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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 characteristics of the loop antenna. Without such 
a usable theoretical analysis, prediction of the operation 
of the loop, or the effects of various modifications thereof 
are well-nigh impossible. Any exploitation of the loop 
antenna thus never got of the ground. As a result, the 
development of loop antennas 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 one-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. Losses 
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 from 

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. 
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. 

It 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 a half wavelength. 

this theory for 
the input impedance, input power, radiated power, and . 
radiation efficiency; and a relatively simple, straight 

Any attempted modifications of the loop. 

10 

2 
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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30 
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. 

is made predominant, the antenna characteristics for the 
Selected mode then becoming the characteristics of the 
antella. 
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 

By inserting a properly chosen uni 
formly distributed reactance in the loop, a selected mode 

This leads to a very great simplification in the 

from the following description and from the accompany 
ing drawing, in which: - 
FIGURE 1 is a pictorial representation of the spherical 

. . geometry employed in formulating the theory of the one 

35 

40 

45 

50 

55 

60 

65 

70 

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 loop an- - 

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. 

tenna having a uniformly distributed reactance in the loop 

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. 
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 geometry shown in FIGURE 
1 was used. The wire loop 10 lies in the X-Y plane 
and the source of power of peak voltage Vo is applied at 
=0. The radius to the extreme edge of the loop 10 is 

c, the wire radius is a, 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(p) on the loop 10 was assumed to consist of 



3,078,462 
3 

a Fourier series in the variable g with unknown current 
coefficients ao, ak and bk as given below: 

co 

I(d)=ao--> a cos kdb+ bi sin kb (1) 
kiel 

The solution for the fields induced by this current flow in 
the region outside of a sphere containing the loop 10 was 
then formulated using Maxwell's equations and the gen 
eral spherical wave equation. It was found that these 
fields consist of three independent families of waves, one 10 
TEfamily, and two TM families, TM2 and TMb. These 
TE and TM families have the following form: 
TE 

o ox 

5 

k-1,. . . 2, ... 

rH. (nk) 
A. 20 

=-jAn(n+1)P (cos a) H.SPla. cos kob-bk sin kg) 

P. (cos 0) *A. T "* sing H.( Br)(a. sin kg, -b-cos kids 25 

kPk:(cos 0) 
riank sin 0 Hai(Br)?aksin kb-b cos kb) 30 

E. g.) 
=n*Alf P. (cose))f(Br)(a cos k +b sink) 

35 

rh (ak) 

s -jAf. P. (cos 0))H, (Br) a coski)+b sink) 
Ma 40 

>, > 
ne0sk-1, k=1,2, 
k+1, 3, . . . 

i. ?. 45 rE,-n'F(n+1)(n+2)P. (cos 0):P2 
(ak sin kids-bk cos kob) 

rEa (nk) 50 

=n'Flf Pi: (cos 0))H, (Br)(ak sinkd-bk-cos kb 
Ha (n rti (ak) 55 
t -jFifi P., (cos 0)).fi.i.1(3r)(ak sin kh-b: cos kb 
E(nk) 

k 

="FOH,-(Br)(a cos k+b sink) 00 
rHeak) 

k A 

-jF. E. Oh...(Br)(a. cos kids -- bi sin kob) 65 

XX mak-1 kiss, 2, 
k-hi, . . . 3, . . . 70 

rE. (nk) 

= n*G, n(n- 1)P COS of Pia. sinkh-bk coskill 7 6 5 

4. 
rE (nk) 

=n"Gif P (cos 0):i-i(Br)(a sinki-b coski) 
rHeal) 
=-jGlf P- (cos )ii-i(Br)(as sinki-b coski) 

rE (nk) 
P- cos 0) =n*G, in-(Br)(a cos k +b sink) 

rHocol) 
k A -j6, Pri-(Br)(a cos k+b sink) 

It can be seen that the expressions are in the forms of 
a product of functions of the three coordinates 0, p, and 
r. The 0-dependence is that of associated Legendre poly 
nomials P with argument cos 0, ther dependence is in 
?the form of spherical Hankel functions of the second kind 
H with argument gr, and the p dependence is in the form 
of trigonometric functions cos kqs and sin kop. The Ank, 
Fk, and G 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 subscripts 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, ao, ak, and bk in 
terms of known values, such as the applied voltage Va, 
the frequency f, the internal impedance function Z(p) 
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 
(rec, 0=90) is first, calculated from the TM and TE 
field equations. This relationship for E is as follows: 
rEa(nk) 
rHe(nk) 
TMa 

ak-sin kgb-ebicos kob 
rEa(nk) 

E=-a-Sia. cos kqs--bk sinkg) 2C ke C 

(2) 

Ka- X Rati (6c) (3). 
7-1,3,5 . . . 

R=HP'(0)} f(8b) , (4) 
Kes X Rik H.(6c)+ X. Sk Hit (5c) 

insk:-i, k:-3, . . . nak-1, k-1 

-- Tak Hi-(Bc) 
n=k-1, k--3 

(5) 
Rak 

(2n-1)(n-k) (n -k-1) (n-k+1) 
- 2n(n+1) ili P(OPJ.(B) 

(6) 

S-ari E2-E, SELEP: (0)rj.(8b) 
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i.e. Eity: P(Orj.(Bb) T=- 
(8) 

The terms used in the above equations may be defined as 
follows: 
>n=complex intrinsic impedance of the medium 

K.' -i K.' w 
K.' -i.K.' 

(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). 
B=complex phase constant of the medium 

-bov(K-ik") (K-iK.') (8b) 
where: 
Bo=complex phase constant of free space 

f=frequency 
uo-permeability of free space 
e=dielectric constant of free space 
No-wavelength in free space 
H(Bc) =spherical Hankel function of the second kind 

with argument (Bc)=(6c) -jš,(Bc) 
Where: 

i,(Bc.) =spherical Bessel function with argument (6c) 
N(6c)=spherical Bessel function of the second kind 
with argument (6c) 

fi,(Bc)=derivative of H,(Bc) P() =associated Legendre polynomial with argument 
cos 0=0 
A known boundary condition is now applied. This 

condition is that total tangential electric field ET at each 
point of the extreme outer edge of the loop (r=c, 6=90), 
is equal to the product of the current I(p) and the internal 
impedance function Z(p) around the loop. Mathemati 
cally this general relationship may be expressed as: 

ET=E--E=Z(p) I(p) (9) 
where E, is the applied electric field resulting from the 
applied voltage Vo. This relationship of Equation 9 is 
justified in the case of a thin wire where the electrical 
length goa<<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: 

E=V.() ()-d) (10) 
where 8(qb-pa) is the translated delta function, pa is the 
point in the loop 10 at which the voltage source V is 
applied, and Va(qb) is the applied voltage source V. 
expressed as the sum of an infinite number of continuous 
functions. The property of the translated delta function 
5(p-ga) is such that: 

J. V.(8) ()-d)=V.(...) (11) 

5. 
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Since in FIGURE 1 the voltage source V is applied at 
pa=0, Equation 10 becomes: 

E=V()8() (12) 
and Equation 11 becomes: 

J.V. () () d=V (0)=V (13) 
Now substituting Equation 2 for Epi and Equation 12 

for Ed in Equation 9, the following equation is obtained: 

+*Kita. cos kob -- bi sin kg) E = 
(14) 

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

(1) 

Using Equations 1 and 14 and well known mathemati 
cal procedures, such as the use of orthogonality relations, 
the coefficients ao, ak, and bk can now be calculated in 
terms of known values for any internal impedance function 
Z(p) around the loop. 
To obtain Equation 14 in a more practical form the 

impedance function of Z(qb) will now be expressed as 
the sum of a continuous distributed impedance function 
ZD'(b) around the loop and a lumped impedance func 
tion Z(p) as follows: 

The impedance function Z(p) is continuous and can 
readily be handled in the solution of Equation 14. This 
function ZD'(qb) represents the presence of a continuous 
impedance function around the loop. The function 
Z(p), on the other hand, represents the presence of 
lumped 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()=a+a. cos kids -- bi sin kob) 

XV(0)-din) Z R --m-r-rm-- 

where 
W(b)m=I(d)mZm (17) 

I(b) m is the current at the lumped impedance Z. The m 
index of Summation refers to the number of inserted im 
pedances. 

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

V() ()-XV(). (-)-cz'(a)+nt, 
+2e2.'(a) n*Kak cos kids--b sinkd 

(18) 
Using orthogonality relations Equation 18 can now read 

ily be solved to give the values of aoa, and bk in terms 
of known values for any distributed impedance function 
ZD'(p) and/or lumped impedance Z inserted in the loop. 
Each V(cp)m can be determined by Substituting for each 
I(p)min terms of the known impedances (perfect con 
ductor impedances) and applied voltage. Once the values 
of ao ak and bk are known, the input admittance 

Y-9) 
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(and the iput impedance Zin which is the reciprocal there 
of) may then be obtained as follows: 

Y=Yo+XY-2 (19) k= al 

where: 
ao I 

... t.e.-- 20 Y==z. (20) 
-2-1. 

The input power P then follows as: 

P-3G+Sc.-P.+x P. (22) k= k=1 5 
where: 

Go is the real part of Yo 
Gis the real part of Y 
Using the complex Poynting vector method, the radiated 20 
power PRAD then follows as: (assuming free space for air) 

PRADPrad+2 rad (23) 
where: 25 

2 d A. 

PORAD an. X Rao Jin (Bob) (24) 
a sl3 . . . 

24-h2Y 9 30 PhrAD right X Rakja( gob) 
- - - m2 =k-, 

--1 . . . 

3- (n-1-2) , S. Jh b (3:35 kJi (Bob) 35 
k--1, . . . 

(n-1). - 
-ea TJ (6b nefi-i,(2n-1) kJ (go 

k-i, . . . 40 

(25) 
The radiation efficiency E now follows as: 

Pi - Po; Co Pki, 

E=RADPorad +RPkRAD . (26) 45 
EXTENSION OF THE THEORY TO THE CASE OF 
ATHIN-WIRE, ONE-TURN LOOP WITH ASPHER 
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 c 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 Ko, Equation 5 for KK, Equation 24 for PoRAD and 
Equation 25 for PA. These modified equations are 
presented below. The superscript c will be used to indi 
cate that these equations are for the case of a spherical 
core other than air. 

50 

55 

60 

65 

22 = 1,3,5 . . . 

k-k-3, . . . k-1,... 

-- 

70 

Taki-C6c)M- 
(28) is 

8. 

rin: ? Vo? A (M,H,(6c)| P R -- Y 2 Rn Jn b - - to-", "girl, & R. J.(B), 
(29) 

PRAD 
all (la:P+1b. S. R.I.(s)|MH.(Be): te--- ------- funk- (6b)|tal PAI. 

220 2 i. H.( 60c) 12 
(n+2) A |Matt Hit (6c)? - S.J., (6b) it at 2. 

5-(2n+3)* Hi(3oc) 
(n-1) , , , IM+file (8c)P -- TJ (6b). Etni S.A. st-2. (2-15 kJ (gb) H-(50c) 

(n-1) p, a y M-1H-i(8c) - A TJ (6b) in A. ZI hi-fi, (2n-1)" ((3 ) H-(boc) 
(30) 

The modifying factors Mn, M1, M-1 are defined by 
the following equations: 

M= -- 
A. m ; : Af.1 j,(Be)ii,(Be) l'CP)-7' Els' i. 

Ja(Bc.) it. H(Boc) 

(31) 

jihac Boice El-E no H+ (Boc) J-1 (Sc) 
(32) 

M.n-i- 7 

J. (Boil-coe Ha-1(Boc)-da-(Bc) no H-1 (Soc) J-1 (Bc.) 
(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 Yin, the input power Pin, the radiated 
power PRAD, and the radiation efficiency E are expressed 
as the sum of individual contributions from each com 
ponent of the current I(p). The loop, therefore, may 
be considered to act as a transmission line which supports 
an infinite number of k 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 n modes of spherical wave front 
radiation emanating from the center of the loop. These 
k and in modes are interdependent as shown by the sum 
mation limits in the radiated power equations. 
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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 in 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 K 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 Kk over 
in for each k. The order of n is of course taken sufficient 
ly high to yield a close approximation to the limit. The 
same criterion also applies to k for the 

1. 

Kk 
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 produced 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. I 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 DESTRIBUTED 
REACTANCE INSERTED IN THE LOOP 

(1) Perfect Conductor Values 
To apply the theory to the case of uniformly distributed 

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(p)=0. Using orthogonality 
relations, the solution of Equation 14 for ao, a, and be 

5, becomes: 
V 

do-K. (34) 
- Yo - O dis-, i. (35) 
bits=0 (36) 

The additional subscripts is used to indicate that the 
values are for the perfect conductor case, and will be so 
used hereafter. The equations for Yins, 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 function Zi (b) 

is now assumed to be a uniformly distributed reactance X 
per unit length around the loop. The total internal dis 
tributed reactance XT may then be expressed as: 

The insertion of the total distributed reactance X 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: 

where Rr is the total loss component associated with X. 
The Q is then 

5 

20 

25 

30 

35 

40 : Again solving Equation 14 using orthogonality rela 
tions, the equations for aop, akp, and bid for the uniform 
ly distributed reactance case then become: 

doD-Z-Zao, Ziffz (39) 
45 V 

a D=z =a. z. (40) 
+Z. Z+5 

50 b=0 (41) 
The equations for Yin-D, Pin-D, PRAD-D and Ed then 
follows as: 

o 1. 
Yin- - Y Y = 55 D oD+ kDZ, (42) 

where: 

YoD-Z, ZZ (43) 
60 

YkD= ce--a (44) 

4+z. 7. 
65 V2 s Pin-D= on+&c. =PoD+XP.D. k= k=1 

(45) 

70 where: 
God is the real part of Yor 
Gkp is the real part of Yp 

PrAD-D-Podrap+XPDrap (46) 
75 keel 



8,078,468 
11 

where: 

Zo Y.A. 
PoDRAD-Po RAD Zost-ZT (47) 

Zks 2 
PkDRAD-P brad ZT (48) 

Z--, 
PODRAD 

Eoid= PoD (49) 

P 
Ed=EAD (50) kDin 

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

After performing a considerable number of calcula 
tions for the case of a uniformly distributed reactance 
XT inserted in the loop, I discovered that when the re 
actance. X is chosen so that a particular mode imped 
ance Zod, or. Zip 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. 

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 Xr equal and opposite to the reactive component 
of the selected mode impedance. For a given antenna 
the perfect conductor values Zos and Zks are known so 
that the value: of X, which will make a selected mode 
predominant:is readily ascertainable. Thus, from: Equa 
tions 38-50 the antenna, characteristics 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 n, B, Ko, and Kk, 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 

(I) 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 constants in, 6, Ko, 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 

It: is: 
this mode predominance effect, which occurs when a...uni 
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actance X 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 

exceedsa half wavelength, it has been heretofore difficult 
to obtain a radiation pattern which is uniform (circular). 
in the plane, of the loop, and at the same time, horizon 
tally polarized. (that is, E is uniform in the plane of the 
loop). This has been accomplished in the prior art only 
by means of a variety, of complex 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, 
ao, ak, and bk in Equation 1 for the current I(p). For the 
condition where the current is uniform around the loop 
(that is, I (qb)=ao), a uniform E field will be obtained 
in the p direction (that is, in the plane of the loop). In 
the 0 direction uniform current I(b) 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(qb)=ao is readily accomplished for the case of a.uni 
formly distributed reactance inserted in the loop. The 
current coefficient b is already zero Equation, 41, and 
the coefficients a can be made negligible by making the: 
Zero mode ao predominant; that is, by making X equal 
and opposite to the reactive component of Zos in Equation 
43. Since the theory holds for any size loop, this method 
of obtaining uniform current around the loop also holds, 
for any 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 

Xr 
2 

equal and opposite to the reactive component of Zissee 
Equation 44). For this condition the E, field is uniform. 
in the 6 direction and approximately a figure eight in the 
g 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 a. 
and d directions are, both approximately figure, eights re 
Sulting in a two-lobe Efield 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 (p)=ao, 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. 
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ficiency of a ferrite loop antenna the Zero mode is made 
predominant. Since low radiation efficiency has been a 
serious drawback to the use of ferrite cores, this method 
of optimizing radiation efficiency is of considerable im 
portance. 
APPLICATION OF THE EQUATIONS FOR A ONE 
TURN LOOP HAVING A UNIFORMLY DISTRB 
UTED REACTANCE TO ASPECIFICNUMERICAL 
EXAMPLE 
To illustrate how the uniformly distributed reactance 

loop antenna can be advantageously applied in antenna 
design, a specific numerical example will now be given. 
It is to be understood that this will merely be a single 
example of many possibilities, and in no way is intended 
to limit the scope of the invention. For this example it 
will be assumed that the antenna comprises a one-turn 
loop made of silver-coated bronze wire having a wire 
radius as 0.021 inch, an outer loop radius c=1.6485 in 
ches, and a Stackpole 2285 ferrite core with a core radius 
of c=1.6485 inches. 
For the above-identified ferrite medium the values at 

170 megacycles of the parameters Ku, Ku, K.’ and K.' 
(which are the previously defined non-dimensional real 
and imaginary components of the permeability and dielec 
tric constant, respectively) have been obtained from actual 
experimental data by well known methods. The values of 
the complex intrinsic impedance n* and the complex phase 
constant Bc may then be calculated as shown in Equa 
tions 8(a) and 8 (b). These values of K, K, K, K', 
in and 6c at 170 megacycles are given in Table I below: 

B 

P'in-s Poin- P'in- P'in- Psi 

5. 15.520 v2 4,877 vs. 7.336 v 1.308 V 0.573 V. 

C. 
uuull-------------T 

0 PRAD-s FRAD-. Firap- 'RAD-. F's RAD 

1.522 Vo 1.363 W. 0.58 Wo 0.00003 Wo -------- 
U--------la-ma-e-w-r"""T" 

D 
5 

E's, Eos, E's, E's, E'ss, 
percent percent percent percent percent 

9,81 27.95 2.15 

20 

It will now be shown how the k=0 mode is made 
predominant and the results obtained thereby. As de 
scribed previously, the zero mode predominance condi 

25 tion achieves a desirable uniform radiation pattern. 
And, where the losses consumed in the loss component 
R associated with the inserted uniformly distributed re 
actance Xr are not too large, Zero mode predominance 
also achieves an optimized radiation efficiency Ep. 

30 To achieve zero mode predominance the inserted uni 
formly distributed reactance XT is chosen so that the Zero 

TABLE I 

Frequency Ku' Ku' K. K.' Sc 

170 megacycles.... 10.75 0.227 9.5 0.077 127.66arf-0.4222° 1.5068|-0.836° 

Using the above table, the perfect conductor values Zin-s, 
Pin-s, PRAD-s, and Es are calculated. Since the loop 
necessarily has a self internal impedance due to skin ef 
fect and ohmic resistance, this should be taken into ac 
count. The self internal impedance is of course uniform 
ly distributed and may be designated as Zr'= Rr--iXr. 
Calculating Zr' by well known means and substituting the 
calculated values therefor in Equations 38-41, initial 
loop values of Zin-s, Pin-s, PRAD-s, and E's are ob 
tained. These primed values are now used in Equations 
38-41 instead of the perfect conductor values. The cal 
culated initial values at 170 megacycles are shown in 
Table II below. 

TABLE II 

PRAD- E's, microwatts percent 
2. ins P 'in-s, 
ohms Imicrowatts 

1154-i6003 5.520 V 1.522W2 9.81 

In Table II and hereinafter, it is to be understood that 
the source voltage V is in peak volts. 
The mode values for Zin-s, Pins, PRAD-s, and E's 

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

TABLE III 

65 

mode impedance Zod is a pure resistance. From Table 
IIIA, Zos'=2.384--j494.4 so that to make Zop a pure 
resistance, Equation 43 shows that Xr should be a capaci 

45 tive reactance equal to -494.4 ohms. It can be seen 
from Table III and Equations 38-50 that for this value 
of X inserted the effects of all other modes are negligible, 
the zero mode thus being predominant. The uniform 
radiation pattern is now the radiation pattern of the an 

50 tenna and the resulting zero mode characteristics with 
Xr inserted are now the characteristics of the loop an 
tenna. Assuming a reasonable value of QT=400 for the 
inserted capacitive reactance Xr=494.4 ohms, the as 
sociated dissipative component RT is substantially 1.2 

55 ohms. Using these values of Rir and Xr in Equations 
38-50, the following zero mode values (which are now 
those for the antenna) are obtained as shown in Table 
IV below: 

60 TABLE IV 

Zods Zin-D, P0 in-DPit-d, P0RA-p=PRAD-D, Eop=Ep, 
ohms aicroWatts microwatts percent 

3.585-0 0.1395 Wo 0.0260 Wo 18.6 

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

27. 643-3250 49. 181-6549 
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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 means of 
the circuit shown in FIG. 2. The numeral 11 represents 
the one-turn loop antenna with the total uniformly 
distributed capacitance Xr 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 
match 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 1 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 1 then being equal to the generator output 
resistance R. As explained previously, the zero mode 
net reactance required for matching 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 X=479.2 ohms instead of . 494.4 ohms. The input 
impedance Z then becomes 3.584--i15.2 ohms 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 IIIA it will be 
seen that the zero mode is still predominant for this value 
of X=479.2 ohms inserted in the loop. 
The above-described illustrative example thus shows 

how a one-turn loop 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 XT 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 ZT'=iXT"--Rit' 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 Xr' 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 Xr value is the same as that 
for a round wire as long as the perimeter at each cross 
section is approximately equal to 27ta, 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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6 
a uniformly distributed impedance, therefore, should 
have a perimeter substantially equal to 2ra. 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 RT can readily be calculated, measured, 
or estimated by well known means. The value of R' 
ordinarily has only a minor effect on the resultant initial 
values. 
FIGURE 3. shows a number of closely lumped ca 

pacitances 29 inserted in a one-turn loop 5 to approxi 
mate a uniformly distributed reactance. FIG. 4A is an 
enlarged view of one portion of the loop 5 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 X=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 c to the extreme edge of the loop is 
chosen to be approximately 1.6485 inches, the perimeter 
2a-2t is chosen to be approximately equal to 

2tra-2arx0.021' 
and the core 30 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 
70 forming about a Ae inch gap in the loop 15. 
As shown in FGS. 4A and 4B, the plates 45 of the 

capacitor 20 are connected to the connecting wires 35 by 
suitable means such as solder joints 40. 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 2 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 ob 
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 
6 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 c to the extreme 
outer edge, the perimeter .2c --2t, and the ferrite core 30 
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 the electrodes 60 in cooperation 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 form a 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 Xr inserted in said loop having 
a value equal and opposite to the reactive portion of 
Zks, the mode impedance, where 

V 

where Vo is the voltage impressed at the input terminals 
of Said antenna and I(qb), the loop current in the p di 
rection, =ao-I-2(ak cos kob--bk sin kg) where ao, as and 
bk are the co-efficients of a Fourier series representa 
tion of the current wave I(p), and p 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. 

Zis equals 

0 

15 

18 
2. The invention in accordance with claim 1, wherein 

said reactance Xr is approximately equal and opposite to 
twice the reactive portion of the initial first mode im 
pedance Zis of said loop, where Zs 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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