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3,078,462
ONE-TURN LOOP ANTENNA
Julivs Herman, 5353 Chillum Place, Washington, D.C.
Filed July 18, 1958, Ser. No. 749,570
2 Claims. (CL 343—744)
(Granted under Title 35, U.S. Code (1952), sec. 266)

The invention described herein may be manufactured
and used by or for the Government for governmental
purposes without the payment to me of any royalty
thereon.

This invention relates to loop antennas-in general, and
more particularly to a one-turn loop antenna having
specially chosen distributed and/or lumped impedances
inserted in the loop.

Although loop antennas have been known for some’

time they have received relatively little attention in recent
days. The chief reason for this is perhaps because of the
absence of a usable theoretical analysis of the opera-
tional charactéristics of the loop antenna. Without such
a usable theoretical analysis, prediction of the operation
of the loop, or the éffects of various modifications thereof
are well-nigh impossible. Any exploitation of the loop
antenna thus never got off the ground. As a result, the

development of loop antenmas today is not very much :

more advanced than it was twenty years ago.
I have. developed a complete mathematical theory for

the characteristics of a ome-turn, thin-wire loop antenna.

in air, and with a finite’ spherical core of material other
than air.  The theory holds for any size loop (as long

frequency, and for any core material, including air, whose
characteristics. are homogeneous and .isotropic, TLosses
in the core are incorporated in the solution provided the
volume current effect is negligible relative to the conduc-

tion current effect of the antenna, which is usually the

case for practical cores. :

Expressions have been derived froni this theory for
the input impedance, input power, radiated power, and .
radiation efficiency; and a relatively simple, straight-

forward technique has: been developed for using these

expressions to predict the effect of various modifications - - *

on the loop. As a result, I have discovered that very im-
portant new results can be obtained by incorporating in
the loop specially chosen lumped and/or distributed im-
pedances. These results include control of the antenna
input impedance, control of the antenna radiation pattern,
optimization of the radiation efficiency of a ferrite core
loop antenna, and tailoring of the antenna characteristics.

As it is well known in the art such control of the
characteristics of a loop antenna was heretofore not pos-
sible. This is because. for a given loop geometry at a
given frequency, the input impedance, radiation efficiency
and radiation pattern were fixed and out of the control of

the designer. Any attempted modifications. of the loop-

were made on a substantially trial and error basis. These
trial and error modifications met with little success be-
cause the chances of achieving the combination of values
which would produce a desired result were very small.

1t is the broad object of this invention, therefore, to
provide means and methods for modifying a loop antenna
so as to achieve predictable control over the antenna
characteristics. This control is obtained where the loop

antenna is used in air, or ‘with a finite spherical core of.

material other than air,

It is another object to provide a one-turn loop antenna
having predictable control of its radiation pattern.

A further object of this invention is to provide a one-
turn loop antenna having a uniform radiation pattern in
the plane of the loop, even- where the loop perimeter
approaches or exceeds & half wavelength.
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_Still another object; is to provide a one-turn loop an-

> tenna having a controllable input impedance.

An additional object of this invention is to provide a -
one-turn loop antenna having a spherical ferrite -core-
whose radiation efficiency is optimized.

A further object is to provide practical embodiments in:

.accordance with the invention.

The above objects are -accomplished by inserting dis-
tributed and/or lumped impedances in the antenna loop,
and choosing their values in accordance with the derived:

~ equations to provide a desired set of antenna charac-
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as the loop can be considered a thin-wire loop) for.any:

“teristics.

For the particular case of a uniformly distributed re-
actance inserted in the loop, it has been discovered that
the theory can be applied in an amazingly simple and

- straightforward manner so that the solution of actual

antenna problems becomes a practical reality. This sim-
plicity results because the loop antenna has been found
to act as a transmission line which supports an infinite
number of modes. By inserting a properly chosen uni-

-formly distributed reactance in the loop, a selected mode

is made predominant, the antenna characteristics for the
selected mode then becoming the characteristics of the
antenna. This leads to a very great simplification in the '
design of loop antennas using the derived equations.

The specific nature of the invention, as well as other
objects, uses and advantages thereof, will clearly appear
from the following description and from the accompany-
ing drawing; in which:

FIGURE 1 is a pictorial representation of the spherical

e geometry employed in formulating the theory of the one-
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turn thin-wire loop antenna.
FIGURE. 2 is a circuit diagram of a circuit for adjust-
ing the resistive input impedance of a one-turn Joop an-

. tenna having a uniformly distributed reactance in the loop-

so as to match the output resistance of a generator.

FIGURE 3 is a perspective view of a practical embodi-
ment of the invention -wherein  closely spaced lumped
reactances around the loop are used to simulate a uni-
formly distributed reactance. o .

FIGURE 4A is an enlarged view of one portion of the
loop showing a lumped capacitance in detail. FIGURE
4B is a cross-sectional view taken along 4B—4B in FIG-
URE 4A. L

FIGURE 5A is a front view of another practical em-
bodiment of the invention. FIGURE 5B is-an end view
of a portion of the embodiment of FIGURE 5A.

To explain how to make and use the invention, it is .
desirable that the solution and formulation of the basic
theory first be described.. In so doing,.the equations
needed for the construction of practical embodiments in
accordance with the invention will be presented, and:
actual examples of their use to solve practical antenna
problems will be demonstrated. :

BASIC SOLUTION AND FORMULATION OF THE
THEORY FOR A THIN-WIRE, ONE-TURN LOOP'
IN AIR - :

In formulating the theory of the one-turn thin-wire:
loop antenna, the spherical geomeiry shown in FIGURE
1 was used. The wire loop 10 lies in the X—Y plane
and the source of power of peak voltage V, is applied at
=0°, The radius to the extreme edge of the loop 10 is
¢, the wire radius is @, and b is the radius from the origin
O to the center of the wire.

In deriving the mathematical solution, the current dis-

- tribution I(¢) on the loop 10 ‘was assumed toico'nsist of
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coefficients ay, ak and bk as g;ven below:

I(-¢)=ao+2ak-c.os k¢ -+besin ke (1)
The solution-for the ﬁelds induced by this current-flow in
the region outside of a- sphere containing the Ioop 10-was
then formulated using Maxwell’s equatxons -and the gen-
eral ‘spherical ‘wave equation. ‘It was found that these
fields consist of three independent- families of waves, one
TE family, and two TM families, TM2 and TMPb. These
TE -and TM families have. the following form: '
TE

5
10

15

THr(nk)

: P, AT ]
==—JAnen(n-+1)P:* (cos 0)==-—[ax cos k-t by sin ko]

By
=n*4 ]ﬁis—él-cgie—)ﬂn( Br)lay sin kg -by cos k] 25

r{ig;ng)
- =jA, %(,%SL)H’nI('ﬁr){ak"sin kg —by cos k) g9

Eg o

.—7,@#111}1‘_‘(1&[1 ‘nk»(»cosve)]ﬁn( 57'_)_[(1,1: COS‘k,(b—*‘"bk'ﬁin"_ k¢}
THU(nk)

= i T1PE (c0s 0)1H(r)ax 008 T+ sin ]

TM» 40

nz0=k—1, k=1,2,
k1, .00 8.
5o 45
Bt = *Fas(n+1) (n-+2) Pl (cos 0)2etilBr) '
[qk sin k¢ —byx cos k]
rEB(nk) -50
=Py do[P.m (cos 0)]1H4(Br)lax-sin ko— Dby eos kel
H oy
7i1 ¢ (nk) J . 55
= = Faicgl Pras (008 0)]Hui(Br){ax sin kp—by cos kg]
B4y
=+ Fuk RS O b 670y cos kpt-becsin ko] 60
rHyaw
P _%%’;L)Hm(m[ak cos ké-Fby sin ko] g5
TM®
S s
nSk~1 k=1, 2,
| 13 PRS- R 70
rEr(nk)

=n*G, n(n—1 )P,._x (cos 0_,),—1!-13‘—"};%@[@, sin kp—Dby.cos kﬂ -

4

B

=n*Gay [P,,_1 (cos 0)1H_,( Br)[ax sin kd—by cos ké]

THév(nk)
= —§Goi B Ps (005 0) Hans(Br)las sin o= by cos ko]
rEs@n

— GBSO (6, cos kpt-be sin ol

7 Hyary

=Gk PX_; cos O)H

S0 0 ~1(Br)lax cos k¢ -+ by sin k]

It can be seen that the expressions are in the forms of
a product.of functions of the-three coordinates 8, ¢, and
r. The g-dependence is that of associated Legendre poly-
nomials P,™ with argument cos 6, the r dependence is in
the form of spherical Hankel functions of the second Kind

H with argument gr, and the ¢ dependence is in the form
of trigonometric functions cos k¢ and sin k¢. The Apg,
Fry, and Gy coefficients are constants while n* is the
complex intrinsic impedance of the medium. The electric
field component is represented by E.and the magnetic field
component by H, the subseripts corresponding to the
geometry of FIGURE 1. For any field component,-the
total field is the sum of the contribution from each mode
of .each wave family.

As in any antenna problem, the solution is now ob-
tained by determining the coefficients, a,, .ax, and b in
terms «of known values, such -as the applied voltage V,,
the frequency f, the internal impedance function ‘Zi(¢)
of the loop,-and the loop geometry shown in FIGURE 1.
In formulating the solution, the induced tangential elec-
tric field E! at the .extreme -outer edge of the loop 10
(r==c, .6=90°) is first calculated from the TM and TE

field equations. This relationship .for Eg is as follows:
rEa(nk) .
rH,(ny)
[y -sin k¢=by cos kel
rE,nxy
.E¢‘=—,-‘"';K°ao——§:‘_,'n*Kk[gk cos ko by sin keT
3 C A =1 € v B
(2
K= ) RuHa(80) (3)
a=l3 5.,
2n41
Eno= n(n+1)[P a1(0) S u(8D) (4)
K= > RnkH (Be)+ 2 (SovEn(Be)
M=kA-1, k48, . n=k=1,
S>3 TwHi(ge)
n=k+1, k43
(5)
Rnk
D) (ntE)(n—k+1) (n—k4+1)L . 4
27l(n+1) (n_l_k___l) !{Pn 1(0)]2']“(61))
(6)
St B) =kt Dlps )55, op)

2(n+1)(n+k+1) (nt+k—1)!
(7)
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Bn—k+1) (n—k+D ! nus v}
on(n—k) (n_{_k_l)lan, (0)7Ja(8D)

Tnk::
(8)

'Iihevterms used in the above equations may be defined as
follows:

>n*=complex intrinsic impedance of the medium

=Ny jonl Sl S
K,/ _jK‘/I

(8a)

where:

no==intrinsic impedance of free space=120 ohms.

K, and K. are the non-dimensional real components of
the permeability and dielectric constant, respectively
(for free space their value is unity).

K, and K,”” are the non-dimensional imaginary compo-
nents of the permeability and dielectric loss factor of
the medium (for air, they are Zero).
g==complex phase constant of the medium

=BV (Ky —iKy"") (K —]K.”)

(8b)
where:
By=complex phase constant of free space
=2mfy 1—1'_06—0:&
Ao

f=frequency
uy=permeability of free space
eg=dielectric constant of free space
No=wavelength in free space

H,(Bc)=spherical Hankel function of the second kind

with argument (ﬁC)‘:‘-’n(.BC)—ﬂQ’n(ﬁC)
where: : .

jn(ﬁc) ==spherical Bessel function with argnment (8¢c)
Np(Bc)=spherical Bessel function of the second kind

with argument (gc)
1,7 (8¢) =derivative of Hy(gc)
PE(p)=associated Legendre polynomial with argument

cos =0

A known boundary condition is now applied. This
condition is that total tangential electric field E,T at each
point of the extreme outer edge of the loop (r=c, 6==90°),
is equal to the product of the current I(¢) and the internal
impedance function Z!(¢) around the loop. Mathemati-
cally this general relationship may be expressed as:

EF=EJ+Ep=Z!(9)I(s) 9)

where E,* is the applied electric field resulting from the
applied voltage V. ~This relationship of Equation 9 is
justified in the case of a thin wire where the electrical
length Boa<<1.

The terminal zone effect for the gap in the loop at which
a voltage source V, is applied may be eliminated by the
use of the well-known mathematical concept of a slice or
delta function generator so that the applied electric field
E,> will exist only in the gap. This delta function gen-
erator is defined as an infinite electric field in a region of
infinitesimal length having a line integral across the region
which is finite and equal to the applied voltage V,. When
so defined the relation between the applied electric field
E,® and the applied voltage V, is as follows:

Be=1V(9)6(6—8:) (10)

where 5(¢p—,) is the translated delta function, ¢, is the
point in the loop 16 at which the voltage source V, is
applied, and V,(¢) is the applied voltage source Vy
expressed as the sum of an infinite number of continuous
functions. The property of the translated delta function
5(¢p—¢g) is such that:

[ R AOUCEISELACS (1)
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6
Since in FIGURE 1 the voltage source Vj is applied at
¢o=0, Equation 10 becomes:

Ey=17(8)5(9) - (12)
and Equation 11 becomes:
[ vioswas=via=vs  (13)

Now substituting Equation 2 for E¢! and Equation 12
for E¢® in Equation 9, the following equation is obtained:

Va(6)8(8) =eZ4(8)1() + L2,

+;;:1n*Kk[ak cos k¢+bk sin ke]
(14)

Equation 1 for the current distribution I(¢) is repeated
below: ’

(1)

Using Equations 1 and 14 and well known mathemati-
cal procedures, such as the use of orthogonality relations,.
the coefficients ag, ay, and by can now be calculated in
terms of known values for any internal impedance function
Zi(9) around the loop.

To obtain Equation 14 in a more practical form the
impedance function of Zi(¢) will now be expressed as
the sum of a continuous distributed impedance function
Zpi(¢) around the loop and a lumped impedance func-
tion Z;!(¢) as follows:

- ZM¢)=ZpY () +Z1i(e) - (15)
The impedance function Z!(¢)p is continuous and can
readily be handled in the solution of Equation 14. This
function Zp!(¢) represents the presence of a continuous
impedance function around the loop, The function
Z:1(¢), on the other hand, represents the presence of
lqmped impedances in the loop so that periodic impedance
discontinuities exist. To conveniently handle these dis-
continuities in: Equation 14 they will be approximated in
a manner similar to that used to represent the driving
source; that is, as impulse sinks utilizing the translated
delta function as shown below:

I(¢)=aﬂ+k2[0k 03 k¢ +by sin ko)
;=1

. V{¢)mb($—dm) ‘
Z i —_— —_r Ny T
Zii($)=2 T (16)
where

I.[(qb) m is the current at the lumped impedance Z;. The m
index of summation refers to the number of inserted im-
pedance;». ‘

. Substituting Equation 15, 16, and 1 into Equation: 14
gives

Vo(¢)5(¢)—%V(tb)ma((ﬁ—qpm):[czl)i(,b)+n*%)]a0v

+—kZ=1[cZLi(¢) +n*Kyllax cos ko by sin ko)
(18)

) Using orthogonality relations Equation 18 can now read-
ily be solved to give the values of a;, ax, and by in terms
of known values for any distributed impedance function
Zpi(¢) and/or lumped impedance Zy, inserted in the loop.
Each V(¢)n can be determined by substituting for each
I{¢)m;, terms of the known impedances (perfect con-
ductor impedances) and applied voltage. Once the values
of aq, ax, and by are known, the input admittance

_—(C))
[

7
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(and the iput impedance Zy,, which is the reciprocal there-
of) may then be obtained as follows:

Y=Yk 3 Vel (19)
k=1 Zm
where:
1
Y"_Vg 7 (20)
= 1
Yﬁm—& (21)
The input power Py, then follows as:
2 [--] [--2
Pt e =Pt P o2
k=1 =1
where:
Gy is the real part of Y,
Gy is the real part of Yy

Using the complex Poynting vector method, the radiated
power Prap then follows as: (assuming free space for air)

PrapPogyn+ > Pigap (23)
k=1
where:
Pogap= Lz* ?,:, Ruodu(Bb) (24)
n=13
2. 2 *
P!‘_B-AD = Wno(la—kl;_-‘b'k-l—)[ >Z Rnkjn( ,Bob )
(n4~2)
ok 6(Bob
+n20 k-—] (2n+3)‘3 k (130 )
kEL ..
(n—1).
- T J o(Bobr
'ngi,=k—l;(‘27l 1) k (ﬁo )]
k1.
(25)
“'The radiation efficiency E-now follows as:
Pin Poin . Pkin ;
——PRAD—PbRAD k;iPkRAD (26)

EXTENSION OF THE THEORY TO THE CASE OF
A'THIN-WIRE, ONE-TURN LOOP WITH A SPHER-
ICAL CORE OF MATERIAL OTHER THAN AIR

Once the solution for the loop in air is determined, the
solution for the multimedium problem follows from well
known mathematical procedures which can be found in
standard texts on-electromagnetic theory. The spherical
core is assumed to be a material other than air where the
outer edge of the loop coincides with the surface of the
core; that:is, the radius r, of the core is-equal to‘the outer
radius ¢ of the loop shown in FIGURE 1. Upon solu-
tion it is found that the only equations previously pre-
sented which -are affected and modified are Equation 3
for K, Equation 5 for Kg, Equation 24 for Pgpap and
Equation 25 for Pyg,;,. These modified equations are
presented below. The superscript ¢ will be used to indi-
cate that these equations are for the case of a spherical
core other than air.

Ke= >3 RuH.(Bc)M, (27)
n=135...
K== 3 Rull.(8¢)Ma D) SuHini(8e)Manr
n=k41, =k 1,
k43, .. -1,
+ Zk}+ Tnkﬁla_x(’mMu-l
. -— 1,
+ (28)
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wn* Vi . s [ MoH.(80) ]2

Pop = S Yolr S | Ra [Fa(Bb)|
'RADT g 2 |°[n=L& “.l o (ﬁ)llkh(mcﬂz
(29)

S

Pipsp

I A ) Zf“
7 2 u;1~=,
k41, .

i (n+42) Lnt2) o lj (ﬁb)Ianﬂﬁiﬂ(ﬁC)lz

n; 1,(2nF3) : | Boc) 2

(LA (o) MeHa( 801"
l n(ﬁ06>[2

(n—1) | M, n+1Hn+1(5C)[2
T[T ( 86) | 2t i (BO)
(an—1) Tasll=(80)] |H (o) 2

1M, -liz.z_,osc)lz]
JHL 1 (Boe) |2
(30)

+ o>

nZ1=k~1, k41, ...

An—=1)
o1 kg, (20 —1)

J(b)

nk

The modifying factors My, Mp,1, Mp_; are defined by
the following equations:

M= I
A@@HW@E“BM nn )
JuBe) mo H(foc)
(31)
Mn+1— j

,,+1(/36)H,.+1(I36)[n Hn+1(/300) Jutr1(Be)
H (Boc) Jn+1(/30)

(32)

Mn—l*— ‘ J

n—l(ﬁc)Hé—l(lsc)[n Hn—l(ﬂoc) Jn—l(ﬁc)]
Hia(Boc)  Jia(Be)

(33)

In the above solution of ‘the multimedium problem-it has
been assumed that the characteristics of the core medium
are homogeneous and isotropic. Losses in the core are
incorporated in-the solution as indicated by the appear-
ance of the complex intrinsic impedance n* in the equa-
tions. In this connection it is assumed that the volume
current in the core is negligible relative to ‘the conduc-
tion current effect of the antenna. For practical core
mediums (ferrite for example), the above -assumptions
are valid.

PHYSICAL INTERPRETATION OF THE
BASIC THEORY

From Equations 19 through 25 it can be seen that the
input admittance Yy, the input power Py, the radiated
power Prap, and the radiation efficiency E are expressed
as ‘the sum of individual contributions from each com-
ponent of the current I(¢). The loop, therefore, may
be considered to act as a transmission line which supports
an infinite number of ¥ modes of transmission with each
mode having its own set of characteristics and.each pre-
senting to the driving source an impedance in parallel
with those of all other modes. Furthermore, the Equa-
tions 23, 25 and 29-—30 for radiated power indicate that
the radiation may be considered as being comprised of
an infinite number of rn modes of spherical wave front
radiation emanating from the center of the loop. These
k. and n modes are interdependent as shown by the sum-
mation limits in the radiated power eqilations.
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USING THE DERIVED THEORY FOR
LOOP ANTENNA DESIGN

From the derived equations the effects of inserting in
the loop various types and combinations of distributed
and/or lumped impedances may be calculated. While

some of the equations appear quite fearsome at first -

glance, it has been found that numerical answers can be
obtained therefrom using standard mathematical pro-
cedures, even though the calculations are somewhat la-
borious. By programming the more tedious calculations
on a computer, the time required can be considerably
reduced. :

An analysis of the terms involved in the pertinent equa-
tions shows that the major difficulty is introduced by the

spherical Bessel fn and Hankel H, functions of complex
argument such as appear in Equations 3-5. Such func-
tions have never been tabulated because of the obvious
infinity of values for the argument. However, they can
be calculated by two well known methods: the first is
the use of recursion. formulas, and the second is the
expansion of each order in polynomial form.

The calculation of Ky which is the sum of three sum-
mations in Equation 5 might appear particularly difficult,
but is readily calculable by assigning values to k, begin-
ning with zero, and summing each component of Ky over
1 for each k. The order of n is of course taken sufficient-
1y high to yield a close approximation to the limit. The
same criterion also applies to k for the

1
Ky
summation.

It can be seen, therefore, that although the necessary
calculations are somewhat laborious, they are readily per-
formed and may thus be employed for loop antenna
design.

Using the above-described calculation procedures,- I
have calculated the effect of various combinations and
types ‘of distributed and lumped impedances inserted in
the loop. These calculations showed that very consider-

able changes can be preduced in the characteristics of-

the antenna, even by the insertion of a single lumped im-
pedance. It is possible, therefore, by theoretically cal-
culating the effects of various combinations and types of
inserted impedances, and constructing a one-turn loop
antenna in accordance therewith, to arrive at a set of
antenna characteristics which will be most favorable for
a given application. The previous rigidity of perform-
ance which was heretofore characteristic of the loop an-
tenna is thus at an end.

While the above-described equations permit the char-
acteristics of a one-turn loop antenna to be predicted
for any type and combination of distributed and lumped
impedances, the reverse procedure of determining the in-
serted impedance combination which will give a desired
antenna characteristic is not readily calculable. In some
instances this may pose a serious practical problem in the
use of the derived equations where a particular antenna
characteristic is desired.

1 have discovered that this difficulty is overcome to a
very considerable extent by using a uniformly distributed
reactance as the impedance inserted in the loop. The use
of this uniformly distributed reactance leads to a tremen-
dous simplification in the use of the derived equations,
whereby the inserted reactance which will achieve a de-
sired antenna characteristic can be determined directly

from the derived equations. This will be brought out by

the following discussion.

APPLICATION OF THE THEORY TO THE PARTIC-
ULAR CASE OF UNIFORMLY DISTRIBUTED
REACTANCE INSERTED IN THE LOOP

(1) Perfect Conductor Values
To apply the theory to the case of uniformly distributed
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10
reactance inserted in the loop, Equation 14 will first be .
solved for the case where the loop is assumed to be a
perfect conductor, that is Z!(¢)=0. Using orthogonality
relations, the solution of Equation 14 for g, ai, and by
becomes:

Vo
aOB—m’*KO (34)
Vo
Axs Wﬂ*Kk ( 35)
by=0 (36)

The additional subscript s is used to indicate that the
values are for the perfect conductor case, and will be so
used hereafter. The equations for Yy, g, Prap—s, and Es
then are determined by substituting Equations 34, 35,
and 36, in the previously derived Equations 15-26 or
27-30 for a core other than air.

(2) Derivation of the Equations in Terms of Perfect
Conductor Values for the Case of Uniformly Distribut-
ed Reactance Inserted in the Loop
In Equation 14 the internal impedance fiinction Zi(¢)

is now assumed to be a uniformly distributed reactance X

per unit length around the loop. The total internal dis-

tributed reactance X may then be expressed as:

Xp=2rX (37)

The insertion of the total distributed reactance Xy in the
loop carries with it the practical fact that a loss com-
ponent is associated therewith. The total uniformly dis-
tributed impedance inserted will thus be represented as:

Zy=Ry+jXz (38)

where Ry is the total loss component associated with Xq.
The Q is then

Xz
Q=32

Again solving Equation 14 using orthogonality rela-

tions, the equations for aqp, @xn, and byp for the uniform-

ly distributed reactance case then become: L
VO — Zﬂs '
Ry A syl (39)

vV e
akD—ZT 0 ==k s Zk 7 (40)
3 +Zxs Zyot *2—T

b=0 41

The equations for Yi;_p, Pin-p» Prap-p and Ep then
follows as:

Yin—D=Y0D+ZYkD=Z ! (42)
k=1 in—D
where:
1 1
Yo0=7F Zer Zon (43)
1 1
Yip=g—==p— (44)
%I‘+ st ZkD
Praco=2¢] Gop 3360 |= 3
in-D"=" p4+ > Gkp [=Popy,+ 2 Pipy,
k=1 k=1
(45)
where:
Gyp is the real pait of Yop
Gyp is the real part of Yip
PRAD—D=P0DRAD+kZ:1PkDRAD (46)
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where:
Zys 3 A
Pupgsp=Posgap Zoik 77 (47)
st 2
Pipgup=Pregsp P— (48)
st+_2—

P

Eypw=-—py RAD (49)
Dy

Progyp Y
kD’—‘m (50)

In the above equations the subscript.D is used to indicate
that these values are for the case of a uniformly distribut--
ed reactance inserted in the loop.

After performing a considerable- number off calcula-:
tions for-thie' case  of a uniformly- distributed’ reactance
Xy inserted in the loop, I discovered:that: when:the re-
actance. Xip_Is-chosen.so that a.particular mode imped-
ance [Zop or: Zyp-in. Equations 43 and- 44]. is. approxi-
mately- a pure resistance, the characteristics for. that mode.
then become: predominant,. the effects’ of all. the. other:
modes becoming negligible. This has been found to oc-
cur because the reactive portions-of the mode impedances
are-quite-large relative to-the resistive portions,. and. in-
addition, are widely. different from- one another. It is:
this . mode predominance effect, which occurs- when a.uni--
formly distributed.reactance is inserted .in the loop, which
brings about a great simplification in the use of the derived
equations.

As.can be seen-from:Equations:43 and-44, a. selected:
mode impedance may be made predominant merely by
making Xy equal and opposite to the reactive component
of the selected mode impedance. For a given antenna
the perfect conductor values Zy; and Zy are known so
that' the. value: of- Xr. which will make a selected: mode
predoiinant:is:readily. ascertainable: Thus; from: Equa~
tions 38~50 the: antenna. chiaracteristics: that: would. re-
sult if each mode were made predominant are also readily
ascertainable.. It is apparent; therefore; that it is now
possible to choose the mode that will have the most
favorable characteristics for a desired application. Since
these characteristics vary widely for the different modes
of a given loop, a wide number of possible characteristics
are available for selection by the designer. And, since
the.characteristics of each mode are a function of known
values, such as #*, 8, Kq, and Ky, all of which are known.
constants, these-values may be chosen so that a selected’
mode will have practically any desired set of character-
istics. Some solutions to practical loop antenna prob-
lems: which are possible by inserting>a properly chosen
uniformly distributed reactance in the loop will now
be presented. :

SOLVING PRACTICAL LOOP ANTENNA PROB-
LEMS BY INSERTING A PROPERLY CHOSEN
UNIFORMLY DISTRIBUTED REACTANCE IN
THE LOOP

(1) Input Impedance Control

One of the serious problems attendant with antennas
in general is the inability to adjust or control the input
impedance presented. by-the antenna. It is usually neces-
sary, therefore, to employ impedance matching net-
works to provide proper matching. Using a uniformly
distributed reactance X inserted in a one-turn loop an-
tenna, this input impedance problem is now solvable.
For a given antenna, the mode.which gives the most.
favorable input impedance may be made predominant.
Further, the comstants n*, g, K, and’ K, may be ad-
justed so that the selected mode will have the desired
impedance.

It is also possible to choose the total distributed re-
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actance Xp so that the selected mode provides a net re-
actance instead of a pure resistance where such is desired
for matching purposes. This is possible because in most
cases . the reactances of the non-selected modes will be

- sufficiently. larger-than the desired net reactance so as to

still: make . their, effect negligible relative to the selected
mode.

(2) Radiation Pattern Control

Where the perimeter of: a loop antenna approaches. or
exceeds-a:half wavelength, it has been heretofore. difficult
to obtain a radiation pattern which is uniform (circular)
in:the: plane of-the: loop, 4nd at the same time, horizon-
tally polarized: (that is; B, is uniform in the plane of the
loop). This has been accomplished in the prior art only
by means of a variety of compléx arrangements such as
the well known Alford loop. (See Electronic and Radio
Engineering, 4th ed., by Terman, p. 908). This difficult
problem is now readily solvable by means of the present
invention.

As can be seen from the TE and TM families, the'E
and H fields are proportional to the current coefficients;
do; Gi, and by in Equation 1 for the current I(¢). For the
condition where the-current is uniform around:the-loop
(that is, 1(¢)=a,), a uniform E, field will be obtained
in the ¢ direction (that is, in the plane of the loop). In
the ¢ direction uniform current I(¢) will result'in an E,.
field having approximately a figure eight pattern. The-
field pattern for the E, field will thus-have the form of a
doughnut with its axis coinciding with the loop axis.

It is evident that the condition for uniform current
I(¢)=aqy is readily accomplished for the case of a.uni-
formly: distributed. reactance inserted in the loop. 'The
current coefficient by is already zero [Equation 41], and.
the coefficients a, can be.made negligible by making the-
zero mode ay predominant; that is, by making Xp equal
and-opposite.to the reactive component of Zg in Equation
43.. Since the theory: holds for any size.loop, this method
of: obtaining uniform current around the loop.also.holds,
for amy- size. loop; including the case. where the. loop.
perimeter approaches or exceeds a half wavelength.

At:this time. it is.interesting to note the type of radia-
tion, pattern. obtained for the case. where the-a; current

mode (k=1) is. made predominant. by making
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equal and opposite to the reactive component of Z,, [see
Equation 44]. For this condition the E, field is uniform.
in the ¢ direction and approximately a figure eight. in the.
¢ direction:. The E, pattern:will then. have the form, of
a. doughnut. with its. axis. perpendicular to. the loop: axis.
and. lying. symmetrically along the. 0.to 180° line.in.the:
plane. of the:loop. For the E,. field, the pattern in. the.8-
and: ¢. directicns are.both approximately figure, eights re-
sulting in a two:lobe E,, field pattern. also. lying symmetri-
cally; along the 0. to 180° line in the plane of the loop.
Such. patterns for the E, and.E, fields have never before
been obtained with a loop antenna. A- wide variety of
other radiation patterns are also possible by making other
modes. predominant. Using the derived equations, there-
fore,. those, skilled in.the art will readily be. able to pro-
vide. a variety of desirable radiation patterns.

(3) Optimization of the Radiation Efficiency of a Ferrite
Core Loop Antenna

Another practical’ utilization: in: accordance with this:
invention is the optimization of the radiation efficiency
of a loop antenna having a ferrite spherical core. An
analysis of the derived' equations shows that the radia-
tion efficiency obtained for the condition of uniform
current around the- loop, I{¢)=ay, not only provides a
uniform radiation. pattern in the plane of the loop but
also provides maximum radiation efficiency for the case
of a spherical core. Thus, to maximize the radiation ef-



8,078,462:

13 14
ficiency of a ferrite loop antenna the zero mode is made B
predominant. Since low radiation efficiency has been 2
serious drawback to the use of ferrite cores, this method Pline P, ‘ P, P, Py, ‘
of optimizing radiation efficiency is of considerable im- : v
portance, 5 | 150ve | 4877V ‘ 7.336 Vit 1.308 V3 0.573 V@ l
APPLICATION OF THE EQUATIONS FOR A ONE-

TURN LOOP HAVING A UNIFORMLY DISTRIB- o

UTED REACTANCE TO A SPECIFIC NUMERICAL

EXAMPLE 10 P’raD- Popan-+ PipaD-s P'2gap-s ‘ P'3pap-s

To illustrate how the uniformly distributed reactance
loop antenna can be advantageously applied in antenna 1.522 Vg 1.363 V2 0.158 Vo? 0.00008 Vg2 | cuccecam
design, a specific numerical example will now be given.
1t is to be understood that this will merely be a single b
example of many possibilities, and in no way is intended 13
to limit the scope of the invention. For this example it E, B B, Es B,
will be assumed that the antenna comprises a one-turn percent | percent | percent | percent | percent
loop made of silver-coated bronze wire having a wire
radius @==0.021 inch, an outer loop radius c¢=1.6485 in- 9.81 27,95 2.15 ‘ ____________
ches, and a Stackpole 2285 ferrite core with a core radius 20
of ¢c=1.6485 inches.

For the above-identified ferrite medium the values at It will now be shown how the k=0 mode is made
170 megacycles of the parameters K', Ky'/, K,/ and X.” predominant and the results obtained thereby. As de-
(which are the previously defined non-dimensional real scribed previously, the zero mode predominance condi-
and imaginary components of the permeability and dielec- ‘25 tion achieves a desirable uniform radiation pattern.
tric constant, respectively) have been obtained from actual And, where the losses consumed in the loss component
experimental data by well known methods. The values of Ry associated with the inserted uniformly distributed re-
the complex intrinsic impedance n* and the complex phase actance X are not too large, zero mode predominance
constant fc may then be calculated as shown in Equa- also achieves an optimized radiation efficiency Ep.
tions 8(a) and 8(b). These values of Ky', Ky, K./, K,”, 30 - To achieve zero mode predominance the inserted uni-
n* and Sc at 170 megacycles are given in Table I below: formly distributed reactance Xy is chosen so that the zero

TABLE I

Frequency K K | K| K n* Be
170 megacycles....| 10.75| 0.227 | 9.5| 0.077 | 127.66x/—0.4222° |  1.5068/—0.836°
Using the above table, the perfect conductor values Zin_s, mode impedance Zgp is a pure resistance. From Table
P s Prap_s and E; are calculated. Since the loop TIA, Zo'=2.3844j494.4 so that to make Zgp a pure
necessarily has a self internal impedance due to skin ef- resistance, Equation 43 shows that Xp should be a capaci-
fect and ohmic resistance, this should be taken into ac- 45 tive reactance equal to —494.4 ohms, It can be seen
count. The self internal impedance is of course uniform- from Table IIl and Equations 38-50 that for this value
ly distributed and may be designated as Zp'=Rp+jXr' of Xp inserted the effects of all other modes are negligible,
Calculating Z¢' by well known means and substituting the the zero mode thus being predominant. The uniform
calculated values therefor in Equations 38-41, initial radiation pattern is now the radiation pattern of the an-
loop values of Z's g, P'in_s, P'rap—s, and E’s are ob- 50 tenna and the resulting zero mode characteristics with
tained. These primed values are now used in Equations X inserted are now the characteristics of the locp an-
38-41 instead of the perfect conductor values, The cal- tenna. Assuming a reasonable value of Qp=400 for the
culated initial values at 170 megacycles are shown in inserted capacitive reactance Xp==494.4 ohms, the as-
Table II below. : sociated dissipative component Ry is substantially 1.2
. : 55 ohms. Using these values of Ry and Xr in Equations

TABLE I 38-50, the following zero mode values (which are now
7 o o N those for the antenna) are obtained as shown in Table
oty | miceowstts | microwatts | percent IV below:
1154176008 | 15,520 Ve | 1522 V2 9.81 60 (TABLE IV
Zop=Zin-D, POin-p=Pin-d, |PORAD-D=PraD-D,|- Eep=Ep,
ohms microwatts microwatts percent
In Table II and hereinafter, it is to be understood that - -
the source voltage Vy'is in peak volts. 6 3. 58540 0.1395 Vi? 0.0260 V3 18.6
The mode values for Z'm s, P'in_s, P'rRap—s, and E's 5 —

up to k=3 are given in Table III, A, B, C, and D below.

From Tables I and IV it can be seen that the radiation

TABLE III
A
Z 1o Z'0s Z1s Z'yy CZ%
I 115476003 2.3844-7494.4 10. 848—j859. 8 27, 643 —73250 49, 181—76549
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efficiency has increased from 9.81% to 18.6%. Also,
the -input -impedance - has -been radically changed from
1154-}-j6003 ohms -to the very much smaller value of
3.584 ohms.

It.is also possible to provide any other higher antenna
resistive input impedance than 3.584 ohms by mieans of
the circuit shown in FIG. 2. The numeral 11 represents
the one-turn loop antenna with the total uniformly
distributed capacitance Xy inserted in the loop. A vari-
able .capacitor 11 is in parallel with the one-turn loop
antenna 12, and the parallel combination thereof is fed
by a ‘generator 19 having an -output resistance R. To
maitch the generator output resistance-R, the value of the
total inserted distributed capacitance is chosen so that the
input impedance of the one-turn loop antenna 12 is the
resistance R in parallel with an inductance. The variable
capacitance 11 is then adjusted to tune out this inductance,
the input impedance presented by the parallel combina-
tion of the -one-turn loop antenna 12 and -the variable
capacitance 11 then being equal to the generator output
resistance R. As explained previously, the zero mocde
net reaétance required -for matohing purposes will ordi-
narily be sufficiently.-small as-¢compared to the reactances
of ‘the ‘other .modes so as.not to effect the zero mode
predominance condition.

For -example, if an input resistance of say 100 ohms
were desired instead of 3.584 ohms, this value -can be
obtained by inserting in the loop a capacitive reactance
of Xp=479.2 ohms instead of:494.4 chms. The input

impedance Zy,_p then becomes 3.584--j15.2 chms which .

is equivalent to a resistance of 100 chms in parallel with
an inductance of 15.7 ohms. This parallel inductance is
now tuned out by the variable capacitance 11 so that the
remaining antenna input impedance is a resistive value
of 100 ohms as desired. From Table IIA it will be
seen that the zero mode is still predominant for this value
of X1=479.2 ohms inserted in the loop.

The above-described illustrative example thus shows
how a one-turn Icop antenna can be tailored to provide
a uniform radiation pattern in the plane of the loop,
optimum radiation efficiency, and practically any de-
sired resistive input impedance merely by properly choos-
ing the total uniformly distributed reactance Xy inserted
in the loop.

PRACTICAL EMBODIMENTS OF A LOOP AN-
TENNA HAVING UNIFORMLY DISTRIBUTED
REACTANCE INSERTED IN THE LOOP

Practical embodiments of a one-turn loop ‘antenna
having uniformly distributed reactance in the loop have
been built and tested. In building and testing these em-
bodiments it has been determined that various practical
assumptions are possible without upsetting the validity of
the derived theory. First, it has been determined that a
uniformly distributed reactance may be approximated by
using closely spaced lumped reactances around the loop
as is sometimes done in building an artificial transmission
line.

Secondly, it has been found that the radius of the ferrite
core used is not critical, and the calculated results will not
‘be significantly altered as long as the wire loop is in close
proximity to the core. Resting the loop on the surface
of the core has been found to be entirely adequate.

Thirdly, as regards the value of the self internal
impedance of the loop Zp'=jXyt'-}+-Re’ to be used in
Equations 38-41 to obtain the initial values of the mode
characteristics with no inserted uniformly distributed
impedance, it has been found that the value of X' is
maintained as long as the perimeter at each cross sec-
tion of the actual loop is approximately equal to that of
the round wire. That is, the X¢’ value is the same as that
for a round wire as long as the perimeter at each cross
section is approximately equal to 2wa, where a is the
radius of the round wire. Each reactance of any set of
lumped reactances inserted in the loop to approximate
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a ‘uniformly distributed impedance, therefore, shoula
have a perimeter substantially equal to 2xa. . The value
of X¢' in the equations will then be the same as for a
round wire having the same perimeter, and the reactance
value of the inserted impedance (excluding leads) “will
then serve as the inserted reactance. The value of the
ohmic resistance R’ can readily be'calculated,: measured,
or estimated by well kdown means. The value of Ry’
ordinarily has only a minor effect on the resultant initial
values.

FIGURE 3 shows a .mumber of closely lumped ca-
pacitances 28 inserted in a one-turn loop 15 to approxi-
mate a uniformly distributed reactance. FIG. 4A is‘an
enlarged view of one portion of the loop 15 showing one
capacitor in detail, and FIG. 4B is a cross-sectional view
along 4B—4B in FIG. 4A. To achieve approximately
the value of X7=494.4 ohms total internal distributed re-
actance at 170 megacycles required to make the zero mode
predominant in the numerical example, twenty-five capaci-
tors each having a value of 50 micromicrofarads at 170
megacycles are employed as shown. As in the numerical
example, the radius ¢ to the extreme edge of the loop is
chosen to be approximately 1.6485 inches, the perimeter
2w-}2¢is chosen to be approximately equal to

2ra=2xX0.021"

and the core 38 is made of Stackpole 2285 ferrite with
a core radius such that the loop 15 rests snugly on the
core 30. The applied voltage V, is applied to terminals
78 forming about a 14g inch gap in the loop 15.

As shown in FIGS. 4A and 4B, the plates 45 of the
capacitor 20 are connected to the connecting wires 35 by
suitable means such as solder joints 48. The dielectric
of the capacitor is represented by 50. The value of the
capacitor 20 used in determining the distributed reactance
is the capacitance of each unit 29 .only, without the
connecting leads 35.

With the embodiment of -FIG. 3 constructed as de-
scribed above, experimental data shows that the zero
mode is predominant and the antenna characteristics cb-
tained are remarkably close to those predicted by the
numerical example.

FIGS. 5A and 5B show another embodiment of the in-
vention for achieving a uniformly distributed capacitance
in the loop. A dielectric loop ‘55 of rectangular cross
section is snugly fit around a spherical core 30. Electrodes
60 are formed on the dielectric loop 55 so as to be sym-
metrically and alternatively located around the inner and
outer peripheries of ‘the loop, thereby providing in effect
a uniformly distributed series capacitance. As was done
for the embodiment of FIG. 3, the radius ¢ to the extreme
outer edge, the perimeter .2w--2¢, and the ferrite core 39
may be chosen to provide the .initial values shown in
Tables III and IV, and the value of the inserted uniformly
distributed capacitances may likewise be adjusted to pro-
vide zero mode predominance. The size and spacing
of theelectrodes 60 in cooperafion with the dielectric
loop 55 which are necessary to provide a given uniformly
distributed reactance may readily be determined by well
known means.

The spherical ferrite core employed in the above two
embodiments was constructed from seven ferrite disks
about three and a half inches in diameter.and about one-
half inch thick. These seven disks were ground to optical
flatness and then mechanically clamped to forma cylinder
about three and a half inches long. The cylinder was
immersed in heated melted paraffin and after cooling the
excess paraffin was wiped off. The cylinder was then
gripped with a U clamp on its end surfaces and ground to
a sphere using a diamond wheel grinder.

It will be apparent that the embodiments shown are
only exemplary and that various modifications can be
made in construction and arrangement within the scope
of the invention as defined in the appended claims.

From the desirable results obtained with the one-turn
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loop antenna by inserting distributed and/or lumped im-
pedances in the loop, it is felt that the proper use of in-
serted impedances in other types of antenna configurations
will also lead to new and desirable results.

I claim as my invention:

1. In combination with a single-turn loop antenna,
means for supplying current at a predetermined frequency
to said loop and impedance means substantially uniformly
distributed around, and forming a part of, said loop for
causing a predetermined k current distribution mode to
predominate at said frequency independently of the elec-
trical length of said loop, where k is any integer equal
to or greater than one, wherein said impedance means
comprises a reactance Xp inserted in said loop having
a value equal and opposite to the reactive portion of
7y, the mode impedance, where

Yo
Zy, equals 7Y

where V, is the voltage impressed at the input terminals
of said antenna and I(¢), the loop current in the ¢ di-
rection, =ay+32(ax cos k¢-}-by sin k¢) where ap, a; and
b, are the co-efficients of a Fourier series representa-
tion of the current wave I(¢), and ¢ is the angle between
two lines lying in the plane of the antenna and passing
through the geometrical center of said loop, where the
first of said lines also passes through the point on said
antenna where the input voltage is applied and the sec-
ond of said lines passes through any other arbitrary point
on said loop.
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2. The invention in accordance with claim 1, wherein
said reactance Xy is approximately equal and opposite to
twice the reactive portion of the initial first mode im-
pedance Zys' of said loop, where Z;s' represents the first
mode impedance defined in claim 1 with a correction for
the fact that said loop antenna is not a perfect conductor,
thereby making the k=1 mode predominant.
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