

180°

Fig. 10. Radiated or far-zone electric field of the standing-wave dipole
antenna. The excitation is a Gaussian pulse with,=0.076.

presented in this section by simply assuming a time-

(c) . harmonic current for the source. For example, when we
make the current of the source
F!g. 9. The magnitude of _the electric field surrounding the standing-wave Is(t): Re(l SeJ wt)' (29)
dipole antenna at three time&) t/7,=0.5, (b) t/7,=1.5, and(c) t/7, )
=2.5. The excitation is a Gaussian pulse withr,=0.076. with the phasor
i ajlkgh
JeJ 0 |0
le=————, 29
s 2 sin(kgh) (29

z=0, when the pulses are absorbed at the source. Again, wand use this current witf27); we obtain the phasor for the
see the analogy to a moving point charge. Radiation is proradiated electric field given earli¢g).
duced each time the motion of the pulses of current/charge Figure 11 shows the magnitude of the electric field sur-
starts, stops, or undergoes a change in direction at the op&aunding the traveling-wave eleme(d) and the standing-
ends. wave dipole(b) for time-harmonic excitation. These graphs

Notice that in Fig. &) there is negligible electric field were constructed using the expressions for the electromag-
about the source and open ends of the standing-wave dipolegtic fields(10) and (25) with a cosinusoidal excitation, in-
This is to be compared with Fig(@) for the traveling-wave stead of the Gaussian pulse used in the earlier examples.
element, where there are strong electric fields about th&hese pictures are for a single instant in time and a fre-
source and the termination. There is no accumulation ofuency for whicth/Ay=2. For this choice of frequency, four
charge at the source or open ends of the dipole; equddalf cycles of the cosinusoidal current fit along one element
amounts of positive and negative charge simultaneouslgf the antenna. Recall, for the earlier examples, roughly four
leave or enter the source, and the traveling waves of chargBaussian pulses of current fit along one element. Comparing
are totally reflected at the open ends. Figs. 11a) and 11b) for time-harmonic excitation with Figs.

As discussed in Sec. |, the conventional treatment for theél and 9 for pulse excitation, it is clear that the simplicity of
dipole antenna is for time-harmonic excitation. Results forthe latter makes the interpretation for the origin of the radia-
this special case can be obtained using the formulas we havi®n much easier.
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2 A FIELD POINT
P
— 0
¥
Y P\}/
SOURCE
e
TERMINATION X
(a)
(a)
«th
i ELEMENT
Fig. 11. The magnitude of the electric field surroundit@ the basic
traveling-wave element an®) the standing-wave dipole antenna for a time-
harmonic excitation with/\y=2.0. (b)

Fig. 12. (a) Traveling-wave, circular loop antenn@) Details for the large

. . . . f ic t ling- | t t t the | .
In Fig. 11(a) we can clearly see radial lines on which the number of basic traveling-wave elements used to represent the loop

magnitude of the electric field is a relative minimum. They

are caused by the destructive interference of the electric

fields of wave frontsW; andW,. In between these lines, The angley(0<y<2m) in this expression determines the
there are relative maxima caused by constructive interfertocation on the circumference of the loop. This antenna can

ence. Similar behavior is seen in Fig.(l be viewed as the combination of a large number,
=1,2,3,...n, of basic traveling-wave elements. The first few
V. CIRCULAR LOOP ANTENNAS elements in this representation are shown in FighlLlZThe

. . parameters that describe these elements are
When the wire of an antenna is curved, the antenna can

still be viewed as a superposition of basic traveling-wave h=2bsin(6/2), 6=2m/n, (31
elements, but the elements are no longer collinear, as they  _ L i

are for the dipole. The curvature of the wire produces addi- di=2bsin(i-1)o2],  pi=(i-1)a12, (32
tional interesting characteristics for the radiation that we will v, =(i —1/2) 5,

now examine. ) )
Figure 12a) shows a traveling-wave, circular loop an- toi= 7a(i = 1)sin(5/2), (33

tenna of radiud. We will assume that the source produces ayherer,=2b/c is now the time for light to travel across the
traveling wave of currenta pulse of positive chargehat  giameter of the loop.

propagates at the speed of light in the clockwise direction Figyre 13 shows the magnitude of the electric field sur-
around the loop until it reaches the termination where it is;ounding the loop at two timest/7,=57/8=1.96 and

0
totally absorbed: 37w/2=4.71, and Fig. 14 shows the radiated or far-zone field.
la( ) =1(t=by/c)[U(by)—U(by—2mb)]. (30 For both plotsr/7,=0.076, and 65 traveling-wave elements
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W,, is continuously produced as the pulse propagates around
the loop. The cause of wave front¢;, andW; is the same as

for the basic traveling-wave element discussed earlier; how-
ever, the cause of wave froit/, is new; it is due to the
curvature of the loop.

The schematic drawing in Fig. & shows the contribu-
tions to wave fronWW, from 11 points equally spaced along
the loop; it is for the same time as Fig. (&8 t/7,=57/8.

(a) We will use this drawing to explain the spiral shape of this

wave front. First we will consider the contribution from
point A on the loop. The wave of current/charge leaves the
source at poinS and travel along the loop until it reaches
point A. The path in free space for the radiation from this
point onward is tangential to the loop and in the forward
direction(in the direction of the motion of the changdt is
shown by the dashed lin&—P in Fig. 15a). The total dis-
tance traveled by the signal in going from the source to the
point P on W, is d=ct=c(5#/8)7,. This distance is the
same for any of the other points shown on the loop. Thus, the
longer the distance the signal travels on the loop, the shorter
the distance it travels in free space. For the last point, marked
Bin Fig. 15a), the signal never leaves the loop; it travels the
entire distancel on the loop.

The schematic drawing in Fig. 5 shows the details for
|44 the radiated electric field at the angle= 135° in Fig. 14. At

! this angle, the fields of the three wave fronts are clearly

(b) separated in time. Wave froW, appears to originate at a
point on the loop where the tangent line to the loop points in
Fig. 13. The magnitude of the electric field surrounding the traveling-wave (N€ direction of the observer. As indicated in Fig(t)5 this
circular loop antenna at two timega) t/7,=5m/8=1.96, (b) t/7,=3w/2  can be ascertained from the time of arrivalMd} relative to
=4.71. The excitation is a Gaussian pulse with,=0.076. W;.
Notice that in Fig. 18 there is a strong electric field
about the source, which is due to the negative charge that
are used to represent the logpe length of one element is remains at the source after the pulse of positive charge
h/b=0.097. We can distinguish three wave fronts in theseleaves. When the pulse of positive charge enters the termi-
figures. The spherical wave frons,; andW; are produced nation, which is colocated with the source, it cancels this
when the pulse of current/charge leaves the source and isgative charge. Hence, there is negligible electric field
absorbed at the termination, respectively, and the wave fronground the source and termination in Fig()3
Recall that for a moving point charge, radiation occurs
whenever there is accelerati¢h). The acceleration does not
6=0° have to change the magnitude of the velodity, or speed to
produce radiation—a charge moving over a curved trajectory
at constant speed will radiate. For this case, the acceleration
is perpendicular to the velocity, and the radiation, shown in
Fig. 1(c), is a beam in the direction of the velocity; that is, it
is along a line tangent to the trajectory in the direction of the
motion. Notice the similarity of this radiation to that for the
pulse-excited, curved wire anteniteircular loop. Hence,
we can add a new element to the analogy for these two
problems: The radiation that occurs as a pulse of current/
charge passes along a curved section of a wire antenna is
analogous to theynchrotronradiation from a point charge
traveling at constant speed over a similar curved section of
its trajectory.

A standing-wave loop antenna is formed by simply plac-
ing a source in a circle of wirFig. 12a) without the ter-

) mination]. The source produces two traveling waves of cur-
rent. One is due to a pulse of positive charge propagating in
the clockwise direction, as given by E®Q), and the other is
due to a pulse of negative charge propagating in the counter-
180° clockwise directiont!

270"

Fig. 14. Radiated or far-zone electric field of the traveling-wave, circular | coud zﬁ,t) = IS[t —(2m— ‘//) b/c]
loop antenna. The excitation is a Gaussian pulse with=0.076. % [U(bl,b) _ U(bl//— 2’7Tb)] (34)
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Fig. 15. Schematic drawings used to describe the electric field of the circular, traveling-wave loop aaedear field at the timé/ 7,=57/8. (b) Radiated
or far field at the angl@=3w/4=135°.

W,

These waves are partially reflected when they reach the The thin-wire, circular loop antenna with time-harmonic
source at timé=77,=2wb/c. This produces a new set of excitation has been analyzed with a theory based on a Fou-
traveling waves of current that also propagate around thger series expansion for the current distribution on the
loop and are partially reflected at the source at titne |0_0D-12 Results from this theory are in excellent agreement
=2mr,=4mblc. This process is repeated until there is neg-With measurements. This theory can be used with the Fourier
ligible current left on the loop. If we call the reflection coef- transform to obtain results for pulse excitation. In Fig(}6
ficient for charge at the sourd, (|Ro|<1), the current we show the rad_lated field cglculated in this manner. For this
composed of all of these traveling waves is example, the ratio of the radius of the lobo the radius of

the wirea forming the loop ish/a= 3500, and the character-
istic impedance of the transmission line feeding the loop is

©

|(lﬂ,t):n§0 (=RQ)"[leul ¢t —27mnb/c) Z,=1002. A comparison of these accurate results with
those in Fig. 16 from our simple, approximate model
+leed ¥, t—27nb/c)], (35 shows that there is good qualitative agreement. The predic-

tions from the simple model for the location, sense, and rela-
tive amplitude of the pulses associated with the various wave
fronts are roughly correct

and the electric field of the loop is

E(r,t)=n§=:0 (—Rq)"[Eclr,t—2mnbic)
VI. CONCLUSION
+Ecen(r,t—2mnb/c)], (36)

. ) . . . In this paper, a method for obtaining the electromagnetic
whereE,, is the field of a single clockwise traveling wave of gg|q of simple wire antennas with a general, assumed distri-

current, andE., is the field of a single counterclockwise tion of current is presented. The procedure is fairly

traveling wave of current. Each of the fields in this sum canyrajghtforward: The antenna is viewed as a combination of
be determined from a superposition of basic traveling-wavessic traveling-wave elements, and the electromagnetic field
elements. When implemented on a computer, the calculatiops the antenna is obtained as a superposition of the fields of
for the total field is only a little more complicated than the these elements. An analytic expression is given for the field
calculation for the field of a single traveling wave of current. of the traveling-wave element that can be used in this proce-
The radiated or far-zone electric field for a standing-waveqyre: it applies at any point in spateear zone or far zone

loop antenna witlRy=—0.5 is shown in Fig. 1&). The  \when the current/charge is a narrow pulse in time, the field
other parameters are the same as for the traveling-wave 10ef a point in space can be associated with a traveling wave of
antenna discussed earlier. Notice that there are now two syngurrent passing a particular point on the antenna at an earlier
metrically located, spiral wave formd), and W,; the time. Using this observation, a simple analogy is constructed
former is caused by the clockwise traveling wave of currenbetween the radiation from these antennas and the radiation
and the latter by the counterclockwise traveling wave of curfrom a moving point charge. This analogy is helpful in pre-
rent. dicting the radiation from new, pulse-excited, wire antennas.
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180° 180°
(@ (b)

Fig. 16. Radiated or far-zone electric field of the standing-wave, circular loop antenna. The excitation is a Gaussian ptlsg=vdtB76.(a) Computed
using a superposition of basic traveling-wave elemeRts= —0.5. (b) Computed using an accurate analysis based on a Fourier series expansion for the
current,b/a=3500,Z,=100}.

The analogy with the moving point charge can be ex-grateful for the support provided by the John Pippin Chair in
tended to include phenomena not discussed in this paper. Aslectromagnetics that furthered this study. This research was
an example, we mention the pulse-excited, insulated, lineasupported in part by the Army Research Office under Con-
antenna. This is a wire antenna coated with a concentridract No. DAAG55-98-1-0403.
cylindrical, dielectric sheath and placed in a medium with a

permittivity that is higher than that of the sheath. In a Prac-AppENDIX A: CHARGE PER UNIT LENGTH ON

tical application, the sheath could be plastic, and the sur= K
rounding medium could be soil or water. Because of theTHE BASIC TRAVELING-WAVE ELEMENT

difference in the permittivities of the sheath and the sur- The equation of Continuity for electric Charge in one spa-

rounding medium, the wave of current/charge on this antja| dimension,

tenna travels at a speed greater than the speed of light in the

surrounding medium. This produces radiation that is analo- dl(z1) __ dQ(z,t) (A1)

gous to Cherenkov radiation, which occurs whenever the Jz at

speed of a moving point charge is greater than the speed of be int ted o ai

light in the surrounding mediurtf. tan be integrated to give
Models like the one presented in this paper, whether they t al(z,t")

are for pulse excitation or for time-harmonic excitation, have (z,t)=— f,_ Tz

a common weakness—they are based on an assumed, ap- b

proximate current distribution on the antenna. The electrowhere it is assumed th&(z,t= —)=0. On substitution of

magnetic fields calculated from these models are generally ithe distribution of curren(7), (A2) becomes

good qualitative agreement with more accurate predictions

dt’, (A2)

- t al((t"—2z/c)
and measurements, and they are generally sufficient for un-  Q(z t)= _f —————dt'[U(2)—U(z—h)]
derstanding the physical phenomena associated with the ra- t'=—ow 9z
diation. However, these models cannot be relied upon for ¢ P
precise calculations of other quantities, such_as the input im- _f I(t'—2z/c)dt’—[U(z)—U(z—h)]
pedance of the antenna, that are more sensitive to the form of t'=—o 9z
the current. ¢ aly(t' —z/c)
The methodology presented in this paper is for transmit- = —f — " dt'[U(z2)—U(z—h)]
ting antennas; a similar methodology has been developed for '=—a 9z
receiving antennas. Perhaps the receiving antenna will be the ¢
subject of a future paper. —j I(t")dt" 8(z2)
t'=—x
ACKNOWLEDGMENTS t
+f Is(t"—h/c)dt’ 8(z—h). (A3)
t'=—

The author would like to thank Dr. Guangping Zhou for
providing the data for the graph in Fig. @. The author is Now we can use the relation
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dlg(t—2z/c) 1 9l(t—2z/c) the potentials become
— = (Ad)
Jz c ot

1 |1 1
to evaluate the first integral and obtain the final expression ~ ®(r,t)=,——| —do(t—r/c)+ EQh(t_rh/C)

for the charge per unit length: €0

1 t=hic—rp/c Q4 (7n)
Qzt)= L It-Ze)[U(@)-U(z—h)] *Jm4rm prac—t°7) (9
t t
—J I(t")dt’ 5(z)+f |(t"—h/c) :@f“h’wh’c Is(7)
t'=—o t'=-om AZ(rlt) A p=t—rtlc 77+Z/C_t - (Bg)
xdt’' 8(z—h), (A5)
where it is assumed thdt(z,t= —o)=0. After using the t'\rlg\l\:arggtr?gfr?él?L;uzcgtlﬁ:nﬁe%ft be differentiated to obtain
notation given in(9), (A5) becomeg8). 9 '
dA,
APPENDIX B: ELECTROMAGNETIC FIELD OF E=-Vd-—-72, (B10)
THE BASIC TRAVELING-WAVE ELEMENT
The scalar electric potentiab and the vector magnetic B=VX(A;2)=—ZXVA,. (B1))

potentialA in the Lorentz gauge are given by the following ) ) _ _
integrals of the volume charge densjtyand volume current ~ After inserting(B8) and(B9) into (B10) and(B11) and using

densityJ: Leibniz’s rule to differentiate the integrals, the electric and
1 e magnetic fields become
d(r,t)y=— r't’
(r.H) € jt';oojjjp( ) E(r t)= 1 v go(t—r/c) . gn(t—rp/c)
v (r.= 4me, r h T
X Go(r,r’;t,t")dVv’ dt’, (B1) | (t—r/c)
B e V(t—r/c)
aco=no| [ [ i
t'=—o
ls(t—=h/c—r,/c
v {W V. (t—hlc—r,/c)
X Go(r,r';t,t")dV’ dt’, (B2) h
~hlc—rp!
wherer’ locates the source point,locates the field point, + ft e CLS( "\ —)d77
and Gy is the free-space, scalar Green’s function: n=t-ric  C ntzlc—t
: o S8(t—t'—RJ/c) Relr—r” 83 _} Is(t—r/c)_ I{(t—h/c—r,/c)
olr,r';t,t )—T, =[r—r'l. (B3) C 7—r (z—h)—rp,
For the basic traveling-wave element, the charge and current t—h/c—rp/c 1 9
are confined to the axis, and there is only one component to —f EIS( 7) pn m) dy 2},
the current(z); hence,(B1) and(B2) simplify to become n=t-rlc n
1 (= - (B12)
sav==[" [ aww
o B(r,t)=2zX Ho —lS(t_r/C) V(t—r/c)
X Gy(r,z";t,t")dz’ dt’, (B4) (r=2 4o z—r (
N - - l(t—h/ic—ry/c)
Ayr,t)= f f 1(z't PN Sl s —h/c—
A1 D= 1o N (z'.t") s — Vi(t—hic—r,/c)
X Gy(r,z';t,t")dz dt’, (B5) t—hic—rp,/c 1
with _fn—t—r/c ')V 77+Z/C_t)d77]).
.., o(t—=t'—=Ric) (B13)
Go(r,z Lt )_T'

s 5 It is permissible to perform the gradient and curl operation in
R=VX?+y?+(z—2")°. (B6)  (B10) and (B11) in either of the two spherical coordinate

After inserting the chargég) into (B4) and the current7) ~ SyStems shown in Fig. 3. Thus, iB12) and(B13) we have

into (B5), using the properties of the step and delta functionsY When the coordinates 6, ¢ are to be used antd, when

and introducing the change of variable the coordinatesy,, 6y, ¢ are to be used. Now the final
expressions for the electric and magnetic fields are obtained
p=t—Rlc—27'lc, dy= ’7+Z/C_tdz, (B7) by performing the differentiations ifB12) and (B13) and

R combining terms:
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qQo(t— ric) an(t—rp /c) obta_lined by a numb_er of authors._The rgader ?s cautioned th_at some c_)f the
> T > ?h earlier papers contain errors and inconsistencies that are pointed out in the
r M later papers. Z. Q. Chen, “Theoretical solutions of transient radiation from
traveling-wave linear antennas,” IEEE Trans. Electromagn. Con§gat.
cot( 0/2)14(t—r/c) . 80-83(1988; J. Zhan and Q. L. Qin, “Analytic solutions of traveling-
+ cr 4 wave antennas excited by nonsinusoidal currenibjd. 31, 328-330
(1989; L. Fang and W. Wenbing, “An analysis of the transient fields of
linear antennas,”ibid. 31, 404—409(1989; E. J. Rothwell and M. J.
) (B14) Cloud, “Transient field produced by a traveling-wave wire antenribid.
33, 172-178(199)); S. A. Podosenov, Y. G. Svekis, and A. A. Sokolov,
_ “Transient radiation of traveling waves by wire antennawidl. 37, 367—
= ﬂ col( GIZ)IS(t rfc) 383(1995; G. Wang and W. B. Wang, “Comments on transient radiation
A r of traveling waves by wire antennasifiid. 39, 265(1997; D. Wu and C.
Ruan, “Transient radiation of traveling-wave wire antennaiid. 41,
_cot(6/2)I(t—h/c—ry/c) 120-123(1999. Results for the radiated field or far-zone field are given in
n

E(r,t)=

47T€0

cot( On/2)I (t—h/c—ry/c) o
Cr

h

B(r,t)

P (B15) several places, for example, D. L. Sengupta and C.-T. Tai, “Radiation and

reception of transients by linear antennas, Tiransient Electromagnetic
Fields edited by L. B. FelsefSpringer, New York, 1976 Chap. 4; R. G.
Martin, J. A. Morente, and A. R. Bretones, “An approximate analysis of

1G. S. Smith,An Introduction to Classical Electromagnetic Radiation
(Cambridge U.P., Cambridge, 199Thap. 6, Sec. 6.1.2, pp. 364—371. . - . .
2Some of the textbooks that follow this approach are: J. B. Marion and M. ransient radiation from linear antennas,” Int. J. Electr6f, 343-353

A. Heald, Classical Electromagnetic RadiatiofAcademic, New York, 7(1986' o . )
1980, 2nd ed., pp. 247—257: J. R. Reitz, F. J. Milford, and R. W. Christy The electric field at the element is infinite. Thus, for these plots, the field
Foundations of Electromagnetic Thediddison—Wesley, Reading, MA, must be clipped when it is above a reference valg,... When the
1993, 3rd ed., pp. 529-531; J. Schwinger, L. L. DeRaad, Jr., K. A. Mil- Gaussian pulse is out along the element, the peak value of the electric field
ton, and W. Tsai,Classical ElectrodynamicgPerseus, Reading, MA,  (in time) in the region of the element containing the pulse|H

1998, pp. 367-374; J. D. JacksoRlassical Electrodynamic$Wiley, ~ uoClo/27p, wherep is the radial distance from the element. This rela-
New York, 1999, 3rd ed., pp. 416—417. tion can be used to choose a value [Bfax-
3The superscript is used to indicate the radiated field. 8In this graph and in similar graphs that follow, the electric field for each

“See Ref. 1, Chap. 8, pp. 546-607; G. S. Smith, “On the interpretation for plot is positive in the clockwise direction measured from the time axis. For
radiation from simple current distributions,” IEEE Antennas and Propa- the time axis at the anglé=45° in Fig. b), this direction is indicated by
gat. Mag.40, 39—-44(August 1998. an arrow.
5This is actually the current distribution for a section of ideal transmission %For the numerical evaluation @i0) and (11), it is sometimes useful to
line of lengthh terminated with a reflectionless load. Here we are assum- ..\« the substitution cot@) = sinx/(1—cosx)=(1+cosx)/sinx.
ing the current on the antenna is similar to that on the transmission Iin910Here, we are assuming that the wave is not reflected as it travels along the
Thi_s assumption is good whenever the wire forming the antenna is infini- loop, and that there is no accumulation of charge on the loop.
?ffggrall()\//VEIheI n, lflg\?v f;’;rsxigns’;e’ S. 1’82_31(:;; IIXmgﬁdvanc?cllﬁ?nt?nt\a HCurrent is taken to be positive when it is in the direction of increasing

Y Y ' » PP- A Sommerleliiectro Thus, a pulse of positive charge traveling in the clockwise direction is a

dynamics(Academic, New York, 1952 pp. 177-186. o . S
5There is a long history associated with the derivation and physical inter- positive current30), and a pulse of negative charge traveling in the coun-
terclockwise direction is also a positive curré@g).

pretation of formulas similar to the ones presented here for the electroiZR W. P. King and G. S. SmithAntennas in Matter: Fundamentals

magnetic field of an assumed filamentary current distribution. In 1899 h d licati brid h
Heaviside discussed the reflection of an impulsive electromagnetic wave at |N€0ry; and Application$MIT, Cambridge, MA, 1981, Chap. 9, pp.

the free ends of a wire and made sketches of the electromagnetic field>2/—270; G. Zhou and G. S. Smith, “An accurate theoretical model for
surrounding the wire that are similar to those in Fig. 9: O. Heaviside, the thin-wire circular half-loop antenna,” IEEE Trans. Antennas Propag.
Electromagnetic TheoryThe Electrician Printing and Publishing Co., 39, 1167_1177(199])-_ ) )

London, 1899; Republication, Chelsea, New York, 197lol. II, pp. 13The good agreement is partly the result of choosing the wire of the loop to
367-372. In 1923 Manneback analyzed the radiation from a parallel-wire be very thin. For thicker wire, there will be noticeable differences; for
transmission line: C. Manneback, “Radiation from transmission lines,” J. e€xample, for the actual antenna, the pulses will decrease in amplitude
Am. Inst. Electr. Eng42, 95-105(1923; 42, 981-982(1923; 42, 1362— more rapidly with increasing/ 7, than for the simple model.

1365(1923. And later Schelkunoff extended Manneback’s treatment and*See Ref. 1, pp. 579-583; T. W. Hertel and G. S. Smith, “Pulse radiation
applied it to thin-wire antennas; S. A. Schelkunoffdvanced Antenna from an insulated antenna: An analog of Cherenkov radiation from a mov-
Theory(Wiley, New York, 1952, pp. 102—-109. More recently, formulas  ing charged particle,” IEEE Trans. Antennas Prop#g).165—1722000.
similar to those presented here for the electromagnetic field have beel?See Ref. 1, pp. 341-347.

TOO MANY PEARLS?

Newton, in a scholium to his Third Law of Motion, has stated the relation between work|and
kinetic energy in a manner so perfect that it cannot be improved, but at the same time with so little
apparent effort or desire to attract attention that no one seems to have been struck with the great
importance of the passage till it was pointed out recently by Thomson and Tait.

James Clerk MaxwellTheory of HeatAppleton, New York, 1872 p. 91.
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