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1 Problem

Deduce the approximate form of the current in a center-fed linear dipole antenna of half
height h when excited by a voltage source Vj e™? across the antenna terminals, whose gap
width d is small compared to h. From this, give an expression for the impedance of the
antenna (whose real part is the so-called radiation resistance).

You may assume that the antenna conductors have radius a small compared to the height
h, and that they are perfect conductors.

2 Solution

This problem continues the use of techniques (discussed in [1]) that are inspired by Pock-
lington [2], who extended the insights of Lorenz [3] and Hertz [4], that electromagnetic fields
can be deduced from the retarded vector potential, by consideration of the boundary con-
dition that the tangential component of the electric field must vanish at the surface of a
good /perfect conductor. Furthermore, Pocklington noted that to a first approximation for
conductors that are thin wires, the vector potential at the surface of a wire depends only on
the current in the wire at that point. Pocklington deduced an integral equation for the cur-
rents in the conductors, which is the basis of numerical electromagnetic codes such as NEC4
[14]. Semi-analytic analyses are more often based on variants of Pocklington’s equation, as
developed by L.V. King [5], E. Hallén [6] and R.W.P. King [7]-[10]. See also [15], on which
this solution is based. A different analytic method, based on expansion of the fields of a
biconical antenna in modes, has been pursued by Schelkunoff [11].!

As for the case of a receiving antenna [1], we suppose the antenna is excited by a specified
input electric field E;,. For a transmitting antenna this is taken to be the internal field,

ety (p<ad,lel <df2),

E., = (1)

0 (elsewhere),

of an rf generator that is located in the gap of width d between the terminals of the antenna,
whose conductors of radius a lie along the z axis of a cylindrical coordinate system (p, ¢, z)
with its origin at the center of the antenna. This internal field is the negative of the (response)
field in the gap in the more realistic case that the rf generator is located some distance from
the antenna and connected to it via a transmission line. The incident electric field is zero
outside of the gap at the antenna terminals. In particular, it is zero elsewhere on the
conductors of the antenna.

L As more powerful computers have become available, the so called finite-difference time domain (FDTD)
method has become more practical for antenna modeling. See, for example, [12, 13].



The input electromagnetic field excites an oscillating current distribution J(r, t) = J(r) ™"
in the conductors of the receiving antenna. If this current distribution is known, then the
retarded vector potential A(r,t) = A(r)e™’ of the response fields can be calculated as,

0 J( /7 ' ;z'/C) / 0 / / i ! _iwt iwt

where R = |r — 1’|, ¢ is the speed of light, w is the angular frequency, k = w/c is the wave
number, and the medium outside the conductors is vacuum (with permittivity ). In the
present example the conductors are thin wires along the z axis, and we suppose that the
current density J(r) is independent of azimuth in a cylindrical coordinate system (p, ¢, 2)
and is well approximated by a current /(z), which is symmetric in z,

I(=2) = 1(2), (3)

for a symmetric, center-fed linear dipole antenna. Then, the vector potential has only a z
component,

—ikR(z,2")
Ho n € !
A(r)=— | I —dZ. 4
(r) 4 / () R(z, 2 - ()
We work in the Lorenz gauge [3], where,
10V
V- A+-—=0, (5)
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so the scalar potential V(r,t) = V(r)e™! of the response fields is related to the vector
potential according to,

ic0A,(r) ic
= — —0,A,(r). 6

P 0= Ax(r) (6)
The response fields E(r,t) = E(r) ¢! and B(r,t) = B(r) ¢! can then be calculated from
the vector potential A,(r) as,

V(r)

E(r) = —VV(r) —iwA(r) = —%[afzflz(r) p+ (07 + k) Ax(r) 2], (7)

B(r) = VxA(r)=-0,A.(r) ¢. (8)

2.1 The Thin-Wire Approximation

The key relation between the input electric field E;, and the response field E is that the
tangential component of the total electric field E;, + E must vanish at the surface of the
conductors. In the thin-wire approximation, the only tangential component of interest is the
z component, and for wire radius a much less that the antenna half height h, the constraint
is essentially on the electric field on the z axis,

E.(0,0,2) = —Ew=0  (d/2<|2| <h), 9)

since the input field (1) vanishes outside the gap between the terminals of the antenna. We
also know that the response field is the negative of the input field inside the (narrow) gap,
so we can write,

E.(0,0,2) ~ —Vid(2) (2] < h). (10)
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From eq. (7), we obtain a differential equation for the vector potential,

(02 4+ k*)A.(0,0,2) = —%Em(o,(),z) = %EZ(O,O,z) ~ —%Vgé(z) (|z] < h). (11
Two solutions to the homogeneous differential equation (02+%%)A, (0,0, z) = 0 are, of course,
cos kz and sin kz. Since the righthand side of eq. (11) is symmetric in z, the vector potential
will be also, and the function sin kz does not appear in it. A solution to the particular
equation is —iVjysin k|z| /2¢, noting that [ 0Zsink|z| dz = d.sink|z||°, = 2k. Hence, a
general solution to eq. (11) for |z| < h can be written as,

A.(0,0,2) ~ —2ic(ccos ke + Vosinkl|z])  (|2] <h). (12)

To evaluate the constant of integration C' we need an additional condition on the system.
In particular, we note that the current I(z) must vanish at the ends of the antenna, z = £h.
In the thin-wire approximation, the vector potential on the wire is proportional to the current
in the wire at that point, because of the 1/R dependence in eq. (4). In this approximation,
the needed condition on the vector potential is that it also vanishes at the ends of the
conductors. From this we find,

sin kh
O = _y,—" 13
Ocoskh’ (13)
and so the vector potential along the antenna is,
A.(0,0,2) ~ iVo sin kh cos kz — cos khsink |z| _ iVosinfk(h — |z])] (2l <h).  (14)

2c cos kh 2c coskh

Since the current is proportional to the vector potential on the axis in this approximation,

we have,

1(2) ~ Iosin[k(h —|2])]
sin kh

where Iy = 1(0) is the current at the terminals of the antenna.

Thus, the thin-wire approximation (first advocated by Pocklington [2]) leads to the
sinusoidal-current approximation, which latter approximation is often invoked without as
detailed a justification as given above.?

The electromagnetic fields can now be calculated analytically everywhere from the cur-
rent distribution (15). See, for example, [16]. However, the tangential component of the
electric field so calculated does not vanish along the conductors of the antenna. The thin-
wire approximation is not consistent with the perfect-conductor boundary condition on the
electric field.

The fields calculated in the far zone of the antenna from eq. (15) are quite accurate, but
the fields calculated in the near zone are badly misestimated. A consequence is that the

(2] < h), (15)

2See, for example, sec. 9.4A of [18]. There it is also implied that radiation damping affects the current
distributions. However, the oscillating charges on the surface of perfect conductors emit no net radiation,
and experience no radiation damping/reaction force. Only currents in the power source experience radiation
damping, which effect appears in the analysis as the radiation resistance of the antenna that is perceived by
the power source.



reactance of the antenna at its terminals is not well determined in the thin-wire approxima-
tion. The thin-wire approximation to eq. (4) is that A,(0,0, 2) =~ uyl(z)/4r, so that eq. (14)
evaluated at z = 0 implies that the current (15) is 90° out of phase with the drive voltage.
Thus, writing Vo = [oZ we find Z ~ —iZy/2m tan kh, where Zy = \/o/€0 = 377 2, as also
found for a receiving antenna in the thin-wire approximation [1]. This correctly indicates
that the reactance of a short linear antenna is capacitive and that the reactance vanishes
for h &~ A\/2, but the result differs from that of a simple model (see the Appendix) by the
absence of a factor of In(h/a). Furthermore, the real part of the current, and also of the
impedance, is neglected in the thin-wire approximation, so the antenna does not appear to
consume any energy from the rf power source.?

2.2 Solution via Pocklington’s Integral Equation

If we do not assume that the vector potential at the conductors is proportional to the currents
they carry, we can proceed by combining equations (4) and (11) into an integral equation
that relates the incident electric field at the conductors to the response currents in those
conductors (noting that 0, acts only on R(z,2')),

[ S = Tmae) (el <m (16)
n =% —ikR(z, ") T Tz - '

This is Pocklington’s integral equation [2], whose solution is implemented numerically in
codes such as NEC4 [14]. See also [15]. The integral equation (16) is readily generalized
to any case where the conductors of the antenna are piecewise linear, i.e., to essentially all
cases of practical interest. Some comments on technical difficulties in numerical solutions to
these integral equations are given in [17].

The nonzero radius a of the conductors can be taken into account by using,

R(z,2') =+/(z — 2')% + a?, (17)

rather than R = |z — Z/|.
Recalling from eqs. (9)-(10) that the input electric field for a thin, center-fed dipole
antenna can be written Fi,(2) =~ Vpd(z), Pocklington’s integral equation (16) is, for |z| < h,

h —ikR h —ikR
My st2) ~ / [ (k2 4+ 02) — d = / 1)k + %) ——

Z , “ikR , kR
" 2 / ! / 6_ZkR /
= 1 -1 | — 1
[ 1)~ 100 S s (18)
ho o—ikR o~ ikR(2,h) o~ ikR(z,—h)
N (COE d2 — I'(h
/_h[ () + 1) g d= = 1 )(—z’kR(z, n —z’kR(z,—h))’

3The real part of the antenna impedance, the so-called radiation resistance Ryaq, can be well calculated
from the far-zone fields generated by the current distribution of eq. (15) using the relation (P) = I2 Ryaa/2,
where (P) is the time-average radiated power, with the result R..q = Zo(kh)?/6m = 20(kh)? Ohms. See, for
example, sec. 2.6 of [16].



where we note that 92 f[R(z, 2’)] = 0% f[R], so that we can integrate twice by parts, using the
boundary condition that I(£h) = 0 and the fact dI /dz = I'(z) = —I'(—z) according to the
symmetry condition (3). For a short linear antenna (kh < 1) eq. (18) can be approximated
as,

Z;—:Vo i(z) =~ /_];[kQI(z') + I"(2)] (1 + m) dz' — I'(h) (2 T k;R(iz, 3 + k;R(Z, —h))
- [ e S e - (e ) o

In the thin-wire approximation, the current distribution in a short linear antenna follows
from eq. (15) as,

I (1=5) (21 <n).

I(z) = (20)
0 (2] > h),
whose derivatives are,
1 (-h<z<0),
I'(z) :% —1 (0<z<h), (21)
0 (]z[ > h),
and,
() = —Q—f?é(z) + I—;[a(z _ R4 6(=+ ). (22)

To use the forms (20)-(22) in eq. (19), we first note that,

oIy h Ed dz' h= |z + x| dx
dz = I - — = I 1—
_n R(z,2) h h (2 — 2)2 + a2 Chez h Va? + a?

R dr —l—é o z4x i Iy A i

ez Vat+a? h ) Va4 a? hiJ_. Va?+a?
\/ﬁ h_

Ioln (h—2)24a*+h—=z

V(h+2)2+a?—(h+2)

= I

—l—IO—Zln (\/m—z)2
h < (h+z)2+a2—(h+z))<\/m+h—z)
+% <2\/z2—|—a2 —/(h+2)2 + a2~ \/m) (23)

Then, we find,

4 oI
TV, 8(2) %thIOJrik/ (Z),
_h 2,2

C2l, [ 1 1 1
70 R( )dz " kh (R(Z,O) T R(zh) _R(z,—h))' (24)

Of the various terms in eqs. (23)-(24), the one most like the delta-function 6(z) is 1/R(z,0).
So, we make the somewhat bold approximation of ignoring all other imaginary terms in
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eq. (24), and we write it as,

21,

(2] < h). (25)

Next, we integrate from —h to h to evaluate the parameter I,

4 2%, (" 2y . Vh2+a2+h
L Al o (s 0/ b= oy, - 2oy ViR rat
Zy kh J_; /22 4 a2 Eh  /h?2+4a?—h
4ily . h
~ 2k°h%, — —1n—. 2
k“h 0 Lh na ( 6)

The terminal impedance Z of the antenna is then given by,

Vo ZKW:iZy | h

Z = = — —.
Iy 2 wkh na

(27)

The solution to Pocklington’s integral equation (16) based on the simple form (20) of the
current distribution gives an estimate of Zy(kh)?/27 for the (very small) radiation resistance
of a short, linear dipole antenna, which result is a factor of three larger than nominal.
Further, the estimate —ZyIn(h/a)/mkh of the (capacitive) reactance equals the value found
in the Appendix by an electrostatic calculation.

For comparison, a NEC4 [14] calculation of a short linear antenna with kh = 0.05 and
h/a = 5x 10° predicts a radiation resistance within 3% of Zy(kh)? /67 and a reactance within
10% of —(Zy/mkh)Inh/a. In that calculation, the antenna was divided into 201 segments,
with simple forms for the current distribution used for each segment. The predicted real
and imaginary parts of the current distribution are shown in the figures below: the (larger)
imaginary part is very close to the form (20), while the (very small) real part has the form
1 — 22/h? and a peak value close to (kh)3/61n(h/a) times the peak value of the imaginary
part of the current.
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While the success of the approximate analytic solution (26)-(27) to Pocklington’s inte-
gral equation is (to this author) remarkable, it may be of interest to explore in secs. 2.3-4
an analytic solution via another integral equation that has often been considered in the
literature.



2.3 Solution via Hallén’s Integral Equation

For purely linear antennas of lengths up to 1-2 wavelengths, one can obtain rather good
solutions for the currents using eq. (4) together with the approximate solution (12) for the
vector potential along the conductors,

Zy [* eTIkR _ iZgAm

1) g k') = 32 A:(0,0,2) ~ Vosin|kz| + Ceoskz (12| <h), (28)

21 J g

with R(z, z") again given by eq. (17). This integral equation is due to Hallén [6], whose
method of solution was improved by King [8, 9, 10]. The current /(z) must still vanish at
the ends of the conductors, i.e., z = £h, but the vector potential need not vanish there.

The simplest analytic approximation to the integral equation (28) is that the integrand
is significant only when R is very small, i.e., when z ~ 2/, and hence,

21

1)~ -0 |

Vosin |kz| 4+ C cos kz] (|z| < h). (29)
Setting I (h) = 0 we recover the thin-wire solution of sec. 2.1.

To do better, we would like the impedance Z = R + 1X calculated from Vy, = IyZ to
include a real part (i.e., to acknowledge the existence of radiation!). This implies that we
cannot approximate the factor e *%/ — ikR in eq. (28) as being purely imaginary. Now,

e”*R  sinkR  coskR  sin(kR/2)cos(kR/2)  coskR kR i

_ - ~ —_— 4+ — 30
“kR - R TER KR /2 TR sy T @0

where the approximation holds for kR < 1. Using this approximation in eq. (28), the real
part of the integral is,

7 kh ER 7 kh k ) k /
ﬁ " I(Z") cos > d(kz') =~ ﬁ i I(Z) (cos % + cos #) d(kz")
Zy  kz ™ k2! kz
= Mg Z I(2 — N = — 1
—cos i (2") cos 5 d(kz") = Rcos 5 (31)
and the imaginary part of the integral is,
ZO kh I(Z/)
— d(kz') ~ XTI 32
27T h kR ( z ) (Z)7 ( )

where R and X are real constants, with dimensions of impedance, that are to be determined.
The approximate solution to eq. (28) can be written as,

k
iXI(z)%V()sin|k:z|—|—Ccosk:z—Rcos§. (33)

This suggests that the desired better approximation to the current is a linear combination
of terms in sin |kz|, cos kz and cos(kz/2). A form of the current based on these terms which
satisfies the condition that I(£h) = 0 is,

I(Z) = 101]1(2) -+ 10212(2) -+ 103]3(2), (34)
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where Io1, Ipo and I3 are complex constants and the dimensionless currents /;, j = 1,2, 3,
have the forms,

sinkh —sin|kz|  sinkh — sin |kz|

1 = 35
1(2) sin kh Iy ’ (35)
coskz —coskh  coskz — coskh
1. = = 36
2(2) 1 — cos kh Jo ’ (36)
cos(kz/2) — cos(kh/2 cos(kz/2) — cos(kh/2
By — Cos(k2/2) —cos(bh/2) _ cos(h/2) — cos(kh/2) .
1 — cos(kh/2) J3
where,
J1 = sinkh, Jo =1 — coskh, and J3 =1 —cos(kh/2), (38)
such that the /; are normalized to 1 at z = 0.
Using this form for the current in the integral equation (28), we have,
I1Z1(2) + ToaZa(2) + LosZ3(2) = Vi sin |kz| + C cos kz (2| < h), (39)
where the forms,
Zy [ o—ikR
Zi(z) = — I (7 d(kz i =1,2,3 40
](Z) 27_‘_\/_]{:’1 ](Z)_ZkR ( Z)? J ) Sy Yy ( )

are computable functions of z using R(z, ') from eq. (17).

The four unknowns, C, In1, lo2 and Ipz in eq. (39) could in principle be determined by
evaluating this equation at four different z. However, we follow the recommendation of King
9, 10] that we only make an evaluation at z = h, and seek three additional constraints on
these unknowns elsewhere.

At z = h, eq. (39) is just,

I(nZl(h) + IOQZQ(h) -+ I()ng(h) = % sin kh + C'cos kh. (41)
Subtracting eq. (41) from eq. (39), we find,

I01 201 (2) + ToaZn2(2) + Lo3Zins(2) = =Voli(2) 1 + Cly(2)J2 (|| < h), (42)

where,
Zy [*h (e MR kR / ‘
Zni(2) = Zj(2) — Zj(h) = %/kh I;(") (—z’k‘R - —ith) d(kz"), j=1,2,3 (43)
and,
Ri=R(h,z")=+/(h—2')%+a% (44)

We now apply the approximations of eqs. (31)-(33) to the functions Z;(z), and write,

Zni(2) = Rj(coskz/2—cos kh/2)+iX;1;(2)J; = RjI3(2)Js+iX;1;(2)J;, j=1,2,3, (45)



where the R; and X are new unknown, real constants. These constants can be determined
by numerical evaluation of the functions Z,;(z) at z = 0 where the currents /;(z) are maximal
(or, in case A\/4 < h < 5\/8, I; should be evaluated at z = h — A/4). Thus, for h < \/4,

Zn;(0) = R;j15(0)J5 4+ 1X;1;(0).J; j=1,2,3, (46)
and,
Re[Z;,;(0)] Im[Z;(0)] .
R, = 2] X, = — 2 =1,2,3. 4
/ I3(0)J; I I;(0)J; J T (47)

Using the approximation (45) in eq. (42) we have,

IOl[Rllg(Z)Jg + ZXlll(Z)Jl] -+ IOQ[RQI?)(Z)J?) -+ ZXQIQ(Z)JQ] -+ Iog(Rg + ZXg)Ig(Z)Jg
~ —Voly(2)J1 + CLy(2) ]y (|2 < h), (48)

Equating separately the coefficients of the functions I;(2), I2(z) and I5(z) we obtain the
needed three additional constraints on the unknowns C', Iy, Ioe and I3,

W
Iyn ~ i— 4
01 X (49)
C =~ iXalp, (50)
Rolos + (R34 1X3)lo3 ~ —Riln. (51)

Using these we can rewrite the fourth constraint, eq. (41), as,
[Zg(h,) — ZXQ COS k’h]]gg —+ Zg(h)]()g = —IOlZl(h) —+ % sin kh ~ —I()l[Zl(h) —+ ZXl sin k’h] (52)
Solving eqgs. (51)-(52) for Ipy and lpz we find,

(Ry +iX3)[Z1(h) + X, sinkh] — RiZs(h)

RaZ(h) — (Rs + iX3)[Za(h) — iXscos kh]’

Ry[Z1(h) + i Xy sinkh] — Ri[Z3(h) — iX5 cos kh]
RoZ(h) — (Rs + iX3)[Za(h) — iXs cos kh]

102 ~ 101 (53)

Ip3 =~ —In (54)

The current Iy = 1(0) at the terminals of the antenna now follows from eq. (34) as,

v
Io = 1o1 + lo2 + Ioz = 707 (55)
so the input impedance Z of the antenna is also determined.
Numerical examples of these approximations for h = A/2, A and 3\ /2 are given in [10, 15].
So much numerical computation is involved for long antennas in the present semi-analytic
approach that in practice it’s better to use fully numerical codes such as [14].

2.4 Hallén’s Integral Equation for a Short Linear Antenna

To obtain a more complete analytic approximation, we restrict our attention to a short linear
antenna, for which kh < 1.



In this limit, the currents I5(2) and I5(z) of egs. (36)-(37) are proportional to one another,
so we consider only two forms of the (normalized, dimensionless) current,

|

11(2’) = 1—77 (56)
L(z) = 1—%, (57)

which are the limiting forms of the currents (35)-(36) when kh < 1. Then, the total current
is given by,
1(2) = IoLy(2) + Toala(2), (58)
where Iy; and [y, are complex constants to be determined.
Using this form for the current in the integral equation (28), we have,

I1Z1(2) + ToaZa(z) = Vo sin|kz| 4+ C cos kz, (|z| < h), (59)

where,

z.()_@/khf(q@_md(m ZO/ L;(#) 1L (k) i =1,2. (60)
]Z _27T —kh JZ —ZkR & 27T —kh J kR Z7 j_ T

In particular,

kZy (" || i )

Z = -2 (14—
1(2) o _h( h TR ) 4
_ khZo+iZo h (1 |z’|) dz'

(z

Q

2 % h [— 2)2 + a?
_ khZ N iZo ["F . |z + z| dx
- 2r 2m ; h Va2 + a2
_ Kz iz, " da L% [T 2w
N 2 27T 2+ a? 2rh ) ., Va2 + a2

iZy F 2tz
27Th . \/;E2—|—a2
khZzy, 1Z, Vh=2)2+a?>+h—z
+ 2]

2 27 (h+2)24+a*>— (h+2)
In Vet - o)
2rh < (h+z)2+a2—(h+z))< (h—z)2+a2—|—(h—z))

iZZO

- <2\/z2+a2—\/(h+z)2+a2—\/(h—2)2+a2)- (61)

For later use we need the values of Z; at z = 0 and h,

Z1(0)

Z, Z, vh*+a*+h 2 2 7
kh0+20 h+a+h Zo<m_a)
21 Vh2 + a2 — mh

k’hZ() +ZZ() (1 E—l) k’hZ() ZZ() h

- (62)

2 T a 2 T a’
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and,
khZo i zzo - iz, (VR i a® by
o m or -, ( 2h)? +a® — zh))

ZZO <2\/ h? +a? — \/(2h)? + a® — a)

k’hZ() ZZ() 4h ZZ() a ZaZ() k’hZ() ZZ()

N
=
2

~ + O - - 20 +2%m2, 63
2 2 a 2 " h  2mh 2 s " (63)
noting that a/h < 1. Similarly,
kZy " 2" '
7 N— l——= ) (1+—)d
2(2) = 50 ( 02 ( i kR) :
B khzo+@/ L2 d’
37 2r )y h? /(2 = 2)2 + a2
_ khz4 iz Gt da
a 3 27 z h2 V .CE2 + a2
Zy N iZo(h? —2%) (" da izZy ("7 x g
= _— —_— p— —_— x
3 2mh? s V24 a2 mh? o Va2 + a2

Z'ZO h—z .T2 d
o — ———dx

2mh? _hes VT2 + a?
k;hZ0+zZ0h2—z Vih=224+a*+h—=z

3 2mh? (h+2)2+a%— (h+2)
27,

zzh20 <\/(h +2)24a2—/(h—2)2 + a2)
ZZO

<(h—|—z) (h+2)?2+a®>+ (h—2) (h—z)2+a2)

Arh?
2y _ 2L h =
+za ; V(h—2)2+a®+ z (64)
dmh (h+22+a2—(h+2)
For later use we record the values of Z; at z =0 and h,
khZ Zo .V h? 2+ h iz a’Zy . /h? 2+ h
Z,(0) ~ —0—|—Z—01n ta”+n 1 h2—|—a2—|—m 01, +a” +
3T 2r  /h2+a2—h 4mh 4th?  /h2 +q2 —
k’hZ() ZZ() h 1 k’hZ() ZZ() h
~ —(In——=| = —In— 65
3m * T ( b 2) 3m * T a (65)
and,
khZy  iZ, ia*Zy a
Zy(h 20 ( 2h)% + a? — 2 ) 1
2(h) Br o \V A ) e —ah
k’hZ() ZZ() ia2Z0 2h k’hZ() ZZ()
— — —. 66
3r T oh? 3r * T (66)
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As before, we find one constraint on the unknown coefficients C', Iy; and Iy by evaluating
eq. (59) at z = h,
I01Z1(h) + 192 Z2(h) = Vo sinkh + C cos kh. (67)

Subtracting eq. (67) from eq. (59), we find (recalling egs. (35)-(36) and (43)),
I(nZhl(Z) —+ IOQZhQ(Z) = —%Il(Z)Jl + OIQ(Z)JQ (|Z| < h), (68)
where now,
k*h?
Jl = k’h, and JQ = 5 .

We again apply the approximations of eqs. (31)-(33) to the functions Zj;(z), and write,

(69)

IQ(Z)JQ

Zp;i(z) = Rj(cos(kz/2)—cos(kh/2))+iX;I;(z)J; = R; +iX;1;(2)J;,  j=1,2, (70)
noting that cos(kz/2) — cos(kh/2) ~ (1 — 22/h*)k*h?/8 = I4(z)Jy/4 for kh < 1. The
constants R; and X; can be determined by evaluation of the functions Z;(z) at z = 0 where
the currents /;(z) are maximal. Thus,

Z1i(0) = R, 12(3)‘]2 vix, o) = R o), =12 (71)
such that,
_SRlZ,0)  SRZO0)=Z@)] o InZy(0)  In(Z0) - Z@] .,
k2h? K2h? 7,(0)7; L,(0)7;
Referring to egs. (56)-(57), (62)-(63), (65)-(66) and (69) we find,
Ri~ 0~ Ry, Xlz%m% ngﬂif]‘szlng. (73)

Using the approximation (70) in eq. (68) we have,
Ry , Ry .
101 ZIQ(Z)JQ —+ ZXlll(Z)Jl + 102 Z —+ ZXQ IQ(Z)JQ ~ —%Il(Z)Jl —+ OIQ(Z)JQ, (74)

Equating separately the coefficients of the functions /;(z) and I3(z) we obtain the needed
two additional constraints on the unknowns C', Iy, and I,

Vo . mkhVh

Ipg ~ i— ~i————— 75
S AR (75)
R R . .
C =~ le(n -+ (f -+ ZXQ) 102 = ZXQIOQ. (76)
Using these we can solve the first constraint, eq. (67), for Iyo,
khVy — L1 Z1(h E3h3V, E*hA v
Ios 0 01 1( ) . T 0 ™ 0 (77)

Zoh) —iXo  '2ZyWn(hja) | 1Zowl(hja)

12



The (complicated) impedance function Z(z) is now given by,

_ 101]1(2)21(2) —+ IOQIQ(Z)ZQ(Z)

Z(z ) 78
( ) 101]1(2) + IOQIQ(Z) ( )
using egs. (56)-(57), (61), (64) and (76)-(77).
The input impedance Z of the antenna is determined from the current,
. mkhVp Tk*hiV,
1(0) = Io111(0) + Ipo15(0) = 1, I = + 79
(0) 0111(0) 4 To215(0) 01 + Lo2 ZZoln(h/a) 4Z01n2(h/a) (79)
at the terminals according to,
Vo Zok*h? . Zy . h
Z = R~ — In—. 80
1(0) 4 Tk d (80)

The real part of the impedance is closer to the radiation resistance Zy(kh)?/6m of a short
linear antenna than the approximation of sec. 2.2, and the imaginary part again equals the
capacitive reactance of a short linear antenna as estimated in the Appendix.

Thus, with substantial effort, the solution to Hallén’s integral equation based on a current
distribution with two terms provides a small improvement over the approximate solution to
Pocklington’s integral equation with only one function for the current.

2.5 Fields Very Close to a Dipole Antenna

The approximate forms of the currents found in secs. 2.3-4 are fairly good over most of the
length of the antenna, with the greatest error being close to the terminals at 2 = 0. The
resulting estimates for antenna impedances, are reasonably accurate, the near electric and
magnetic fields calculated from the approximate currents using the retarded vector potential
(4) according to egs. (7)-(8) are reasonably accurate except very close to the antenna con-
ductors [9, 10]. But, even in the better approximations of secs. 2.2-4 the tangential electric
field E.(a, ¢,|z| < h) is not zero.

It appears that analytic calculations based sums of sinusoidal currents, such as eqs. (34)
and (58) are not sufficient for good accuracy of the currents very close to the antenna
terminals and of the tangential electric field very close to the conductors. However, numerical
analyses, such as NEC4 [14], in which the antenna is subdivided into segments, on which
sinusoidal currents are assumed to flow, can achieve rather good accuracy for the currents
near the antenna terminals (and hence for the antenna impedance), as well as satisfying the
condition that the tangential electric field as calculated from the retarded vector potential
vanish at the surface of the conductors.

For analyses such as those in secs. 2.2-4 in which the tangential electric field is not zero
at the conductors when calculated via the retarded vector potential, a method for obtaining
somewhat more realistic fields close to the conductors has been given by King and Wu [10].

Very close to the conductors, the radial electric field £, is related to the charge distribu-
tion ¢(z) ™' along the conductors by Gauss’ law,

g(z) ™!

Ep(p2a>¢> |Z| < h>t) ~ 27T€0p

(81)
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The charge distribution can be obtained from the current distribution 7(z)e™* via the con-
tinuity equation,

ol dq
I —— 82
5= g W (82)
so that,
idl(z) il'(z)
= _ = . 83
q(z) = ——- » (83)
Thus,
il'(z) il'(z)Zy
E,(pz < h,t) = wh — T gt 84

The peak electric field at the surface of the conductor can be estimated using eq. (15) for the
current distribution. The derivative I'(z) is greatest at the end of the conductor, |z| = h,
where I} . = kly/sin kh. Thus, the peak electric field at the surface of the conductor, p = a,

is,
1yZy Vo Zo

E max ~~ . = . 85
P 2rasinkh  2masinkh Z (85)
For a half-wave antenna (h ~ \/4) the antenna impedance Z ~ 70 is real, so,
Vo
E, max ~ 0.86— (half-wave antenna), (86)
’ a

which is larger than the electric field V/d between the terminals of the antenna if a < 1.17d.
The scalar potential V (p, z,t) close to the surface of the conductor can be obtained from
eqs. (15) and (84) by integration,

P Voet Zy coslk(h —|2])], p
V(p,Z,t) V(a>z>t) /a P(p>z>t) dp V(a>z>t) ? 2 ’/TZ sink‘h na (87)

The scalar potential V (a,z,t) at the surface of the conductor can be estimated from the
vector potential there using the gauge condition (5)-(6) and supposing that the thin-wire
approximation (14) actually describes the vector potential A.(a,z,t) at the surface of the
conductor. Then,

ic0As(a,z,t) :l:VO et cosk(h — |2])]

V(a7z7t) = kf az 2 cos kh/ (|Z| < h’)? (88)
and,
. ‘/()eiwt 1 1 ZO 1% >
Vi(p,z,t) ==+ 5 cos[k(h — |z])] (cos T sinkhW_Zlna (p=a, |z <h). (89)

As h approaches \/4 the term 1/ cos kh grows large and the scalar potential is very large
near the tips of the antenna.* However, this high voltage is not associated with a large
electric field because the latter is determined by the derivative with respect to p of the other
term in parentheses, in which term the factor 1/sin kh is unity for h = \/4. Hence, the

4This result was anticipated qualitatively by Poincaré by analogy with acoustic resonators. See Fig. 81
of [19].
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high voltage at the surface of the conductor is not relevant to the issue of possible electric
discharge (corona) at the surface of the antenna.

Similarly, close to the conductors the magnetic field follows from Ampere’s law (as the
displacement current can be neglected here compared to the conduction current),

ol (2)
By(p 2 a,o,|z| < h,t) = ——= ™", 90
d’( a ’z’ ) 27T € ( )

Finally, the electric field component E, can be found from the ¢ component of Faraday’s
law, V x E = —0B/0t,

1 .
_ . B ~ I” ZI uut. 91
o 0. + iwBy GE— [I"(z) + K*I(2)] e (91)

Integrating out from p = a where E, = 0 by assumption, we find,

) 1 R e, (92)

Ez(pza’¢”z’<h7t)%2ﬂ'eow a

For |z| > h and for p larger than a few times the radius a, the fields can be calculated
from the retarded vector potential. The fields £, and By so calculated agree with the forms
(84)-(90) close to the conductors, while eq. (92) is a better approximation for the axial field
E. close to the conductors.

Once good accuracy is obtained for the fields close to the conductors of the antenna,
computation of the Poynting vector shows how power flows out from the feedpoint of the
antenna and is guided by the conductors of the antenna into the far zone. Such computations
were first made for antennas with conductors of nonzero radius by the Landstorfer group [20].
The figures below were produced by NEC4 (thanks to Alan Boswell) for dipole antennas of
total lengths A\/2 and 3\/2.

2h=03 Il/réf! "'{ﬂfj'f’f’/ 41 //{f; ///// 7 ///////f////

///
‘/

//;//// 777

'2h=>»/2f!' /
"7
!

o
e ///
/;’/

An analytic calculation of the surface currents, of the near and far fields and of the
Poynting vector field of a split-sphere antenna has been given recently by Jackson [21].

15



2.6 Approximation Relation between the Charge and Voltage
Distributions

The charge distribution p(z) in a linear antenna is related to the current distribution /()
by the continuity equation,

I dpe~t ¢ dl
L= s so that p(z) = “od (93)

In the thin-wire approximation, the vector potential A.(z) along the wire is proportional to

the current distribution,

Vo tan kh
26]0

B iZ tan kh

A.(0,0,z2) ~ 5

1(z) I(z)  (lzl <h), (94)

according to eqs. (14)-(15), where Z = V;/I; is the (complex) terminal impedance of the

antenna. Then, the Lorenz gauge condition (6) relates the voltage distribution along the
: 5

wire as,

ic0A,(0,0, z) Ztankhdl icZtankh
VOO = " ok 4 2

p(z) ([l <h). (95)

For a short linear antenna, the impedance is capacitive, Z ~ —iZy /27 tan kh = —2i/ctan kh,
so V(z) = p(z) = £V4/2, which is uniform along each arm of the antenna.

The approximation (95) is less accurate for “resonant” antennas, for which 7 is real. For
example, a half-wave antenna has p(0) ~ 0 but, as always, V(0) = £V;/2. Away from the
antenna terminals V' and p are 90° out of phase, and the approximation (95) is fairly good.

In Schelkunoff’s analysis [11], the voltage is proportional to the charge density only for
the principal mode. For antennas of length h 2, A\/4 the higher modes becomes increasingly
important, and the approximation (95) becomes less accurate.

A Appendix: Capacitance and Reactance of a Short
Linear Dipole Antenna

We estimate the capacitance of a short linear antenna as suggested by Schelkunoff in sec. 10.3
of [24]. The key assumption is that the electric field lines from one arm of the dipole antenna
to the other follow semicircular paths (the principal mode), as shown in the figure below.®

°This relation appears on p. 427 of [23].
6On the right is Fig. 86 from [19].
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If so, all the field lines emanating from charge d() in interval dr at distance r from the
center of the antenna cross a surface of area 27r dr sinf that lies on a cone of half angle 6,
so the electric field strength at (r,0) is,

_dQ/dr

2meprsinf

(96)

The voltage difference between the two arms of the antenna is,

v/ v/
AV =2 / “prap = 19/ / A Qo) = YT aarga). (o)

TEy i 0 TEy TEQ

Omin
This voltage difference should be independent of position along the antenna. The charge
distribution d@/dr is indeed constant to a good approximation for short dipole antennas,
but the factor In(2r/a) = —In(f,/2) is constant only for a biconical dipole antenna (as
much favored theoretically by Schelkunoff). A reasonable approximation for a linear dipole
antenna is to use r = h/2 as a representative length in eq. (97), which leads to the estimate,

dQ/dr

TEQ

AV ~ In(h/a). (98)

The corresponding capacitance per unit length along the antenna is,
dC . Teo

— & 99
dr In(h/a)’ (99)
and the total capacitance is,
Teoh
C = . 100
In(h/a) (100)

This estimate ignores the contribution to the capacitance of roughly mega?/d associated with
the electric field in the gap d between the terminals of the antenna, as is reasonable when
d =~ a since then In(h/a) < h/a ~ dh/a®.

The (capacitive) reactance of the short dipole antenna is then estimated to be,

1 _ln(h/a) B _@ln(h/a)
wC — ckC~  weckh  w kh

(101)
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