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Description Toroi dal Antenna
This is a c ' ion-in-part of application Serial No. Bénsise. filed
Decenber 15%%65%13,%and entitled "Toroidal Antenna". et TECIz-l‘,IiII CAL
FI ELD This invention relatesito transmitti ng and receiving
antennas, and in particular, 5 heli c&l I ﬁ und ant ennas.
BACKGROUND OF THE | NVENTI ON a efficiency at a

frequency of excitation is directly rel gboidal Anfefiz ef fecti ve
electrical length, which is related to the signal propagation rate by the
wel I known equation using the speed of light Cin free space,

wave] ength [err], and FH#i€qs @neohtiniation-in-part of application Serial No. 07/992,970, filed
December 15, 1992, and entitled "Toroidal Antenna”.

TECHNICAL FIELD
This invention relates to transmitting and receiving antennas, and in particular,
5 helically wound antennas.

BACKGROUND OF THE INVENTION

Antenna efficiency at a frequency of excitation is directly related to the effective
electrical length, which is related to the signal propagation rate by the well known
equation using the speed of light C in free space, wavelength A, and frequency f:

A=Clf

10 As is known, antenna electrical length should be one wavelength, one half
wavelength (a dipole) or one quarter wavelength with a ground plane to minimize all
but real antenna impedances. When these characteristics are not met, antenna
impedance changes creating standing waves on the antenna and antenna feed
(transmission line), increasing the standing wave ratio all producing energy loss and

15 lower radiated energy.

A typical vertical whip antenna (a monopole) possesses an omnidirectional
vertically polarized pattern, and such an antenna can be comparatively small at high
frequencies, such as UHF. However, at lower frequencies the size becomes
problematic, leading to the very long lines and towers used in the LF and MF bands.

20 The long range transmission qualities in the lower frequency bands are advantageous
but the antenna, especially a directional array can be too large to have a compact

. portable transmitter. Even at high frequencies, it may be advantageous to have a
physically smaller antenna with the same efficiency and performance as a conventional
monopole or dipole antenna.

25 Over the years different techniques have been tried to create compact antennas
with directional characteristics, especially vertical polarization, which has been found
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current sources and corresponding magnetic current sources. This is explained in = 5

Section 3-5 of the 1961 reference Time Harmonic Electromagnetic Fields by R.E. %

Harrington. For the case of a linear dipole antenna element which carries linear = i

electric curreats, the equivalent magnetic source is given by a circular azimuthal ﬁng'
15 of magnetic current. A solenoid of electric current is one obvious way to create a .
linear magnetic current. A solenoid of electric current disposed on a toroidal surface
is one way of creating the necessary circular azimuthal ring of magnetic curreat. .' H
The toroidal helical antenna consists of a helical conductor wound on a toroidal
form and offers the characteristics of radiating electromagnetic energy in a pattern that
20 is similar to the pattern of an electric dipole antenna with an axis that is normal to the
plane of and concentric with the center of the toroidal form. The effective transmission. -
Iine impedance of the helical conductor retards, relative to free space propagation rate, N
the propagation of waves from the conductor feed point around the helical structure.
The reduced velocity and circular current in the structure makes it possible to construct  *
25 a toroidal antenna as much as an order of magnitude or more smaller thatthesizeof.:'_
2 corresponding resonant dipole (linear antenna). The toroidal design has low aspect -
ratio, since the toroidal helical design is physically smaller than the simple resonant -
dipole structure, but with similar electrical radiation properties. A simple single-phase _

feed configuration will give a radiation pattern comparable to a 1/2 wavelength dipole,
30 but in a much smaller package.
In that context, U.S. Patents 4, 622,558 and 4,751,515 discusses certain aspects
of toroidal antennas as a technique for creating a compact antenna by replacing the -
convenuonal linw antenna with a self resonant structure that produces vertically
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15 p. 190. The patents point out that the distinctions between the magnetic and electric
fields/currents and extrapolates that physically superimposing two monofilar circuits
which are contrawound with respect to one another on a toroid a vertically polarized
antenna can be created using a two port signal input. The basis for the design is the
linear helix, the design equations for which were originally developed by Kandoian &
20 Sichak in 1953 (mentioned the U.S. Patent 4, 622,558).
The prior art, such as the aforementioned patents, speaks in terms of elementary
toroidal embodiments as elementary building blocks to more complex structures, such
as two toroidal structures oriented to simulate contrawound structures. For instance,
the aforementioned patent discusses a torus (complex or simple) that is intended to have
. 25 an integral number of guided wavelengths around the circumference of the circle
defined by the minor axis of the torus.
A simple toroidal antenna, one with a monofilar design, responds to both the

electric and magnetic field components of the incoming (received) or outputed
: (transmitted) signals. On the other hand, multifilar (multiwinding) may have the same
30 pitch sense or different pitch sense in separate windings on separate toroids, allowing
providing antenna directionality and control of polarization. One form of helix is in
the form of a ring and bridge design, which exhibits some but not all of the qualities
of a basic contrawound winding configuration.
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sometimes termed a magnetic current. By combining a right-hand and left-hand coil
on the same axis fo create a contra-wound coil and feeding the individual coil elements
with oppositely directed currents, the net electric current is effectively reduced to zero,
while the net magnetic field is doubled from that of the single coil alone. ,
15 As is also known, a balanced electrical transmission line fed by a sinusoidal AC
source and terminated with a load impedance propagates waves of currents from the
source to the load. The waves reflect at the load and propagate back towards the .3
source, and the net current distribution on the transmission line is found from the sum -~ 3

of the incident and reflected wave components and can be characterized as standing -
20 waves on the transmission line. (See e.g. FIG. 13, infra.) With a balanced
transmission line, the current components in each conductor at any given point along
the line are equal in magnitude but opposite in polarity, which is equivalent to the ..
simultaneous propagation of oppositely polarized by equal magnitude waves along the '
separate conductors. Along a given conductor, the propagation of a positive current
in one direction is equivalent to the propagation of a negative current in the opposite
direction. The relative phase of the incident and reflected waves depends upon the
impedance of the load element, Z;. For I, = incident current signal and I; = reflected
current signal, with reference to FIG. 13, infra. then the reflection coefficient pi is .

defined as:
A
“L-1
Ix -1’ zo
pi R e B oammee— =
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It is yet a further object of the present invention to provide an antenna which
is generally omnidirectional in directions that are normal to the direction of
polarization.

It is another further object of the present invention to provide an antenna having

20 a maximum radiation gain in directions normal to the direction of polarization and a
minimum radiation gain in the direction of polarization.

It is still another further object of the present invention to provide an antenna
having a simplified feed configuration that is readily matched to a radio frequency (RF)
power source.

25 It is yet another further object of the present invention to provide an antenna
which operates over as wide a bandwidth as possible with respect to the nominal
operating frequency thereof.

According to the present invention a toroidal antenna has 2 toroidal surface and
first and second windings that comprise insulated conductors each extending as a single

30 closed circuit around the surface in segmented helical pattern. The toroid has an even
number of segments, e.g. four segments, but generally greater than or equal to two
segments. Each part of one of the continuous conductors within a given segment is
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coi |l el ements are severed and the severed ends are terminated with matched purely reactive -
10 impedances which provides for a 90 degree phase shift of the respective mﬂectéd_ .
current signals. 'This provides for the simultaneous cancellation of the net electric
currents and the production of a quasi-uniform azimuthal magnetic current within the .3
structure creating vertically polarized electro-magnetic radiation.
According to the invention, a series of conductive loops are "poloidally” .-
15 disposed on, and equally spaced about, a surface of revolution such that the major axis
of each loop forms a tangent to the minor axis of the surface of revolution. Relative . :
to the major axis of the surface of revolution, the centermost ends of all loops are
connected together at one terminal, and the remaining ends of all loops are connected
together at a second terminal. A unipolar signal source is applied across the two
terminals and since the loops are electrically connected in parallel, the magnetic fields
produced by all loops are in phase thus producing a quasi-uniform azimuthal magpetic -
field, causing vertically polarized omnidirectional radiation.
According to the invention, the number of loops is increased, the conductive '
elements becoming conductive surface of revolution, which could be either continuous 4
or radially slotted. The operating frequency is lowered by introducing either series
inductance or paraliel capacitance relative to the composite antenna terminals.
According to the invention, capacitance may be added with the addition of a - ;
pair of paralle] conductive plates which act as a hub to a conductive surface of
revolution. ‘The surface of revolution is slit at the junction with the plates, with one. ::-_-
30 plate being electricélly connected to one side of the slit, and a second plate being - §
connected to the other side of the sht. The conductive surface of revolution may be 3
further slitted radially to emulate a series of elementary loop antennas. The bandwidth
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Plerr] = [err] 1& [ sense, from the second node to the first node in order that the first and second helical
conductive paths are contrawound relative to each other and form a single endless
conductive path around and over the multiply connected surface; and first and second
signal terminals respectively electrically connected to the first and second nodes.

According to the invention, an electromagnetic antenna has a multiply connected

15 surface having a major radius and a minor radius, with the major radius being at least
as great as the minor radius; an insulated conductor means extending in a first poloidal-
peripheral winding pattern around and over the multiply connected surface with a first
winding sense from a first node to a second node, the insulated conductor means also
extending in a second poloidal-peripheral winding pattern around and over the multiply

20 connected surface with a second winding sense, which is opposite from the first
winding sense, from the second node to the first node in order that the first and second
poloidal-peripheral winding patterns are contrawound relative to each other and form
a single endless conductive path around and over the multiply connected surface; and
first and second signal terminals respectively electrically connected to the first and

25 second nodes.

According to the invention, an electromagnetic antenna has a multiply connected
surface having a major radius and a minor radius, with the major radius being at least
as great as the minor radius; an insulated conductor means extending in a first
generally helical conductive path around and over the multiply connected surface with

30 a first helical pitch sense from a first node to a second node and from the second node
to a third node, the insulated conductor means also extending in a second generally
helical conductive path around and over the multiply connected surface with a second
helical pitch sense, which is opposite from the first helical pitch sense, from the third



WO 96/ 41398
. PCT/ US96/ 09120 5
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present invention avgpatoss the ninoraradisna firsti mﬂlﬂtﬁd conductor mms extendmg in a first

- generally helical conductive path around and partially over the multiply connected
10  surface with a first helical pitch sense from  first node to a second node, and also 44
extending in a second generally helical conductive path around and partially over the
multiply connected surface with a second helical pitch sense, which is opposite from 43
the first helical pitch sense, from the second node to the first node in order that the ..
first and second generally helical conductive paths form a first endless conductive path "
around and substantially over the multiply connected surface; a second insulated
conductor means extending in a third generally helical conductive path around and -
partially over the multiply connected surface with the second helical pitch sense from -
a third node to a fourth node, and also extending in a fourth generally helical - ”"
conductive path atound and partially over the multiply connected surface with the first 3
helical pitch sense from the fourth node to the third node in order that the third and, - -
fourtin generally helical conductive paths form a second endless conductive path around
and substantially over the multiply connected surface, with the first and third generally - .3
helical conductive paths being contrawound relative to the second and fourth generall}i. |
helical conductive paths, respectively; a first signal terminal means electrically
25 connected to at least one of the first and fourth nodes; and 2 second signal terminal
means electrically connected to at least one of the second and third nodes, the first and - g

second signal terminal means for conducting an antenna signal of the electromagnetic
antenna.

15

According to the invention, a method of tfansmitting an RF signal with a
toroidal antenna includes applying the RF signal to first and second signal terminalsin
order to induce electric currents of the RF signal therebetween; conducting a first ;
electric current in a first conductor around and over a multiply connected surface ;
having a major radius and a minor radius, with the major radius being at least as great 7
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yet another furtngje i Gekal Urnfih® 1 R SREInd | SPAST terfithal; CoRduRMAEIS s8dbnd Yepitiaa

whi ch operates over as wde a bandw dth as possible Wwth respect to the

nomi nal oprrent inryseconspoadnetpr aroundad over the multiply connected surfacgi with the

t he present invengé'cglgb ' LSRR .t i %gg

first and secor;d W n |§?§%ﬁa@;§?&rgl se%f%;gﬁhesg&%bﬂgiﬁgzﬁs e%ct?&g%eeﬁr{gi ng
as a single 30helichlopitall sshsec di ceavd sigaalsternfingaoithe fist signal aetmiinel;i ansd|
DR bones, bt ceckiaps 3B oo copallBE Ry B AEUIRN oy Ll e,

segnents, but gené y=greater n or equa
part of one of the conTheineentionrprodides anompadt] vertically golerized astgmmaiwithi gseater gain

WD 96/ 41398 . . . .
PCT/ US96/ 09120 for a wider frequency spectrum as compared to a bridge and ring configuration. Other

objects, benefits and features of the invention will be apparent to one skilled in the art.

10 These and other objects of the invention will be more fully understood
from the following detailed description of the invention on reference to the illustrations
appended hereto.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic of a four segment helical antenna according to the
15 invention.
FIG. 2 is an enlarged view of windings in FIG. 1.
FIG. 3 is an enlarged view of windings in an alternative embodiment of the
invention.
FIG. 4 is a schematic of a two segment (two part) helical antenna embodying
20 the invention.
FIG. 5 is two port helical antenna with variable impedances at winding reversal
points in an alternate embodiment and for antenna tuning according to the invention.
FIG. 6 is a field plot showing the field pattern for the antenna shown in FIG.

25 FIGS. 7, 8 and 9 are current and magnetic field plots relative to toroidal node
positions for the antenna shown in FIG. 1.
FIGS. 10, 11 and 12 are current and magnetic field plots relative to toroidal
positions between nodes for the antenna shown in FIG. 4.
FIG. 13 is an equivalent circuit for a terminated transmission line.
30 FIG. 14 is an enlarged view of poloidal windings on a toroid according to the
present invention for tuning capability, improved electric field cancellation and
simplified construction.
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6 contrawound with respect to that part of the sane conductor in

t he adj acent segnents. Adj acent segnents of the same—comducto
nmeet at nodes or junctions (w nding reversal poi nts). Each of- th S
two conti nuogévg nductors are contrawound with respect t%‘ﬁzﬁ%ﬁwo

ot her withi¥\ ﬁ?’segrrent of the toroid. A pair of nodes is

| ocated at. t he 5 boundary between eadf adjacent pairs of segments..

From.segment to segnent, the polarity of current flow froman . %
uni pol ar signal sour cFI(Bsiﬁrnuesmﬁdieﬂfblmkgiagmfez;iounq&dram version ofiin ditenp OT tf

with respect tot andyct ors t.0 which. rt' s nedes e_caonnect ed. S
According to the?"ﬁ\?gﬂ g}?pr?ﬁ'é“(%?%% t&mg%g@ﬁ{: %gh 8‘5‘(“5‘8‘ ' "f;
every other port FIG. 16rxe ﬁemwnaianftthevﬁﬁdiMSGdf mdﬁteﬁﬁﬁeﬁ\ﬁdidﬁ athed :
wi th mat ched purelx f.eact, “(}‘g nBeda.nce whi ch provi des for 3@ -*1-
degree phase shi i gtion H’Qﬂ‘r QE‘B‘@H SPeAnEy anee matelting, ¢pj FPRREPtiga .

Thi s provides 5orwindimgsi mul t aneous cancel | ation of the net electric g
currents and the productlon of a quasi-uni form azi nut hal netic current ° 3

within the HIBy diyiseat cguyalen Q}@P{tlf@élﬂ-ﬂ)ﬁ"ﬁ?ﬂ%\ﬁ g the invention

Sert o of - conduct g dinemns of tning. |\ 7% Y posed Bﬂvegﬁhon 4
equal |y spaced about, &ﬁm@@mmﬁmmﬁmmmﬁw@mwzw

of each | 00p { OF Mhyefys Al elethehdrdind U B8 S pobRBes ¥ AP aln FIG.

revol ution. Relative e maj or axi ace o :
revol ution, thi® cent er%tmaadssclwm&icl shpwmgsanm@nna embodying thcmgmxmnon :

t oget her at one te Eﬁgﬁ e Elﬁ@i HS? of all |oops are connect ed
toget her at a secon erm %Uﬂl po g#“sgil gnal” source is applied across. -
the two 20 ternFIGIA mamlequvulmtt:inmdnfapalm&e&im@methmfoyoﬁmqmmed
in parallel, the magne | el produced by all loops are in &
phase thus produ0| %“%ﬁ@?fg “é?iﬁ?%’ﬁﬁ'&%"ﬁ‘m"ﬂ magnet i c field, %
causi gg vertically pol mmmkhgwadaﬁmlaeaﬁamimthethmm%mmahaconducuve
A o
Acoor a0 B | Sinalon HaSoltl uosts Wi HHEOSES 1P

FIG. 23 is a section along line 23-23 in FIG. 24.

FIG. 24 is a perspective view of a foil covered antenna accordmgtothe present

invention, :
FIG. 25 shows an alternate embodiment of an antenna with “rotational

20 symmetry” embodying the present invention.
FIG. 26 is a functional block diagram of an FM transmitter using a modulator
controlled parametric tuning device on an antenna. ‘
FIG. 27 shows an omnidirectional poloidal loop antenna.
FIG. 28 is a side view of one loop in the antenna shown in FIG. 27.
25 FIG. 29 is an equivalent circuit for the loop antenna.
FIG. 30 is a side view of a square loop antenna.
FIG. 31 is a partial cutaway view of cylindrical loop antenna according to the
invention, .
FIG. 32 is a section along 32-32 in FIG. 31 and includes a diagram of the . 33
30 current in the windings. -3
FIG. 33 is a partial view of a toroid with toroid slots for tuning and for
emulation of a poloidal loop configuration according to the present invention. '
FIG. 34 shows a toroidal antenna with a toroid core tuning circuit.




THIS §
revH L

el ements becom ng conductive surface o BEEMh{ ch coul d be eit her

‘cont i nuous 25 or radially slottefl..Ihe . gpefatingifrequency is |owered
by introducing either series i nduct ance or parallel capacitance
rel ative to.wboegabgosi te antenna term nal s. PCT/USG/OAEPT di Ng

to the invention, capacitance nmay be added with the addition of a

pair of parallel conductive plates which actllas a hub to a conductive
surface of revol ution. The surface of revolution is slit at the
junction with the pl at G ﬁﬁﬁwwivalentcimui!doqa!hawemwhgweﬁrem.i%al ly

connected to one side : .
connected to the ot herqisllﬁftkl':’gofll chtawﬁf'gfi‘ iﬁe c%’n ctlve sur aga oance tuning
revol uti on may be arrangement according torfbe pesisént finvéntiondi al |y to enul ate a series

of el ementary |00p ant qpAsy ;oG RAY Y Likemate embodial: 3P fna shown in FIG.

of the structurg mW[thpleaBﬁﬁﬂﬁlgs,f the radi us and shape of the surface of
revod ution : are Lbed with the correspondin | e .of revol ution.
According to the invent’1¥1§rr13§ AAnAlEmare, "E tﬂ"@ﬁ‘ﬂ’i‘ﬂ?&“&“%“ﬂ"&y :

connect ed surfame 138\i¢ & @lah View OF arsgelirel tordidsl dtaihd) Qécobdifl toSthe irdsbnt
the maj or radius beln | east
for augmentmg antenna bandwidth and with slots for tuning or for emulation
of a poloidal loop configuration.
10 FIG. 40 is a section along 40-40 in FIG, 39,

FIG. 41 is a plan view of an alternate embodiment of the antenna shown in
FIG. 39 having six sides with slots for tuning or for emulation of a poloidal
configuration.

FIG. 42 is a section along 42-42 in FIG. 41.

15 FIG. 43 is a conventional linear helix.

FIG. 44 is an approximate linear helix.

FIG. 45 is a composite equivalent of the configuration shown in FIG. 45
assuming that the magnetic field is uniform or quasi uniform over the length of the
helix. ' i

20 FIG. 46 shows a contrawound toroidal helical antenna with an external loop and
a phase shift and proportional control.

FIG. 47 shows right hand sense and left hand sense equivalent circuits and
associated electric and magnetic fields.

FIG. 48 is a schematic illustration of a series fed antenna according to an

25 embodiment of the invention. .

FIGS. 49, 50 and 51 are current and magnetic field plots relative to toroidal
node positions for the antenna shown in FIG. 48.

FIG. 52 is a schematic illustration of a series fed antenna according to another
embodiment of the invention.

30 FIGS. 53, 54 and 55 are current and magnetic field plots relative to toroidal
node positions for the antenna shown in FIG. 52.

FIG. 56 is a schematic illustration of a parallel fed antenna according to another

embodiment of the invention. o
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. _ THIS SHEET HAS BEEN
5 as great as the m nor radius; aniinsuysgisggEnconduct or

a first helical conducti ve ver the- L
connected surface with a first helical pitch sense froma first - 4
node to a second node, the insulated conductor neans al sq ext endi ng

in a second"P&#B®/ conductive path around and over the MAYTBIPEbnnected”
surface with a second helical pitch sense,1ohich is opposite fromthe first
helical pitch 10 sense, fromthe second node to the first node in order

that the first and seBIGS] STp5E amd 59 are current amnlagtietivy GieldGds reldtiveqo RbromapUNd
relative to each other.and forma single endl e conducti ve path.
around and over ¥ m@%%mi‘&g’wlz u‘e§g

. ( . . 7-and first and second
signal termnals resppRS.i60a ¥ schb@aicillesitation 6 ReAlePféd bitedrA@cddrdiff tPHdther
second  nodes. . . According to the invention, an ' L
el ect romagnet i c smbedimsntefdhginyentionp| v connect ed 15 surface having a.--~ 4§

maj or radius and a m gge, SfiﬂiaLbieckYﬂiég?TxﬁQ?aﬁrﬂt&Eacé?&itﬂéaxﬁ&{nQQfﬁGJ &F#ith an

as great as the mnor radius; an I nsulated conductor neans extending In a )_{‘_
first poloidal - impedance apd phiseamairhing siemeyt gecording: o anether embpdiment of e 34
mul tiply connectqlqv H{”{ace wth a first wi ndi ng sense froma. first 48
node to a second node, the insulated conductor nmeans al so '

extending in a second Fi6} 62 ialrepreseniptivesr ckévatiomtidiatjorpatieny for the eoteunaa ofFISS T

R

the nultiply Z&fsﬁ%?%Ct ed surface with a second wi ndi ng sense, which i s‘;,-%
opposite fromthe PIrs ) wi ndi ng sense, fromthe second node to the 3
first node in order that the first and second pol oi dal - peri pheral .- &

51 ngl 6 end esd0RESEAROPEIOK CaRRYING GUITTHETRVINIONT) cotnected 8
surface; and Refersing 201 FIG.€l; an dniengn ) coneprisesaloelscaizalby insulatedt closed
Acoordi ng 15 ¢he HREserGRers pwindides) R mg WF el S0 pboaa el form TR yoigh
connect ed 4 (AH4) sgBanpit BEnRnEEROI TRAWindmg o Rk @Rﬂi’eﬂ it/ BFRF leckichlt -
the major radius being at |east asi gr eat ag the mnor radius; an - 3
i nsul at ed conduct E‘B“ﬂg'&?i% teo pen i 4gd SA- Vithipgach segment, the jdpding, eoptrawpyndsy . . 4
conductive patfy apgRtheSshr@MeF windig'W1 hiap 'be rEANAE (RE), 35 snby/thE Bark solid
lines, and the same for winding W2 may be left hand (LH) as shown by the broken

lines. Each conductor is assumed to have the same number of helical turns around the

form, as determined from equations described below. At a junction or node 14 each

winding reverses sense (as shown in the cutaway of each). The signal terminals S1 and
20  S2 are connected to the two nodes and each pair of such nodes is termed a "port”. In .

this discussion, each pair of nodes at each of four ports is designated al and 22, bl and . 1
b2, cl and c2 and d1 and d2. In FIG. 1, for instance, there are four ports, a, b, cand -

d. Relative to the minor axis of TF, at a given port the nodes may be in any angular

relation to one another and to the torus, but all ports on the structure will bear this

25 same angular relation if the number of turns in each segment is an integer. For
example, FIG. 2 shows diametrically opposed nodes, while FIG. 3 shows overlapping
nodes. ‘The nodes overlay each other, but from port to port the connections of the -

corresponding nodes with terminals or pins S1 and S2 are reversed as shown, yielding R

a configuration in which diametrically opposite segments have the same connections in

30 parallel, with each winding having the same sense. The result is that in each segment
the currents in the windings are opposed but the direction is reversed along with the

winding sense from segment to segment. It is possible to increase or decrease the

means extending in
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30 a first helical pitch sense froma first node to a second node and from
‘the second node to a third node, the insulated conductor neans

al so extending in a second generally hel i cal conductive path
around and ox@beidiBes Mul ti ply connected surface with a seceagussso1zo

helical pitch sense, which is opposite fromthe first helical pitch sense,
fromthe third WO 96/ 41398 13

PCT/ US96/ 09120 node to a fourth node and fromthe fourth node to
the first node i rPegems salang as therepye agreven number of segppeats MYhH S perstood

helical conducti gatiid itledber & PlAtTon¥HR}! e &tedtive/ PankMisSidsh hn@feﬂ@ﬁ for the toroid
and form a single endless conductive path around_and over the nultipl

A . Liply
connect ed (takingiptg agcounh the change imprapagation velacity due to the helical winding and
respectively el eciges eadyaftedi i tﬁﬁﬁ%ﬁﬂa@&ﬁn JL ks es.
According to the mveﬁ%lhg%‘,&g% g%ect r%rrﬂﬁgﬁ%dteil%c?gﬁ%sen a has a rré I%Px;/ﬂf?ﬂ
connect ed 5 of theartenns chAmbe ceptoslieds jespeciallyiivith an estemahimpedance dif,Las shown h

T o 000 ok 338 s oy U, e, ol g i £
hel i cal conduct i wertjrally pelarizedconanidireptortal dld pattere havidgeamelévation gngteomnfromttiesl
10 surface wth gufif L aihhBha £ plobllid SF Scddnifhli’ Wbl E19EF whh 2mageend
from the antenna as illustrated in FIG. 6.
10 While FIG. 1 illustrates an embodiment with four segments and FIG. 4 two
segments, it should be recognized that the invention can be carried out with any even

number of segments, e.g. six segments. One advantage to increasing the number of

segments will be to increase the radiated power and to reduce the composite impedance

of the antenna feed ports and thereby simplify the task of matching impedance at the

15 signal terminal to the composite impedance of the signal ports on the antenna. The

advantage to reducing the number of segments is in reducing the overall size of the
antenna.

While the primary design goal is to produce a vertically polarized

omnidirectional radiation pattern as illustrated in FIG. 6, it has been heretofore

20 recognized through the principle of equivalence of electromagnetic systems and

understanding of the elementary electric dipole antenna that this can be achieved

through the creation of an azimuthal circular ring of magnetic current or flux.

Therefore, the antenna will be discussed with respect to its ability to produce such a

magnetic current distribution. With reference to FIG. 1, a balanced signal is applied

25 to the signal terminals S1 and S2. This signal is then communicated to the toroidal

helical feed ports a through d via balanced transmission lines. As is known from the

theory of balanced transmission lines, at any given point along the transmission line,

the currents in the two conductors are 180 degrees out of phase. Upon reaching the

nodes to which the transmission line connects, the current signal continues to propagate

30 as a traveling wave in both directions away from each node. These current

distributions along with their direction are shown in FIGS. 7 to 9 for a four segment

and FIGS. 10 - 12 for the two segment antenna respectively and are referenced in these

plots to the ports or nodes, where J refers to electric current and M réfers to magnetic



extending in a second generally helical conductive path around and
partially over the mul tiply connected surface w t F—a—secomnd
helical pitch sense, which is opposite from the first helicar

pi.t-ch .sense, fromthe second node to the first node in or%@&& '
first and SEQEN#HS ﬁ‘eneral |y helical conductive paths forma %ndl ess:
conductive path 15 around and substangially over the multiply
connected surface; a second insul ated. conduct or neans extendi ng -*

in a third gener aduhgatheThisodnalysis chssiinies cthitathl sinalufrequencly is tuned to thepﬁﬁérinﬁl 1y,

over.the nultiply connect syrface.wth t sec helical, pitch e

from L a YRR Sﬁg‘af‘gﬁ%a‘f’%ﬂ% ﬁ’%ﬂﬂ@“%g&?wméﬁ P Ay '
fourt hhgenelral I Iy lemith Cand thadtthecxflrrentemmmh b%wfamimm&mﬁnmmapl ﬁrinhghl e, . E
over the nmultiply nected surface with the ical pitc e
sense fromthe fomc“f’ﬂ 15 B EPAFFIPAECY: b 'H{E’F?lgql 'FH@?‘Y‘ ofHipe antepng
fourth genéral ky ﬁﬁichﬁahreq&aﬁu%la\&n&aisasnmé moweﬁéqa&df&mﬂhmymﬂﬂdﬁdnve

pat h around and substantially over the nultiply connected

surface, with theling dug ma‘h%l“ﬂ*ﬁ% of ek (Tpe P1°1$ of FIGS. hand &Bh%ﬂ@m
ths b t
paths being con r%@ﬂxs&ﬁh@éﬂ%ﬁxf»@gﬁ@? %%%%Eﬁgl?ﬁn: r}%@ﬂ%

hel i cal. conductive paths, respect I rst si rrean
electrically the’é@des(fmefblcbmetﬁg emanate- m@lmofms Brand 125kDW the sanie

nodes;: and a secoggn,?d m." %L%/
connected to at | east one o\&tﬁ%‘he seconﬁ ger?dt? hi rcégﬁ e first an jon,

second si gnal 1er mecoghizing dhad theopolanity df dhe ng‘rmcmzmwahsewltoaﬁe tiirection to :
el ect romagnetic @g% ?n to t h ,
i nvention, a net hod“d‘f 'tt ransmitti @Gasn QR’Pd 12 thex? m“s%te m@%&&%

ant enna i ncl udes appentidisgritukion mxzsig;mabnnmplés llastratddn m,ohdms;@dnd 11 show X
termnals in der to i electrlc cu s, of the RF si naI"_,
t her ebet ween; con&%tq‘?@e‘fiﬁsﬁmﬂp% on on, thg Sp70f @E%%Wc%eéﬁ
conduct or around I 29 FEGS. D 4 121 Abw, e RBeRARLLIS et @istribution is enhancdidVIHAS a._'

maj or radius and a m naqr radl us, with the maj or radi us, being at | east as b
gr eat 15 ‘those signals in qQuadrature sum up to form a quasi-uniform azimuthal current - :
distribution.

The following five key elements should be satisfied to carry out the invention: -
1) the antenna must be tuned to the signal frequency, i.e. at the signal frequency, the -
electrical circumferential length of each scgment of the toroidal helical structare should - -,
20 be one quarter wavelength, 2) the signals at each node should be of uniform amplitudé, '
.3) the signals at each port should be of equal phase, 4) the signal applied to the -
terminals S1 and S2 should be balanced, and 5) the impedance of the transmission line
segments connecting the signal terminals S1 and S2 to the signal ports on the toroidal ..
helical structure should be matched to the respective loads at each end of the ..
25 transmission line segment in order to eliminate signal reflections. _
When caleulating the dimensions for the antenna, the following the following
parameters are used in the equations that are used below. '
a = the major axis of a torus;
b = the minor axis of the torus
30 D = 2 x b = minor diameter of the torus
N = the number of tumns of the helical conductor wrapped around the torus;
n = number turns per unit length
V, = the velocity factor of the antenna;



RO/ 42 116159-3 as the m nor radius,
and with the first conductor having a first helical pitch sense from
the first signal termnal to the second signal term nal; conducting a

second el ect Wweros/az398 current in a second conductor ar er the
mul tiply connected surface, with the second conductor having a
second helical pitch sense, which is opposit¥ fromthe first 5 hel i cal
pitch sense, fromthe second signal termnal to the first signal termnal;
and enpl oyi ng ¥pemalized} =3 %écond conductors in a contrawound

rel ationship to each ot b\ = The invention provides a
conpact, vertically polari zec}zed%\t enna vm th greater gain for a

wi der frequency spectr ukg asnazmnmd@qndimwaldngthdge and ring configuration.

appar ent 1o one ski || ot & PhinBER 5 i 8 vBbeily Hesbl 0l ikl apeen oo o

of the inventiof will bm smumbéndflaptenmeiggmentod from t he foll ow ng
detatl ed descriptio th ntlon on reference,t the |II stratlons
appended nan it b o S Bt

FIG 1is a scherrafdmmﬁgmra‘eguys;@emmeshel i cal antenna accord| ng to the
I nventi on. an enl arged view of windings in FIG

1. Flgas F@%ﬁ‘i@'ﬁl‘gl‘@'@ﬁ view of windings in an alternative
enmbodi ment of the b = minor radius of torus

10 N = number of turns of helical conductor wrapped around torus
V = guided wave velocity
It has been found that the number of independent variables can be further
reduced to two, V, and N, by normalizing the variables with respect to the free space
wavelength A, and rearranging to form functions a(V,) and b(V,,N). That is, this
15 physical structure will have a corresponding resonant frequency, with a free space
wavelength of A. For a four segment antenna, resonance is defined as that frequency
where the circumference of the torus® major axis is one wavelength long. In general,
the resonant operating frequency is that frequency at which a standing wave is created
on the antenna structure for which each segment of the antenna is 1/4 guided
20 wavelength long (i.c. each node 12 in FIG. 1 is at the 1/4 guided wavelength). In this
analysis, it is assumed that the structure has a major circumference of one wavelength,
and that the feeds and windings are correspondingly configured.
The velocity factor of the antenna is given by:

o
25 The physical dimensions of the torus may be normalized with respect to the free
’ space wavelengths as follows:
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i nvention. 20 FIG 4 is a schematic of a two segnment (two
part) helical antenna enbodyi ng the i nventi.on. =

LI §

5is two port helical antenna with variable inpedances at w ndi ng rever.sa
poi nts i-n %P gaslltlggrénate enbodi ment and for antenna tuning ﬁorﬁl ng to.the

I nvent.i on. FIG 6 is a field plot shown d patter
for the antenna shown in FIG 25 1. 16 FIGS 7, 8 and

are current and nmagnetic field plots relative to toroidal node

posi tions’ for the antmlefe@éw\mae- Predaendy-Range Tuned Helical Antelih&ndrﬁmuﬁsl and'- '-

12 are current and etlpfl lofs relative_to
posi tions bet vveeWﬁgE rﬁg‘g'ﬁh&‘ Qﬁ%‘(ﬁ“‘i"hkﬂ"é %E 1953 National

FIG 13 is an edghneh@éH, W@U'Am&ﬂﬁs ﬁléebmaic%n%raﬁwp&&nwmomm E
FIG 14 is an enla ed view of poloidal w ndj nigs on a toroid according to

the pr eswhichipredicss the Melpeity facter fara ecasisbling wilh a mapefiardineqs helieal inger
fP'C% gsg gpgg'llzgt | GbhaRBeh. Through subktffRioh 'of §orh @RS Viridbies Alis formula  was &Qsﬁﬁﬁél?’%
to 2 toroidal helical geometry in U.S. Patents 4,622,558 and 4,751,515 to give: '

[y .
s 241 500u] 50

Ve = 7 1 25 3
\lm"(z ?.N) (sz)
©)]

While this formula is based upon a different physical embodiment than the invention .. 4§
described herein, it is useful with minor empirical modification as an approximate g
10 ‘description of the present invention for purposes of design to achieve a given resonant
frequency.
Substituting (1) and (2) into equation (3) and simplifying, gives:

- 1 . 1

" :
2N Vo N &
R R e

“)
From equation (1) and (2), the velocity factor and normalized major radius are directly
15 propbrtional to one another:

: oy
Thus, equations (4) and (5) may be rearranged to solve for the normalized -
major and minor torus radii in terms of V, and N:

mVx
8=

©



FIG 15 is a sinplified block diagramof a four quadrant version of an

‘ant enna enbodyi ng the present invention with inpedance and phase
mat chi ng el enent s. FIG 16 is an enlargenent of the w ndings
of an ant ennwomsdtsdyi ng t he invention with primaryrGamsesesiehdary

i npedance mat ching coils connecting the 5 w ndi ngs.

FIG 17 is an equivalent circuit for an ant dhna enbodyi ng the invention
illustrating a means of tuning. FIGS. 18 and 19 are
schematics of a portion of a toroidal ant a_ssthg cl osed nmet al
foil tuning elenments around the toroid g arf pU J?n of tuning as in FIG
17. 10 FIG 20 is a schematic |s WJ n ant enna enbodyi ng the
present invention usi ng a tuning o} between opposed nodes.
FIG .21 is an equivalent circuit of an alternate tUuning nethod for of a
guadr ant ant enna enbodyi ng the present invention.

FIG 22 shows an antenna according to the present invention with a N

conducti ve 1 il laﬁ } j purposes of tuning as in
FIG 21. Subiile o e BRigpeeh bed séﬁ%ﬁ"‘%ﬂéﬁg line 23-23 in FIG 24.

FIG 24 is a perspective view of a foil covered antenna according to the

present i nvention. b_BLG 25 shows an alternate
enbodi ment of an antenna with "rotational & a 20 symetry" enbodying the
present invention. FIG 26 is a functional block diagram
of an FMtransmtter using a nodul ator controll ed paranetric (g

tuni ng devi ce on an antgenna. .. Fl 7 sh an )
ommi di rectional pol oi dZ*#58p Qn{BnfD: _(8) provide therunaamemaE,Y%qu%c)q ndependent
view of one | oop idesiph eelRitihsHiga THep¢kh beuskd € eithér find the physical size of the antenna,

for a given frequency of operation, velocity factor, and number of turns, or to solve
the inverse problem of determining the operating frequency given an antenna of a
specific dimension having a given number of helical turns.
A further constraint based upon the referenced work of Kandoian and Sichak
10 may be expressed in terms of the normalized variables as follows:

nD2_4Nb2_4N52$_1_
A LA 25mV, s

&)
Rearranging this to solve for b, and substituting equation (7) gives:

P R A %s(ﬁﬂ)%

25
160(im 80N
m

10)
Rearranging equation (10) to separate variables gives:

1-v2
s I6N_

- Vo f3im

15 (11)
The resulting quadratic equation can be solved to give:




25 FIG 29 is an equivalent circuit for the | oop antenna.
FIG 30 is a side view of a square | oop antenna. St
is a partial -cutaway view of cylindrical |oop antenna according to the.

i nvent'i on. FIG 32 is a section along 'ﬁﬁugmﬂl |G 31
and incl ud&oa“’ﬁ?”égram of the 30 current in the wndings. 2% R

FIG 83 is a partial viewof a toroid with8toroid slots for tuning and for
enul ation of a poloidal |oop configuration according to the present '

i nventi on. FIG 34 shows a t idal antenna with a toroi:
core tuning circuit. 7! gi-@ g’#4an equi val ent ci rcuit for’
the antenna shown in FIG 34. FI® "36 ig a cutaway of a toroidal
antenna with a central capacitance tuning arrangenent according to the
présent invention. ' a1
' Also, from (6) and (8): ~
8xb
V 2 —
& m
(13)

Constraint (13), which is derived from constraint (8), appears to be more stringent than
S constraint (12).
The normalized length of the helical conductor is then given by:

L, = 2nf(N byt+a® = 2zb iNh(%)z

. (14)
The wire length will be minimized when a=b and for the minimum number of turns,
N. When a=b, then from (6)

b=—2t
8n

10 15)
and thus '

i =—”;}’£ N2+1 > mzsN

(16)
For a four segment antenna, m=4 and
L,>VN

a7
15 Substituting equation (15) into equation (10) gives



FIG 37 is a cutaway of an alternate enbodi nent of the antenna shown in
"FIG 36 with pol oi dal wi ndi ngs. FIG 38 is an alternate enbodi nent

wi th vari abl e capacitance tuning. FIG 39 is a plan view of a square
toroi dal antwonssBssording to the present invention for aurgmAIsséAseoant enna
bandwi dth and with slots for tuning or for emulation of a pol oidal |oop
confi gurati on. FIG 40 is a section all8ng 40-40 in FIG 39. FI G
41 is a plan view of an alternate enbodi nent of the antenna shown in FIG
39 having six sides with slots for tuning,orgfor exal ati on of a pol oi dal
configuration. FIG 42 is a sectHine 6%414?})%62‘} n FIG 41. FIG
43 is a conventional |inear helix. Fk@®ymld i's}an approxi mate |inear
hel i x. FIG 45 is a conposite equival ent of the configuration shown in
FIG. 44 assuming that the magnetic field is uniformor quasi uniformover
the I ength -of the helix. FIG 46 shows a contrawound toroidal (i8)

control o ke bt b TRy, W InfRRuA R E Hrl 1ffaChRREL | O

equi val ent circuits and associated electric and rmagnetic fields. FI G
48 is a schematic illustration of a ser¥¥s=fddl sd,enna according to an
enbodi nent of the invention. FI GS. 49, 50 and 51 are current and
magnetic field plots relative to toroidal node (19)

In general, the wire length will be smallest for small velocity factors, so equation (18)
5 may be approximated as

x> 4
")
10/m
. 20)
which when substituted into equation (16) gives
04
L>m4-=| 0303 m?
¥ 320 )
3

Thus for all but two segment antennas, the equations of Kandoian and Sichak predict
10 that the total wire length per conductor will be greater than the free space wavelength.

' From these equations, one can construct.a toroid that effectively has the
transmission characteristics of a half wave antenna linear antenna. Experience with a
number of contrawound toroidal helical antennas constructed according to this invention
has shown that the resonant frequency of a given structure differs from that predicted

15 by equations (2), (6) and (7) and in particuiar the actual resonant frequency appears to
correspond to that predicted by equations (2), (6) and (7) when the number of turns N
used in the calculations is larger by a factor of two to three than the actual number of
turns for one of the two conductors. In some cases, the actual operating frequency
appears to be best correlated with the length of wire. For a given length of toroidal



. _ THIS SHEET HAS
positions for the antenna shown in FI 48, REPLACED SR
illustration of a series fed antenna a

i nventi on.

52 is a schenatlc
her baeH—+ef
. FIGS. 53, 54 and 55 are current and nagnetic field pI ots ¥
relative t r node -posi tions for the antenna sho
FIG 56 i's.o‘ﬂbg’g'ag%tic illgstration of a parallel fed aW@c‘ﬁ d| ng to
anot her enbodi nent of the invention. 20

12 FIGS. 57. 58 and 59 are current and magnetic field plots :
relative to tor0|mwmdhtcmpW&h,Ms&dsdmgtMMlh&maB&osh@m bpace-wivel@gth of

FIG 60 is a schenati | ustration of aral lel fed antenna according td" .
anot her enbodi merd® BF° %E‘)H’@ eﬁ\"i E‘ ose freub ncy 1s given {’ ,

)=
HAabM= 5

@ -
In some cases, the measured resonant frequency was best predicted by ecither - 3§
0.75*,(a,b,N) or £,(a,b,2N). For example, at a frequency of 106 Mhz a linear half -
wave antenna would be 1.415 M (55.7 in.) long assuming a velocity factor of 1.0 .

whereas a toroid design embracing the invention would have the following dimensions.
a = 6.955 cm (2.738 in.)

b = 1.430 cm (0.563 in.)

10 N = 16 turns #16 wire

m = 4 segments

For this embodiment of the toroidal design, equations (2), (6) and (7) predict .4
a resonant frequency of 311.5 MHz and Vg=0.454 for N=16 and 166.7 MHz for .3
N=32. At the measured operating frequency, Vg=0..154 and for equation (4) to hold,
the effective value of N must be 51 turns, which is a factor of 3.2 larger than the
actual value for each conductor. In this case, f (a,b,2N)=103.2 MHz.

15

In a variation on the invention shown in FIG. 5, the comnections at the two- 1}
ports a and ¢ to the input s:gnal are broken, as are the conductors at the corresponding 33
nodes. The remaining four open ports all-a21, al2-a22, c11-¢21 and ¢21-¢22 are then
terminated with a reactance Z whose impedance is matched to the intrinsic impedance .
of the transmission line segments formed by the contrawound toroidal helical conductor
pairs. The signal reflections from these terminal reactances act (see FIG. 13) to reflect
a signal which is in phase quadrature to the incident signals, such than the current
distributions on the toroidal helical conductor are similar to those of the embodiment
of FIG. 1, thus providing the same radiation pattern but with fewer feed connections
between the signal terminals and the signal ports which simplifies the adjustment and
tuning of the antenna structure,
The toroidal contrawound conductors may be arranged in other than a helical
fashion and still satisfy the spirit of this invention. FIG. 14 shows one such alternate
30 arrangement (a "poloidal-peripheral winding pattern"), whereby the helix formed by
_ cach of the two insulated conductors WI. W2 is decomposed into a series of

Sheet Has Been Re(ilaced

BT




FIG 61 is a block diagramof an interface for the antenna of FIG 60 with
“an i npedance and phase matchi ng el enent accordi ng to another enbodi nent of
t he inventi on. FIG 62 is a representative elevation radiation
pattern for nnas of FIGS. 48, 52 or 56. BEST Mok RRYI NG
OUT THE INVI%'k#F‘éﬂ%Ie Referring to FIG 1. an antenna 10 corr% sﬁgs t wo

electrically insulated closed circuit condu@tors (w ndings) W and W2 t hat
extend around a toroid form TF through 4 (n=4) equi angul ar segnents 12. The
wi ndi ngs are supplinterttouaected polokdal lnopsc14. i c Alhedntgreehnebtions formocipcules ar@irehtive

S2. Wthin each s N " S £ far
winding W may bgtg{ﬁferhﬁjo%%ﬁsd %%@Q%ﬁﬂ%ﬂ%&gﬁh&e&a}a@a °ﬁ§’3‘ gﬁﬁ
t he sanme for wi ndlmngwnmnmy poavidecd tmdre redadt Ldapcetiationh ofvtheligroidad electricecurrent
i nes. Each conduct or s assuned ta aée the sarre nunber of hellgaal tu Qs
around the form é‘EP’?P‘E?ﬁ‘F"gﬁ 5?‘?“8%%“&8 & Ereptpomponen, ’5““{
junction or nodg wbtuawu &.N Orhis s difiert 65 SRari@&ized D9a Ereated Entérdbmiiatsr Of
each). The signal terninals and S2_are %onnect ed to the two nodes and

each pair of such FIB#anGes ads o | the | pesonapt frmquengy sofo the stugtuss, s
of nodes at each Qipl@HéntR Vefifikd TIRSfeSUABAtNeqibncy of this embodiment may be adjusted

by adjusting the spacing between the paralle} conductors W1 and W2, by adjusting the
relative angle of the two contrawound conductors with respect to each other and with
10 respect to either the major or minor axis of the torus.

The signals at each of the signal ports S1, S2 should be balanced with respect
to one another {i.e. equal magnitude with uniform 180° phase difference) magnitude
and phase in order to carry out the invention in the best mode. The signal feed
transmission line segments should also be matched at both ends, i.e. at the signal

15 terminal common junction and at each of the individual signal ports on the contrawound
toroidal helical structure. Imperfections in the contrawound windings, in the shape of
the form upon which they are wound, or in other factors may cause variations in
impedance at the signal ports. Such variations may require compensation such as in
the form illustrated in FIG. 15 so that the currents entering the antenna structure are

20 of balanced magnitude and phase so as to enable the most complete cancellation of the
toroidal electric current components as described below. In the simplest form, if the
impedance at the signal terminals is Z,, typically 50 Ohms, and the signal impedance
at the signal ports were a value of Z,-m*Z,, then the invention would be carried out
with m feed lines each of equal length and of impedance Z, such that the parallel

25 combination of these impedances at the signal terminal was a value of Z, If the
impedance at the signal terminals were a resistive value Z, different from above, the
invention could be carried out with quarter wave transformer feed lines, each one
quarter wavelength long, and having an intrinsic impedance of Z; = Z, Z;. In general,
any impedances could be matched with double stub tumers constructed from

30 transmission line elements. The feed lines from the signal terminal could be
inductively coupled to the signal ports as shown in FIG. 16. In addition to enabling
the impedance of the signal ports to be matched to the feed line, this technique also
acts as a balun to convert an unbalanced signal at the feed terminal to a balanced signal



and a2, bl and b2, cl1 and c2 and d1 and d2. In FIG 1, for instance, there
are four ports, a, b, ¢ and d. Relative to the mnor axis of——F—at—=
given port the nodes may be in any angular relation to one another and to-
the torus, but all ports on the structure will bear this | ar - B

rel ation i fW er of turns in each segnent is an integer. kFor exanple,
FIG 2 shows dianetrically opposed nodes, 2@hile FIG 3 shows overl apping :
nodes. The nodes overlay each other, but fromport to port the connections:§

of the correspongithesignal eortsvon ithet contrawaing taroidal elicHIstmowireS? With ahis éndactived as
shown, yielding a confiquratign in which.dianetrically. opposjt segnents .
have the sane coFﬂ'l’Bg?g M’ gﬁr%P?lw,mﬁﬁgﬁ“a%mmﬂhﬁ?éﬁaah%ﬂg*ﬁm -

sense. The resul firictré idy beradiaadd segiTNénableahe wntemrl Snickuré e regbriattl fredy.ar e
opposed but the direction is reversed al on

Lth the w ndi sense from
segment to segmnefther meaps;o e RIFSS ARG %@%@P&ég%g’gﬂ@“g-fm‘“ oD,
96/ 41398 '

those skilled in the art are also possible without departing from the spirit of this
PCT/ USQG/ 09120 " _ po & 13sPl .-
_ - invention.

The antenna structure may be tuned in a variety of manners. In the best mode,
the means of tuning should be uniformly distributed around the structure so as to’
maintain a uniform azimuthal magnetic ring current. FIG. 17 illustrates the use of

10 poloidal foil structures 18.1, 19.1 (see FIGS. 18 and 19) surrounding the two insulating i
conductors which act to modify the capacitive coupling between the two helical -
conductors. The poloidal tuning elements may either be open or closed loops, the
latter providing an additional inductive coupling component. FIG. 20 illustrates a
means of balancing the signals on the antenna structure by capacitively coupling

15 different nodes, and in particular diametricaily opposed nodes on the same conductor.

The capacitive coupling, using a variable capacitor C1, may be azimuthally continuous .

by use of a circular conductive foil or mesh, either continuous or segmented, which is
parallel to the surface of the toroidal form and of toroidal extent. The embodiments
in FIGS. 23 and 25 result from the extension of the embodiments of ejther FIGS. 17 -

21, wherein the entire toroidal helical structure HS is surrounded by a shield 22.1

which is everywhere concentric. Ideally, the toroidal helical structure HS produces .3

strictly toroidal magnetic fields which are parallel to such a shield, so that for a -

20

sufficiently thin foil for a given conductivity and operating frequency, the -
electromagnetic boundary conditions are satisfied enabling propagation of the
electromagnetic field outside the structure. A slot (poloidal) 25.1 may be added for
tuning as explained herein. - o
The contrawound torcidal helical antenna structure is a relatively high Q p
resonator which can serve as a combined tuning element and radiator for an FM
transmitter as shown in FIG. 26 having an oscillator amplifier 26.2 to receive a voltage
from the antepna 10. Through a parametric tuning element 26.3 controlled by a
modulator 26.4, modulation may be accomplished. The transmission frequency F1 is
controlled by electronic adjustment of a capacitive or inductive tuning element attached’
to the antenna structure by either direct modification of reactance or by switching a



segnents so long as there are an even nunber of segnents, but it should be
“under st ood that the nodes bear a relationship to the effective
transm ssion line length for the toroid (taking into account the
change i n prwpagssdsoon vel ocity due to the helical w ndi ng PATAISI6NI120
operating frequency). By altering the node | ocations the polarization and
directionality 5 of the antenna can be %%ntrolled, especially with an
external inpedance 16 in FlG

, h . 5. The f t
Sanf T oar at § oe ane Serieh @ reaaOvnelements, (HRFIEY o) S0 28 B contl b aptpage

pol arized omi di r ichis dougleE ksl tRAsthRbe,\#d R RdREIR! ne@RalefedRndyesf the .
fromthe axi s of the antegﬁla and a plurality of electronmagnétic
waves E1, E2 whi chont@iygund toroidal helfcal, -antenna as illustrated in FIG 6.

10 . Wi le FIG Iy, dnihet atdtion B thETRRGHER Showh & rxfgetﬁ.u%%e T0ida Rt

FIG 4 two segnents, it should be recognized t e Invention can

be carried out Swi cendaetgrsad dhe previous emhndiresntsotre seplpeediby a seties ofiN peleigaldneps.
One radvant age t o kARG ﬂ"&l!'nrﬂ : th@iﬂmﬁ . '

i ncrease the radi g?'gdﬁpomega%ﬁlg 0 reé%éc);ebo%aemg%dr?%gy 'gfiferr%&e’%g%gsgp&&m“f of
the antenna feed panhtleopensiitivertortbe major masliusf of thehtorus askcanheaterk topitiny at thpsigaaic e

at the 15 signg!-g ¥\ Nak: t | ' C fol 1.0 rts
on the antenna. The sl 51, %gg%/gﬁet %&ﬁ??%%tﬁﬁ%&nﬁn%&‘ lg?ep g}eeg&n%lﬁ?c%gi S
in reduci ng t he owepethet atsigoal tefmindleS82. The indisidvairiowps while identical with ondlahdtlert he
primary desig oal I,s t.0O oduce a vertl ol.ari zed

ormi di rect | on;lw'gr e %F‘Séﬁyeﬁ’ﬂp%sw’ﬁ Hfg‘taééaiﬁg A @) culgr shapey,and FiG, 30
heretofore 20 [hgegihgzatctipub §ikpe.nThe Elettfitad bfuitdient distuitlot Biccofiguration |
el ectromagnetic sgﬁst ens .a under SaE ?I’ldl ng of the elenentary electric

di pol e antenna th ShPWf‘é“E'LgW%% Jbnindidpal loop segrpenfsagh attips a.gopysmtignal Lyopan

azi mut hal circul agnteadad 19 the BdaBLiteGirittires Me iRfivilikal Yoops are fed in Pafaief et wehe
antenna will be discussed with respect to its ability to_produce such a .

magnetic current &¢ulng maeness figld campenentsceated; therebysin gach Jopp, preniaRbass; §Wal
is applied 25 GanubRlpyiBSedd feRiive e torbidd drmfesulting Sn 84 @RAuttaly LRRAm
comuni cated to the toroildal ) .
ring of magnetic current. By comparison, in the contrawound toroidal helical antenna,
the fields from the toroidal components of the contrawound helical conductors are
canceled as if these components did not exist, leaving only the contributions from the
poloidal components of the conductors. The embodiment of FIG. 27 thus eliminates
20 the toroidal components from the physical structure rather than rely on cancellation of
the correspondingly generated electromagnetic fields. Increasing the number of
poloidal loops in the embodiment of FIG. 27 results in the embodiments of FIG. 31
and 33 for loops of rectangular and circular profile respectively. The individual loops
become continuous conductive surfaces, which may or may not have radial plane slots
25 soas to emulate a multi-loop embodiment. These structures create azimuthal magnetic
ring currents which are everywhere parallel to the conductive toroidal surface, and
whose corresponding electric fields are everywhere perpendicular to the conductive
toroidal surface. Thus the electromagnetic waves created by this structure can
propagate through the conductive surface given that the surface is sufficiently thin for
30 the case of a continuous conductor. This device will have the effect of a ring of
electric dipoles in moving charge between the top and bottom sides of the structure,
i.e. paraliel to the direction of the major axis of the toroidal form.



helical feed ports a through d via balanced transm ssion lines. As is known
fromthe theory of balanced transm ssion lines, at any—g-ver—pse ~

al ong the transm ssion |ine, the currents in the two conductors aréj
180 degreeswalg&‘ phase Upon reaching the node which the
transm ssi on ne connects the current 'signal [ . 6%1

continues te 30
as a traveling wave in bot h directions away4from each node. These current--

distributions along with their direction are showmn in FIGS. 7 to 9 for a

four segnent affble ediedimens of FIGST 2T arld/Bd shive tieaijsativdntzye of feldtively large
respectively and ar ced |

f | ot th t .
nodeés, where J rm%e %??F‘%l%%ﬁretﬁﬂmﬁﬁﬁmmfo 3 S ¢ o fie, e ‘?S,f"%g

WO 96/ 41398 wavelength for resonant operation. However, the loop size may be reduced by addmg
PCT/ US96/ 09120

current. This andAitessericiindnctance qf parallglreagtance fo *?%G@Wfﬁ(;?%é@ K3 mﬁe:

ant enna 5 ﬁlmusﬁaw:s%esmimoa Bﬁﬁeﬂe?%d%ﬁﬁéerﬂy%mlﬁg %ﬁﬂ%ﬂ&ﬁlcﬁf o
structure i s one wavel eq?g | e th, and t hat current "»:'.
di stribution on tgwbodim Pﬁr’ﬁGt ﬁlﬁmécﬁpm i 34be, FIG. 36 illustrates Bie i s
an appr oxi mati on. rBaEaﬂl\éP | t e -
5 structure are atdrxg%?e%g as 5 ansm sgggnm%gﬁ%v\ever t hese fgﬁwnﬁlgﬁeéakyi

transm ssion capacitor jisia th@iormftmennahh@t 367 fort the bweid striitterepTS wdichfalso
FIGS. 7 and 10 shydsfs pdvide! fabdhanical support for both the toroidal form and for the central

10 electrical connector 36.3 by which the signal at terminals SI and S2 is fed to the
antenna structure. The parallel capacitor and structural hub are formed from two -
conductive plates P1 and P2, made from copper, aluminum or some other non-ferrous . e
conductor, and separated by a medium such as air, Teflon, polyethylene or other ow A
loss dielectric material 36.4. The connector 36.3 with terminals S1 and S2 is
conductively attached to and at'the center of parallel plates P1 and P2 respectively,

which are in turn conductively attached to the respective sides of a toroidal slot on the
interior of the conductive toroidal surface TS.

15

The signal current flows radially
outward from connector 36.3 through plates P1 and P2 and around the conductive
toroidal surface TS. The addition of the capacitance provided by conductive plates P1
and P2 enables the poloidal circumference of the toroidal surface TS to be significantly - ot
smatler than wouid otherwise be required for a similar state of resonance by a loop-
antenna operating at the same frequency. :
The capacitive tuning element of FIG. 36 may be combined with the inductive
loops of FIG. 27 1o form the embodiment of FIG. 37, the design of which can be
illustrated by assuming for the equivalent circuit of FIG. 38 that all of the capacitance . 18
in the is provided by the parallel plate capacitor, and all of the inductance is provided
by the wire loops. The formulas for the capacitance of a parallel plate capacitor and -

for a wire inductor are given in the reference Reference Data for Radio Engineers, 7th
ed., E.C. Jordan ed., 1986, Howard W. Sams, p. 6-13 as:

C- 0.2258,{(1‘]-1)%]

23)

and



current distribution with polarity referenced to the direction of
propagati on away from t he nodes from which the signals enmanate.
The plots of FIGS. 8 and 11 show the sane current distribution
when ref er ermo@96/41898a conmon count er-cl ockwi se direction, pecrrwgssesize
recogni zing that the polarity of the current changes with respect to the

direction to which it is referenc2d. FIGS. 9 and 12 then
illustrate the correspondi ng nmagnetic current di stribution
utilizing the principles illustrated in.FIG 1. 8 and 11 show

that the net electric current dig bbﬁ-l‘hﬂssmog ?r—ossmz hel i cal
structure is cancel ed. ut FI GS. 12 show, the net
magnetic current distribution is enhanced. Thus 15 those signals in
guadrature sumup to forma quasi uni form azi mut hal current 4)
di stribution. h follow ng five key el enents should be
satisfied to carr??' B'i?t fh ?ﬁ% 1) the antenna nust be
tuned to the signal fr%@p@% at the signal frequency, the

el ectrical circunferential "} ot each segnent of the toroidal helical
structure shouPd b Bae SRR or wavel ength, 2) the signals at each
node shoul d be of umerm"%E@F’i?fmes 3) the signals at each port
shoul d be of equal pha%e'mﬁ“%aﬁ@sﬁyﬁallo%’plﬁhed to the termnals

S1 and S2 should be ba‘l’a‘nm iameler 3. t he i npedance of the transmission |ine
segnents connecting thé -surg#me«h@wmmyam and S2 to the signal ports on

t he toroidal helical structure should be matched to the
respective | oads at each end of the 25 transmission line segnent in
order to elinilfate si ghes resanpntiaguensy of the equivalent parallel circuit, \Apsuming4 totel of Nng

t he di nensi ons f%:?#p %E% pyi e following the follow ng

paraneters are used 1I'n tﬁﬁ'e qualyl’ons that are used bel ow.

a = the major axis of a torus; the m nor axis of the
t orus 30 D=2xb= nmer—d}-ane%e-;gi_the t orus

N = the nunber of turns of the helical cgBgyet or\’%p&ped around the torus;

N

25

2%

(26)
For 2 toroidal form with a minor diameter = 7.00 cm (2.755 in.) and a major
15 inside diameter (diameter of capacitor plates) of 10.28 cm (4.046 in.) for N=24 loops
of 16 gauge wire (d=0.16 cm (0.063 in.)) with a plate separation of t=0.358 cm
(0.141 in.) gives a calculated resonant frequency of 156.5 MHz.
For the embodiment of FIG. 38, the inductance of a single turn toroidal loops
is approximated by:

. ) [J-obz
2a
20 ' @n
where g, is the permeability of free space = 400%x nH/m, and a and b are the major
and minor radius of the toroidal form respectively. The capacitance of the parallel
plate capacitor formed as the hub of the torus is given by:



n = nunber turns per unit length

Vierr] = the velocity
factor of the antenna; WO 96/ 41398
PCT/ US96/ 09120 '
a(norrrallz err] = a b(normal i zed) b/ [err i
L[err] = g’hﬁf’ﬁ conductor length [errm&? W]avel ength
based” on the vel ocity factor and [err] for,free space.
nu.nb_er of antenna segnents The toroidal helical antenna S at a

x
‘resonant” frequency as determ ned by. the

following three -
phy5|cal vari abl es:

: magsor m@-p® of torus = '
b = mnor radius of torus 10 - ac"' "Oﬁuﬁ'ﬁ of turns of helical
conductor wr apped around torus V  guided wave velocity

28)

here ¢, is the permitivity of free space = 8.854 pfd./m. . ‘
Substituting equations (27) and (28) into equations (25) and (26) gives:
f = ____3_8'_(27_—_. MHz
i ba-bYe,
at
@9 ..

Equation (29) predicts that the toroidal configuration illustrated above except for a .
continuous conductive surface will have the same resonant frequency of 156.5 MHz if |
the plate separation is increased to 1.01 cm (0.397 in.). .
The embodiments of FIGS. 36, 37 and 38 can be tuned by adjusting either the i
entire plate separations, or the separation of a relatively narrow annular slot from the :
10 plate as shown in FIG. 38, where this fine tuning means is azimuthally symmetric. so

as to preserve symmetry in the signals which propagate radially outward from the :
center of the structure. i
FIGS. 39 and 41 illustrate means of increasing the bandwidth of this antenna. A

structure. Since the signals propagate outward in a radial direction, the bandwidth is

15 increased by providing different differential resonant circuits in different radial
directions. The variation in the geometry is made azimuthally symmetric so as to  ..%
minimize geometric perturbation to the azimuthal magnetic field. FIGS. 39 and 41 °
illustrate geometrics which are readily formed from commercially available tubing
fittings, while FIG. 25 (or FIG. 24) illustrates 2 geometry with a sinusoidally varying . 3

20 radius which would reduce geometric perturbations to the magnetic field.

The prior art of helical antennas show their application in -remote sensing of
geotechnical features and for navigation therefrom. For this application, relatively low 2
frequencies are utilized necessitating large structures for good performance. The linear - - : ‘
helical antenna is illustrated in FIG, 43. This can be approximated by FIG. 44 where

25

the true helix is decomposed in to a series of single turn loops separated by linear -
interconnections, If the magnetic field were uniform or quasi-uniform over the length 3
of this structure, then the loop elements could be separated from the composite linear




It has been found that the nunber of independent variables can be further
‘reduced to two, V[err] and N, by normalizing the variables with respect to
the free space wavel ength X, and rearranging to form functions

a(Merr]) angobgdsssr]. N. That is, this 15 physical Sicpisbsigiaom | |

have a correspondi ng resonant frequency, with a free space

wavel ength of [err]. For a four segnent antgnna, resonance is defined as

t hat frequency where the circunference of the torus' "major axis is
one wavel engt h | oripmehitodemethe structure of FIG. 45h éThissstwootaret cao be fartlien gorhpresyerinc y

Is that frequency at i ch . a.st.andi wave .| S cr.ea . . .on.the
ant enna struct ure%P%Pé#%@'@ﬁggég%&ﬂ%ﬁ’ewﬁﬂg‘ﬁ{@%ﬁ%‘%@’H‘?‘&ﬁf*ﬁé‘&fm“ﬂ 20
wavel ength | ong (lpola:dalaaﬁhmﬂ@ﬂ‘ecnlﬂs descfibéd hetein, Sa.sanusn’atedlﬁ FI@L46le The primary

wavel ength). In this Si s, |s urred t hat the structure
has a major circuffEniage to B‘fsmgg ﬁ{!ﬁt TuCtuTe i maqre comppet than the

and wi ndings ars Wﬂm@nwnaﬁpﬂhwwmmms for portable apph%n\s%ma}
fact-or of the antenna i s given

[err] = [err] = [ éq‘qd] or_se3 gqﬁ]zﬁles, %/' for inconspicuous applications. A second advantage to this
(1)~ 25 conﬁéﬁ?atﬁﬁ)’aﬁﬂ%'tha@bf‘ﬁ@ '49ri§m91f:hé hgrefit ﬁadw eiaeme%@ﬁgﬁled
wWth respect to the free space wavel engths as fol
a=[err] b=[err] components are decomposed enabling them to be submquenﬂy processed and
recombined in a manner different from that inherent to the linear helix but which can
10 provide additional information.
Referring to FIG. 48, a schematic of an electromagnetic antenna 48 is
illustrated. The antenna 48 includes a multiply connected surface such as the toroid
form TE of FIG. 1, an insulated conductor circuit 50, and two signal terminals 52,54.
As employed herein the term "multiply connected surface” shall expressly
15 include, but not be limited to: (a) any toroidal surface such as the preferred toroid form
TF having its major radius greater than or equal to its minor radius; (b) other sﬁrfaces
formed by rotating a plane closed curve or polygon having a plurality of different radii
about an axis lying on its plane, with such other surfaces® major radius being greater
than or equal to its maximum minor radius; and (c) still other surfaces such as surfaces
20 like those of a washer or nut such as a hex nut formed from a generally planar material
in order to deﬁhe, with respect to its plane, an inside circumference greater than zero
and an outside circumference greater than the inside circumference, with the outside
and inside circumferences being either a plane closed curve and/or a polygon.
The exemplary insulated conductor circuit 50 extends in a conductive path 56
25 around and over the toroid form TF of FIG. 1 from 2 node 60 (+) to another node 62
(-). The insulated conductor circuit SO also extends in another conductive path 58
around and over the toroid form TF from the node 62 (-) to the node 60 (+) thereby
forming a single endless conductive path around and over the toroid form TF.
As discussed above in connection with FIG. 1, the conductive paths 56,58 may
30 be contrawound helical conductive paths having the same number of tumns, with the
helical pitch sense for the conductive path 56 being right hand (RH), as shown by the
solid line, and the helical pitch sense for the conductive path 58 being left hand (LH)
which is opposite from the RH pitch sense, as shown by the broken lines.
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16 The reference "W de- Frequency- Range Tured—He

and Circuits" by A .G Kandoian and W Sichak in Conventlon Record of
the I.R E . 1953 Nati onal

Convention, Part 2 - ;_f_
Conmmuni cat vﬁﬁ%" fﬁ? 42- 47 presents a formul a whi cﬁ&ggﬁ'@f’g t he

velocity factor for a coaxial line with a ggnofilar |inear helical inner

5 conduct or-. Through substitution of geonetric variables, this fornula was*
t ransf or ned

Thé! cordistive Fathd gblssa&mﬂs&ww i olberSthaCa HRES fashion, " 4§
4,622,558 and 4, 751, 515 to give; V[err]: =
(3) . Whi | SuGhASR 828 @pwalafa{h%é%mﬂ §9r4§fy %wmtofthlsh
errbodl ment than t,ﬁ;%ni? aye ' oor | k4
m nor errpl rical no | caﬁﬂgﬁ&gg&gﬁeegg Q%%Cs”s Hﬁ H%% aescrp%pt | O%ng?ﬁ%

r oxI mat e
present i nventi orwinding pattesess daving oamtgrwmd;nams@ves dmgnsspdrabpecsgnmecuon

requency. 5 otith FIG. 14, Wbl el il (himelsy Gk et 166"ttt boHuutBd
W1,W2 is decomposed into a series of interconnected poloidal loops 14.1. :

Continuing to refer to FIG. 48, the conductive paths 56,58 reverse sense at the ~ 8

nodes 60,62. The signal terminals 52,54 are respectively electrically connected to the 3
nodes 60,62, The signal terminals 52,54 either supply to or receive from the insulated 3
conductor cireuit 50 an outgoing (transmitted) or incoming (received) RF electrical
signal 64. For example, in the casé¢ of a transmitted signal, the single endless

conductive path of the insulated conductor circuit 50 is fed in series from the signal -
terminals 52,54.

10

It will be appreciated by those skilled in the art that the conductive paths 56,58
may be formed by a single insulated conductor, such as, for example, a wire or printed
circuit conductor, which forms the single endless conductive path including the
conductive path 56 from the node 60 to the node 62 and the conductive path 58 from .
the node 62 back to the node 60. It will be further appreciated by those skilled in the
art that the conductive paths 56,58 may be formed by plural insulated conductors such
as one insulated conductor which forms the conductive path 56 from the node 60 to the

"node 62, and another insulated conductor which forms the conductive path 58 from the
node 62 back to the node 60.

20

Also referring to FIGS. 49 - 51, current and magnetic field plots relative to the
nodes 60,62 of the antenna 48 are illustrated. As similarly discussed above in
connection with FIGS. 7 - 12, the currents in the conductive paths 56,58 of FIG. 48 K
are 180 degrees out of phase. The current distributions are referenced in these plots' )
to the nodes 60,62, where J refers to electric current, M refers to magnetic current,
Cw refz;ts to clockwise, and CCW refers to counter-clockwise. This analysis assumes
that the nominal operating frequency of the signal 64 is tuned to the structure of the 3
antenna 48 in order that the electrical circumference thereof is one-half wavelength in -~ 3
length, and that the current distribution on the structure is sinusoidal in magnitudé,

30

which is an approximation. The contrawound conductive paths 56,58, which each have
a Jength of about one-half of a guided wavelength of the nominal operating frequency,




Vlerr] =Jerr] = [err]
" (4) From equation (1) and (2), the velocity factor and nornali zed

maj or radius are directly 15 proportional to one another:

Vierr] = 2[ ofddsiraes PCT/USY6/09120

(5) Thus, equations (4) and (5) may be rearranged to sol ve
for the nornmalized major and m 9 torus radii in ternms of V[err]
and N a =J[err]

(6) may be viewed as elements of a non-uniform transmission line with a balanced feed.

The paths 56,58 form a closed loop that has been twisted to form a "figure-8" and then
folded back on itself to form two concentric windings.
In order to enhance the understanding of the embodiment of FIGS. 48-51, an
5 example will be provided.
Example
At a nominal operating frequency of 30.75 MHz, for example, a linear half
wave antenna (not shown) would be about 4.877 M (192.0 in.) long assuming a
velocity factor of 1.0. In contrast, at the exemplary nominal operating frequency of
10 30.75 MHz, the electromagnetic antenna 48, using the toroid form TF of FIG. 1,
would have the following characteristics:
a = 28.50 cm (11.22 in.) major radius
b = 1.32 cm (0.52 in.) minor radius
N = 36 turns #16 wire in each of the conductive paths 56,58
15 m = 2 conductive paths 56,58.

The plot of FIG. 49 shows the electric currént distribution with polarity
referenced to the direction of propagation away from the nodes 60,62 from which the
signals emanate. The plot of FIG. 50 shows the same current distribution when
referenced to a common counter-clockwise direction, recognizing that the polarity of

20 the current changes with respect to the direction to which it is referenced. FIG. 51
illustrates the corresponding magpetic current distribution utilizing the principles
iltustrated above in connection with FIG. 1. FIG. 50 shows that the net electric current
distribution on the toroid form TF of FIG. 1 is canceled, and FIG. 51 shows that the
net magnetic current distribution is enhanced.

25 In this manner, the conductive path 56 conducts electric currents CCW,J, CW,J
therein and conductive path 58 conducts electric currents CCW,J, CW,]J therein. These
conductive paths 56,58 and the associated electric currents produce corresponding
clockwise and counter-clockwise magnetic currents, such as the magnetic currents
CCWM, CCW,M praduced by the respective conductive paths 56,58 and respective

30 electric currents CCW,J, CCW,] therein. FIG. 50, with the current distribution
referenced to the CCW direction, illustrates destructive interference of the currents
CCWJ, CCW,J. Similarly, FIG. 51, with the current distribution referenced to the
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14—
):_ [err] ' . :
(7 subject to the fundamental property of a toru :
[err] WO JeLS PchBfsonn |
(8) . Equations (2), (6), (7), 368) provide the fundanental,
f requency i ndependent 5 design relationships. They can be used to

either find the pbgw dirdction, msﬁ'&wibtﬁxsﬁmﬁahﬁrferenceofmemgnac@umCCwmncy-
of operation, vel 8&WX4faCtor and nunber of turns, or to solve

A method_of transmitting an RF signal, such as the signal 64, with the
exemplary antenna 48 of FIG. 48 includes applying the RF signal 64 to the signal -
terminals 52,54 in order o induce electric currents CCW,J, CW,J, CCW,J, CW,J of -
the RF signal 64 therebetween; conducting the electric currents CCW,J, CW,J in the

" conductive path 56; conducting the electric currents CCW,J, CW,J in the conductive

path 58; and employing the conductive paths 56,58 in a contrawound relationship t0 -
each other.

10 Referring to FIG. 52, a schematic of another electromagnenc antenna 48’ is

illustrated. The antenna 48’ includes a multiply connected surface such as the toroid ' ; ‘

form TF of FIG. 1, an insulated conductor circuit 50', and two signal terminals :
52',54'. Except as discussed herein, the electromagnetic antenna 48', insulated 13
conductor circuit S0/, and signal terminals 52',54‘ are generally the same as the :
respective electromagnetic antenna 48, insulated conductor circuit 50, and signal
terminals 52,54 of FIG. 48. '

The exemplary insulated conductor circuit 50’ extends in a conductive path 56' -
around and over the toroid form TF of FIG. 1 from a node 60’ (+) to an intermediate - -
node A and from the intermediate node A to another node 62’ (-). The insulated
conductor circuit 50’ also extends in another conductive path 58' around and over the
toroid form TF from the node 62' (-) to another intermediate node B and from the
intermediate node B to the node 60’ (+) thereby forming a single endless conductive
path around and over the toroid form TF.

20

As discussed above in connection with FIGS. 14 and 48, the conductive paths
56',58' may be contrawound helical conductive paths having the same number of tums
or may be arranged in other than a purely helical fashion such as contrawound
*poloidal-peripheral winding patterns” having opposite winding senses.

The signal terminals 527,54’ either supply to or receive from the insulated . ;
conductor circuit S0’ an outgoing (transmitted) or incoming (received) RF clectrical
30 signal 64. The conductive paths 56',58', which each have a length of about one-half

of a guided wavelength of the nominal operating frequency of the signal 64, reverse
sense at the nodes 60°,62’. The signal terminals 52’,54' are respectively electrically
connected to the intermediate nodes A,B. Preferably, the nodes 60°,62" are



the inverse problem of determning the operating frequency given an antenna
‘of a speci fic dinension having a given nunber of helical turns.
A further constraint based upon the referenced work of Kandoi an and Sichak

10 may be exppegeReg i n terns of the normalized variabl es gsexhitobiviso
[err]

(9) Rearranging this to solva&lfor b, and substituting
equation (7) gives: b =1Jerr]

(10) diarRteicaliympposgd do) uist intrmédifte nbdessA Bainadrdervihati the llagthgof/he :
[err] = a

conductive paths 56’,58' from the respective nodes 60°,62' to the respective
intermediate nodes A,B is the same as the length of the conductive paths 56',58’ from
the respective intermediate nt_ydes A,B to the respective nodes 62’,60'.

5 It will be appreciated by those skilled in the art that the conductive paths
56',58' may be formed by a single insulated conductor which forms the single endless
conductive path including the conductive path 56’ from the node 60’ to the intermediate
node A and then to the node 62’, and the conductive path 58’ from the node 62’ to the
intermediate node B and then to the node 60”. 1t will be further appreciated by those

10  skilled in the art that each of the conductive paths 56',58" may be formed by one or
more insulated conductors such as, for example, one insulated conductor from the node
60’ to the intermediate node A and from the intermediate node A to the node 62'; or
one insulated conductor from the node 60’ to the intermediate node A, and ancther
insulated conductor from the intermediate node A to the node 62°.

15 Referring to FIGS. 53 - 55, current and magnetic field plots, similar to the
respective plots of FIGS. 49 - §1, relative to the nodes 60’,A,B,62’ of the antenna 48’
of FIG. 52 are illustrated.

Referring to FIG. 56, a schematic of another electromagnetic antenna 66 is
illustrated. The antenna 66 includes a multiply connected surface such as the toroid

20 form TF of FIG. 1, a first insulated conductor circuit 68, a second insulated conductor
circuit 70, and two signal terminals 72,74.

The insulated conductor circuit 68 includes a pair of generally helical conductive
paths 76,78, and the insulated conductor circuit 70 similarly includes a pair of
generally helical conductive paths 80,82. The insulated conductor circuit 68 extends

25 in the conductive path 76 around and partially over the toroid form TF of FIG. 1 from
a node 84 to a node 86, and also extends in the conductive path 78 around and partially
over the toroid form TF from the node 86 to the node 84 in order that the conductive
paths 76,78 form an endless conductive path around and substantially over the toroid
form TF. The insulated conductor circuit 70 extends in the conductive path 80 around

30 and partially over the toroid form TF from a node 83 to a node 90, and also extends
in the conductive path 82 around and partially over the toroid form TF from the node
90 to the node 88 in order that the conductive paths 80,82 form another endless
conductive path around and substantially over the toroid form TF.
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- (11) The resulting quadratic equation can be setve
WD 96/.41398 :
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V[err] [err 96/41398 - P&/%smno
(12) " Also, from(6) and (8): 32
Vierr] [éerr].

(13)

As discussed above in connection with FIGS. 14 and 48, the conductive paths
76,78 and 80,82 may be contrawound helical conductive paths having the same number
of turns or may be arranged in other than a purely helical fashion such as contrawound B
*poloidal-peripheral winding patterns” having opposite winding senses. For example, *~ 4
the pitch sense of the conductive path 76 may be right hand (RH), as shown by the '. .
solid line, the pitch sense for the conductive path 78 being left hand (LH) which is :
opposite from the RH pitch sense, as shown by the broken Iines, and the pitch sense
for the conductive paths 80 and 82 being LH and RH, respectively. The conductive
paths 76,78 reverse sense at the nodes 84 and 86. The conductive paths 80,82 reverse - i i;;;f
10 sense at the nodes 88 and 90. -
The signal terminals 72,74 either supply to or receive from the insulated - .
canductar circuits 68,70 an outgoing (transmitted) or incoming (received) RF electrical |
signal 92, For example, in the case of a transmitted signal, the pair of endless = . ¥
conductive paths of the insulated conductor circuits 68,70 are fed in parallel from the -
signal terminals 72,74. Each of the conductive paths 76,78,80,82 have a length of
about one-quarter of a guided wavelength of the nominal operating frequency of the
signal 92, As shown in FIG. 56, the signal terminal 72 is electrically connected to the
node 84 and the signal terminal 74 is electrically connected to the node 88.
It will be appreciated by those skilled in the art that the insulated conductor . .
circuits 68,70 may each be formed by one or more insulated conductors. For example, e

15

20

the insulated conductor circuit 68 may have a single conductor for both of the . : :"-j
conductive paths 76,78; a single conductor for each of the conductive paths 76,78; or
multiple electrically interconnected conductors for each of the conductive paths 76,78.

Referring to FIGS. 57 - 59, current and magnetic field plots, similar to the
respective plots of FIGS. 49 - 51, relative to the nodes 84,86,88,90 of the anteana 66 .4
of FIG. 56 are illustrated. The plot of FIG. 58 shows the same current distxibution ~ 3
when referenced to a common counter-clockwise direction and the plot of FIG. 59 .
illustrates the corresponding magnetic current distribution.

Referring to FIG. 60, a schematic of another clectromagnetic antenna 66’ is =
iltustrated. Except as discussed herein, the electromagnetic antenna 66' is generally
the same as the electromagnetic antenna 66 of FIG. 56. The electromagnetic antenna -
66" includes signal terminals 94,96, which are similar to the respective signal terminals . ;
72,74 of FIG. 56, and signal terminals 98,100. The signal terminal 98 is electrically

30



Constraint (13), which is derived fromconstraint (8), appears to be nore
stringent than 5 constraint (12). The normalized | ength
of the helical conductor is then given by:

Ll[err] = 2[e 621396 E" I ]

(14) e wre length will be mnimzed when a=b aﬁﬁr ortﬁ?a

m ni mum nunber of turns, N. When as®, then from (6)

b=[err] 10

(15) and cbiniested to the node 90 and the signal terminal 100 is electrically dohfiscteli-th @e |
(16) Forogegé)ur segnent antenna, m=4 and

L[err] > V[err]N®

As shown in FIG. 60, pairs 94,96 and 98,100 of signal terminals 94,96,98,100

either supply to or receive from the insulated conductor circuits 68,70 an outgoing
5 (transmitted) or incoming (received) RF electrical signal 94 which is electrically
connected in parallel to the signal terminal pairs 94,96 and 98,100,

Alternatively, as shown in FIG. 61, an impedance and phase shifting network
102 may be employed between the signal 94 and one or both of the pairs 94,96 and
98,100 of FIG. 60. Other means of impedance, phase, and amplitude matching and

10 balancing familiar to those skilled in the art are also possible without departing from
the spirit of this invention.

Referring to FIG. 62, a representative elevation radiation pattern for the
electromagnetic antennas 48,48',66 of FIGS. 48,52,56, respectively, is illustrated.
These antennas are linearly (e.g., vertically) polarized and have a physically low

15 profile, associated with the minor diameter of the toroid form TF of FIG. 1, along the
direction of polarization. Furthermore, such antennas are generally omnidirectional in
directions that are normal to the direction of polarization, with a maximum radiation
gain in directions normal to the direction of polarization and a minimum radiation gain
in the direction of polarization.

20 The electromagnetic antennas 48,48',66 of FIGS. 48,52,56, respectively, reduce
the major diameter of the toroidal surface at resonance with respect to prior known
antennas. The length of the electrical circumference of the minor toroidal axis is 12\,
which is smaller by a factor of two than prior known antennas having a minimum
electrical circumferential length of A. The wave propagation velocity along the

25 contrawound conductor circuits 50,50',68,70 is about two to three times slower than
the design equations of Kandoian & Sichak. Accordingly, the major diameter of the
toroidal surface is smaller by a factor of about four to six. Furthermore, only a single
feed port of the signal terminals 52,54;527,54';72,74 is employed with the respective
electromagnetic antennas 48;48';66 and, therefore, the task of matching the input

30 impedance of such antennas to that of the transmission line for the respective signals
64:64:92 is easier. Moreover, the fundamental resonance of each of the
electromagnetic antennas 48,48’ provides a relatively wide bandwidth (e.g., about 10
to 20 percent of the fundamental resonance) in comparison with the corresponding first



(i?) 15 Substituting equation (15) into equation (10) gives WO
96/ 41398

19. Mlerr]N.= [err]

(18) - mumwi re | ength, N=m ni nun=4, so for
ant enna, v%y&g 348 P‘fg&{s@&"r

Vierr][N =1
(19). - In general, the wire length willzpe snallest for srrall veI ocity
factors, so equation (18)

PEHUS96+69 :

harmonic resonance in order to provide the widest bandwidth at the intended nominal
operating frequency. Also, the performance of the exemplary electromagnetic antenna S

48 is comparable to that of a vertical one-half wave dipole antenna and provides a  J
greater specific communications range (¢.g., greater than about 38 statute milés) over

5 sea water than the range (e.g., about 12 statute miles) of a comparable quarter wave
~ grounded monopole or whip antenna. |
In addition to modifications and variations discussed or suggested prevmusly, '

one skilled in the art may be able to make other modifications and variations without
departing from the true scope and spirit of the invention. |




5 may be approximted as V[err]N = [err] -

'(20) whi ch when substituted i ' ) gives

Ll[err] > nferr] = 0.393 nferr] lﬂﬂmmmﬂmmjmﬁ ]

21 Il b L , '

(21) wwéiﬁr a ut two the eqp@tirsvsnoidh

Kandoi an and pr edi ct 10 that the total wire | ength per conductor
w [l be greater than the free space wavel engg h. From t hese
equations, one can construct a toroid that effectively has the

transm ssi on char 3tgpAiM:i cs of a half wave antenna |inear antenna.

Experience with a nuber of contrawound toroidal, helical antennas
constructed according to ths i APSiRGIgMagnetic antepna COBRESAEt hat t he resonant

frequency of a given structure dirﬁlﬁ@ﬂ?cﬁﬁﬁﬂ%&hﬁfac@h% fidjor raus 49¥ a minor

equat.ions (2), (6) and (7) and in particular the actual resonant frequency

appears to Tedins SHohRImEIOr FaRIS BENEAL deaslpsigyeat gtithe iminer TRdIPS; (6) and
(7) when the nunber of turns N 'nsulated&ﬁ&ﬁm&ﬂx&ﬁkﬁ&ﬂhﬁﬁé‘ﬂﬁﬁ{‘ﬁe}kﬁ&ﬁ&&ﬁ% by

a factor of two to three than the actual nunber
path around and over said multiply corinected surface with a first helical pitch sense

from a first node to a second node,

said insulated conductor means also extending in a second helical
conductive path around and over said multiply connected surface with a second helicat
pitch sense, which is opposite from the first helical pitch sense, from the second node
to the first node in order that the first and second helical conductive paths are
contrawound relative to each other and form a single endless conductive path around
and over said multiply connected surface; and

first and second signal terminals respectively electrically
connected to the first and second nodes.

2. The electromagnetic antenna of Claim 1 wherein said multiply
connected surface is a toroidal surface.

3 The electromagnetic antenna of Claim 1 wherein said insulated
conductor means includes 2 single insulated conductor which forms the single endless
conductive path.

4, The electromagnetic antenna of Claim 1 wherein said insulated
conductor means includes a first insulated conductor which extends from the first node
to the second node, and a second insulated conductor which extends from the second
node to the first node.

S. The electromagnetic antenna of Claim 1 wherein said insulated
conductor means includes:

first conducting means for conducting a first electric current in
the first helical conductive path; '

second conducting means for conducting a second electric current
in the second helical conductive path;

first producing means for producing a first magnetic current from
the first electric current in the first helical conductive path; and
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_ REPLACED SHEETS SG
This Sheet Has Been Replaced
: [ Description : paged ........ to paged ..........
: ﬁ Clim(s)  :paged..35. to paged . %1...
, 1 Drawing(s) : paged ........ to paged ..........
[} Abstract  : paged ........ to paged ..........




turns for one of the two conducto t he act ual operati ng
- frequency appears to be begmm)m“mmumh t he | ength—ef— -
a given length of toroidal

R20/ 42

116159-3 el uctor -
L[err] (a,b, W)%f‘ﬁ?’g length will be equal to the free spacgcfxg{%‘?‘% th of - .
an el ectromagneti c wave whose frequency |S3g| ven by:

flerr](a, b, N=[err] :
(22) In sone cases, th GERSPUEREMRA \m@naﬁschmt
predi cted by either

0.75 [( s ] b, 2N) F
*flerr err].(a, or
exanpl e, at a freﬁ'ﬂ'@rﬁ?s@fmﬁlﬂmg g Pé\q!)‘?a‘ﬁ)?‘eh“g-‘ °°nd$ - ant enna-
woul d be 1.415 M (55.7 in.)s | ongnd sRsiami@netic/Sléinh of dnﬁﬁmrwheiemluﬁ first and -
whereas a toroid desi embracing the invention would have the follow ng

n
di nensi ons. c? producing;meang inglpde mgansprovgding gonstructive interference of thetﬁrst

1.430 cm (0. 563 1 fhg sekldnd magnetic currentd i drfler W ProaiickOa Wanmitted signal fiom said -
electromagnetic antenna.

7. The electromagnetic antenna of Claim 6 wherein the first and
second conducting means include means providing destructive interference of the first
and second electric currents.

8.  The electromagnetic antenna of Claim 1 wherein sai& signal *
terminals conduct an antenna signal having a nominal operating frequency; and wherein

a length of said insulated conductor means in each of the helical conductive pathsis .

about one-half of a guided wavelength of said nominal operating frequency.
9. An electromagnetic antenna comprising:

a multiply connected surface having a major radius and a minor .

radius, with the major radius being at ieast as great as the minor radius;

insulated conductor means extending in a first poloxdal-penpheml
winding pattern around and over said multiply connected surface with a first winding
sense from a first node to a second node,

said insulated conductor means also extending in a second
poloidal-peripheral winding pattern around and over said multiply connected surface
with a second winding sense, which is opposite from the first winding sense, from the
second node to the first node in order that the first and second poloidal-peripheral
winding patterns are contrawound relative to each other and form a single endless
conductive path around and over said multiply connected surface; and

first and second signal terminals respectively electrically
connected to the first and second nodes.

10.  The electromagnetic antenna of Claim 9 wherein said multiply
connected surface is a toroidal surface.
11.  The electromagnetic antenna of Claim 9 wherein said insulated

conductor means includes z single insulated conductor which forms the single endless
conductive path.
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m = 4 segnents | [ t of the toroidal design,
equations (2), (6) and (7) predi gllm ' 'i ﬂ IHﬁFonant frequency of 311.5
MHz and Vg=0.454 for N=16 and 1 c s a N=32. At the measured

operating freegigagws Vo=0. 154 and for equation (4) to hol ferdSeneizet he
effective value of N nust be 51 turns, which is a factor of 3.2 larger than

t he actual value for each conductorgzIn this case, f[err](a,b, 2N)=
103. 2 MHz. In a variation on the invention shown in FIG 5,
the connections at the two I2. The etfo dhtehrid of Climiwherein isgid dhsuRited

€l

broken, as are the conductors at, the correspondji n . nodes he
remai ni ng four opEARABGPE Weaps "T?‘%Qﬁsl’;‘ g?i‘?—“&??ip W%E‘-"g’é‘fh‘ﬁ}i‘lﬁ’“ﬁ“fi?‘@??h%g@t poden
20 t er m nat egh the lsécoid heRs aad) SecbndiiRelatet EBMMIDE Which eABhEE T ti debohd

i ntrinsic inpedance of the transmission |ine segnents forned by the
cont rawound t or oi 8efe tRdhe first nedsnduct or pairs. The signal

reflections fromthese ternjnal ﬁg%@&ﬁ%ﬁea&héﬁﬁeofbﬁim@hhéﬁﬂ ﬁi;i]&t al

a signal which is in_ phase quadrature to the incident signals, suc an
the current termigalscpRdugt ancintenas signabhaving s neminal eperating fieauencys mad wherein
t W

simlar to those f]en?ﬁne ' . t Hﬁdap—f:%@ LNg.:
sane radi ation patgt ern %u ecvoéréu%etg'@gﬁﬁéag’iognmgﬂ& g‘tﬂ\;\/gg}r?ﬂ@he
signal terminals patemsieabgutore-halfofiaguided wavelength off saidnontinal optrating dreqeengyd

tuni ng of the antenna strucgure. s hg ﬁ: 0] .dal contrawound
conductors may be arrangedc1|t4h o] neelgec{rﬁrgﬁgnaenﬁg?tle%n-agl %lﬂé‘ fashi on and

still satisfy the spirit of thia x&tﬁﬁ;ﬁnpﬁmmwfktﬂac&ha\émaipnmdmmhd a nlllinor
LD e et bR oo s RS HSE AL S 5
W2 i s deconposed into a series disulated conductor means extending in a first generally helical
conductive path around and over said multiply connected surface with a first helical
pitch sense from a first node to a second node and from the second node to a third
node, , .
said insulated conductor means also extending in a2 second
generally helical conductive path around and over said multiply connected surface with
a second helical pitch sense, which is opposite from the first helical pitch sense, from
the third node to a fourth node and from the fourth node to the first node in order that
the first and second generally helical conductive paths are contrawound relative to each
other and form a single endless conductive path around and over said multiply
connected surface; and
first and second signal terminals respectively electricaily
connected to the second and fourth nodes.

15.  The electromagnetic antenna of Claim 14 wherein said niultiply
connected surface is a toroidal surface.

16.  The electromagnetic antenna of Claim 14 wherein said insulated
conductor means includes a single insulated conductor which forms the single endless
conductive path,

17.  The electromagnetic antenna of Claim 14 wherein said insulated
conductor means includes a first insulated conductor which extends from the first node
to the second node and from the second node to the third node, and a second insulated
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AR



—

WO 96/ 41398

. PCT/ US96/ 09120 l l!m m!”l"u Mmm ' 2+ —
i nt-er connect ed pol oi dal | bops 14/%* il ections formcircular arcsij

relative : to the major axis. The two °sefarate cong, e
everywhere PP ¥VP8E enabling this arrangenent t Q%%‘%W“&gﬁa ore |

W

exact ctancellation of the toroidal electriggcurrent conponents and i3
nore precisely directing the magnetic curréent conponents created by 5. 38
the poloi dal | 00RgnguEr WGP OHLIEE Hor the HIAT AfedD 'thﬂmRM n@ﬁ&&&?ﬁ&ﬁ the fourth 4
i nt er conduct or capacl tance which acts to | ower the resonant -
frequency of the e tatherfisstnode. experimental ly verified. The .

resonant frequency of this,,gnbogy ' . .b ' i ng
t he spaci ng between the par1§1 I eﬁ%ﬁé@\ﬁ&aﬁ%@%&?fﬁ%{ ?‘ﬁgﬂ%‘@h

rel ative angl e of thiriencdes ano génesaliyudiemettcadiy copposedwiat ther ssqrelc tnid Gouethciodes,her _',_'.'_

e

and with - 10 resgsc to either the nmajor or mnor axis of the torus.
The signals at ea e signal ports Sl1, S2 should be bal anced with :
respect t o one and®her The electramagnétiocnmrgerink usfeClaint 14 uwrtickedd 82id SiFnal

phase difference) nmagnjtud .and phase in order.tq carry out the .
i nvention in the E@M&W?&%&@@Sma“0"““39°ng§§$%&“3%%'&“
segnents shoul d ah3sghrofRidiiatuel cdndhidioraniéss in eath ofithelgeferaihyRedical condubfive - 4

term nal common junctjon and at_each of the individuyal signal ports on the

cont rawound paths isAbgptepe-half|of @ guided wavslensth of si-poraipg!; oprrating, freqpency.
contrawound w ndi ngs, in thgp shaQeeiQiromagnetic anterdnd Bavifis 41 4RARa WhhaCoonipRingar € g
wound, or in other factors may cause varrations in | mpedance ag

the signal ports. Such vari ati orfsmuiplyrcopascied seacs davag R srpiorradiusand;aminor
radiys, with the major radius being at least as great as the minor radius;
first insulated conductor means extending in a first generally
helical conductive path around and partially over said multiply connected surface with o
a first helical pitch sense from a first node to a second node, and also extending ina -~ 4
second generaily helical conductive path around and partially over said multiply . ...%
connected surface with a second helical pitch sense, which is opposite from the first = .14
helical pitch sense, from the second node to the first node in order that the first and -
second generally helical conductive paths form a first endless conductive path around
and substantially over said multiply connected surface; .
second insulated conductor means extending in a third generally
helical conductive path around and partially over said multiply connected surface with
the second helical pitch sense from a third node to a fourth node, and also extending .
in a fourth generally helical conductive path around and partially over said multiply
connected surface with the first helical pitch sense from the fourth node to the third
node in order that the third and fourth generally helical conductive paths form a second
endless conductive path around and substantially over said multiply connected surface,
the first and third generally helical conductive paths being
contrawound relative to the second and fourth generally helical conductive paths,

respectively; ,
first signal terminal means electrically connected to at least one
of the first and fourth nodes; and

heet Has Been Reimd
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the formillustrated in FIG 15 so that the currents entering the antenna
Structure are 20 of bal ancedelrmmu Iﬂcl“lﬁlﬂ(umgse so as to enable the
nost conpl ete cancellation of th el ectric current

conponent s asygRngiggbed bel ow. In the si'npflest form if t Ngerw 89610910

| npedance at the signal termnals is Zerr], typically 50 Chns, t he
si gnal i npedance at the signal por3gs were a val ue of .
Zlerr]-nmZerr], then the invention would be carried out with m

feed |ines each of equal | engt hmﬂsﬁnﬂmﬁﬂmsﬂmhlﬁmmd&%au&one

aral | el C |nat|on f e nces, at e, Si.g tern na was
g val ue of Z[err] tmf];% ind it ?‘%ﬁegﬁﬁ %Wf#ﬁ EPW’FlnH'{%“

resistive val ue Z{sidtingitiicf kennd sigh@m above, the i nvention coul d
be carried out with quarter_ wave transforner feed lines, each one

quarter wavel ength | ong, afd haVigeciomagnetic qatenns of (daar2Q wherein said muitiply
Zlerr] Zerr]. I%gmmfacelsammdaﬁwedances coul d be matched with

doubl*e stub tuners constructed from transm ssion |ine el enents.
The feed Iines fromthe si&#al mwwm@aommzﬂwmtwmm
coupl ed to the sigagld pRfihkEd Londle mdds i by

the inpedance of the signal ports to be ed tg Pﬂg I|ne ﬁﬁhlhﬂ@

techni que al so  conductors sdich respeetively i9nmtth¢ ﬁtshmdrmd enﬂib&slmn&wdvsmmal at

the feed termnal to a bal ggce 9

insulated conductor means includes a first insulated conductor which extends from the
first node to the second node, and a second insulated conductor which extends from the
second node to the first node; and wherein said second insulated conductor means
includes a third insulated conductor which extends from the third node to the fourth
node, and a fourth insulated conductor which extends from the fourth node to the third
node.

24.  The electromagnetic antenna of Claim 20 wherein the antenna
signai has a nominal operating frequency; and wherein a length of each of said first and
second insulated conductor means in each of the generally helical conductive paths is
about one-quarter of a guided wavelength of said nominal operating frequency.

25.  Theeclectromagnetic antenna of Claim 20 wherein said first signal
terminal means includes a first signal terminal which is electrically connected to only
one of the first and fourth nodes; and whereir said second signal terminal means
includes a second signal terminal which is electrically connected to only one of the
second and third nodes.

26.  Theelectromagnetic antenna of Claim 20 wherein said first signal
terminal means includes a first signal terminal which is electrically connected to the
first node and a second signal terminal which is electrically connected to the fourth
node; and wherein said second signal terminal means includes a third signal terminal
which is electrically connected to the second node and a fourth signal terminal which
is electrically connected to the third node.

27. A method of transmitting an RF signal with a toroidal antenna
comprising:

Sheet Has Been Reﬂlaced
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at the signal ports on the contyawund toroi daI heI I cal structure Wth

. this inductive coupl i ng{ﬁmmﬁ“w{mm mum i ng coeferent—ietmeerm iy

the signal feed and the antenna e may be adjusted so as. to £
enabl e the structure to resonate freely. gr_Jlit g@ RS of .

i npedance, phase, ‘and anplitude matching and bal ancing famTiar to

those skilled in the art are al so possi bl eqgv t hout departing fromthe

spirit of this i nventi on. The antenna structure may .

be tuned in a vari ety of minnehﬁpl%thg shihembeighalrfﬁdﬁstand second sighal #RAMBIsGh

t uni ng shoul d be u fO[rT1¥Fa3IStI‘I ut ed arou@g Eq(istructure So as to

mai ntain a unifo ecr TS Qf sl 1eX sigaa) thergbepweensz | || ystrates the

use of 10 pol oi dal foil st rcgaduétifa fifst dlecthil cirrént 8fa fistTond

d -
surroundi ng the two insulating conductors which act to nodify. the -
capacitive coupl i9Ygr dawiipby,confectad syripes having a major radius apeh g priner mdius;with the

pol of dal tUni NG el Rifus!Hithe ol o fas 4Feal B8 e inGl ASRY LB 0 Wit cppductor g

.;»-—.

- . o
T e

| atter providing a uctive coupling conponent.

illustrates a havmg a first helicak pitch| senssi ﬁgmttheﬁsstgmalstemnalm the senond; signal
structure by capagifdyel y coupling 15 different nodes, and in _
particul ar di ametrl ca Fy opposed nodes on the sane conductor The . &2
capacitive coupling, using a vamnémtmgamdelmtm{nqnm’myabmdcmmarwnd

cont nious o segfiPn el kel itk e ool opficion L ifle,

toroidal form andhelfcaltm\cblseimk vdmhembppo'ﬁwfremhmﬁimﬁtmsalpuch sense, fiom thé §&dond 3 .
and 25 result fromt 0 e enb d| nts of either FIGS. 17 - .
20 21, wherein Pﬁ@ggﬂ'ﬂ {S’ngfg r&ucture HS is surrounded by

a shield 22.1 whi ch l%mplé?ﬁ\zvﬁterf&stcﬂﬂcﬁﬂéﬂd ondbélem!ihya chit@wound -

toroidal helical structure HS produces strictly toroidal nmagnetic- ‘4

fields which are PRitiQnskip 19 eacB OUET-a shield, so that for a
sufficiently thin foil for gg gi %QMML&{myihtwﬁ@ﬁdﬁger ating frequency,

t he el ectromagnetic boundary conditions are satisfied enabling

pr opagat ion of the formmga.smgleendless conducuvepa.th with the first and second

conductors around and over the multiply connected surface.
29. The method of Claim 28 including:
employing a nominal operating frequency of said RF signal; and 2
employing a length of each of the first and second conductors of
about one-half of a guided wavelength of said nominal operating frequency. A
30. The method of Claim 27 including:
producing a first magnetic current from the first electric current
in the first conductor; '
producing 2 second magnetic current from the second electric R
current in the second conductor; and
providing constructive interference of the first and second:
magnetic currents in order to produce a transmitted signal from said toroidal antenna.
31.  The method of Claim 30 including:
providing destructive interference of the first and second electric
currents.
32. An electromagnetic antenna comprising:
a toroid;

Tl \utti‘ \‘i\tit ]



25 electromagnetic field outside the structure. A slot (poloidal) 25.1 may

be added for tuning a m The
cont rawound toroidal helical ant E\lmmmwm ‘ arelatively high Q '

resonat or whiwgegaBeser ve as a combi hed- t thiffg el ement and PAAISOEG2d OF an

FM transmtter as shown in FIG 26 having an oscillator
anplifier 26.2 to receive a voltage 391 fromthe anenna 10. Through
a paranetric tuning elenent 26.3 controlled by a nodul at or 26. 4,

nodul ati on may be accorrpl i shed. a]ilmalityaﬁem’dsmveﬂnobs exjerglingyarbuindi the toroid, with

controll ed by el ectronic. ust ne a_ca or inductive tuning
el enent attached ‘;}I d%@“at?a'%fn\“ “palﬁ %’f‘ﬂ&'e by either direct
modi fication of reactance or by signaltcafrylng términals; and WO 96/41398

PCT/ US96/ 09120

series fixed reactive el ements (RARsMeLetidjoons brieg MWHSWBWWrMe
r eact ance Wilhi 165bebtSto RUARMARE bifiert BRI RobpildUb Said ApfathaRGMe Actinzsds. t he

natural frequency of the cont rawound toroi dal_ helica structure

I n anot her varl atl on of t he33 nvdhe elsatrarnaangtic antenpecof Glaim 3P eharagterized fin that a
hel |
elica %&E@Jémﬁénﬂ BéveRy tﬁ¥ kbR aﬁ&?ﬂﬂdyﬁgg?nwtsﬁ z?ﬁ%&i A% indhe

series of N poI oi | oops 27.1 uniftor y spaced about
a toroidal form Mue@vq@mt portions of

34, A method of transmitting an RF signal comprising:

applying said RF signal to poloidally and peripherally wound
windings on a toroid;

using an oscillator to apply another signal to the windings; and

using feedback from the antenpna for oscillator tuning and
amplification.
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each loop relative to the major radius of the torus are connected together
at the signal termnal S1, while the remaining outer nost portions
of each | oop are connected together at signal termnal S2. The

i ndi vi dual |oegmsxdesl e i dentical with one anot her 10 neyrdsH6md1ze
arbitrary shape, with FIG 28 illustrating a circular shape, and FIG 30
illustrating a rectangul ar shape. The el qgfrical equivalent circuit for
this configuration is showmn in FIG 29. The individual |oop
segnents each act as a conventional | oop antenna. In the conposite
structure, the individual |oops are fed ipparallel so that the

resulting magnetic field conponents cr&8 Qg Lherthy Lﬁteach | oop are in
phase and 15 azinuthally directed,rs4 ] O oi dal form
resukting in an azinuthally uniAorsnr i R/ -u.ﬁétic current. By

conparison, in the contrawupd~L¥ oL AR phided? [DRIERDS the fields
fromthe toroidal conponents :,-“/w :& u‘{@‘: A comg ors are
cancéled as if these conmpongnes i KT St , v RNy the
contributions fromthe T ponent s t hg con tors. The
enbodi ment of FIG 27 thus gli 2’ t he },or of g&ty co ents from

t he physical structure rath x(cerfat i_qr—e t he
correspondi ngly gener at ed gl-e¢ ﬂ&m"- ag )t he nunber of
pol oi dal | oops in the eny@dl fd A @R EC) 10 <? Bhg efibodi ment s of

FIG 31 and 33 fO
respectively. The individug
surfaces, which nay or nmay
emul ate a nulti-|oop elhthl
ring currents which are everyw
surface, and whose cornggpalt
per pendi cul ar to the conductive é;l;
el ectromagneti c waves created by “\RPE pr opagat e

t hrough the conductive surface given that surface rsgsufficiently thin
for 30 the case of a chﬂE?u S CQQF . This devicet® || have the
effect of a ring of ectric pol es in noving charge between the
top and bottom sides of the structure,

culjahPpryis! e
i nupus conductive
I 25 soas to

Nye azi mut hal magnetic
5 i ve toroidal
.J}i are everywhere
ff¥Ce. Thus the

a) DIAMETRICALLY OPPOSED NODES
NODE




i.e. parallel to the direction of the major axis of the toroidal form
WD 96/ 41398

PCT/ US96/ 09120 24

The enbodi nRiyoguapiosF! GS. 27 and 31 share the di sadvant agep@fussghsizb Vey

| ar ge Si ze because of the necessity for the loop circunference to
be on the order of one half wayelkength for resonant operation.
However, the | oop size may be reduced by addi ng ei ther series

i nduct ance or parallel reactance toqguastructures of FIGS 27 and 31. FIG
5 34 illustrates the addition of
conductor of the empeti ment
35.1. FIG 36 illustrates,¢he
to t-he enbodi nent M Hg

into a sol enoi dal i nductor
capaci tance 36.1
capacitor is in the form

of a central hub por ich al so serves
to provi de nechary ,Sup formand for the
centr al 10 gtyicdl 4 : Qh he signal at terminals
S1 and S2 is fed he ™ he parall el capacitor
and structural ;?e f i
P2, made from coppt | al

!

\

© =ELEVATION ANGLE

AXIS OF ANTENNA

FIG. 6 =



conductor, and separated by a nedium such as air, Teflon, polyethylene or

‘ot her | ow | oss dielectric naterial 36.4. The connector 36.3 with
termnals S1 and S2 is 15 conductively attached to and at the center
of parallel whetsseg®l and P2 respectively, whi ch padTHEISBGIOSH2ST N

conductively attached to the respective sides of a toroidal slot on the
i nterior of the conductive toroidal surf§%§7TS. The signal current flows
radially outward from connect or .3 through plgaites P1 and P2 and

around t he conducty vg o 4 toroidal surface TS.{T/$ 4 L i on of the
capaci tance provi dg enabl es the

pol oi dal circunferp g ficantly

smal | er than wo# d hergi s P required for a sigh |l e} of resonance
by a-l oop E“; t enna brating at the sam@fr

t he i nductive
gn of ich can
t o |G 38

The capacitive n
| oops of FIG 2§t yrbodi ment of FIG 8

be - 25 il Imst mng for the equiG%

.
4
g
. %;k
;
R L]

i
that all of thegcapadi tance Q) n the iszro ¢t heYparal |l el
pl ate capacitorti al | gof ftE i nductgnce is pryi g¢ by the
wire | oops. The as fo e cap ance of a p@ |\ $ate paci t or
and for ire i tor ar iven in thefry§ > Re ence
Data for Radi o Eng Brsqg 7N ed., E.C. Jordaw ed., 1 , Howar d
W Sans, p. 6:13 as: =
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Llerr] =[err]
(24) where C = capacitance pfd L[e?ﬁm%&ct ance
[err]H A = plate area in[err] 5 t = plate
separ atiorW?ﬁmms - N = nun‘g(;é-,of pl at es a = nean
radius of wire | oop in. = wire dianmeter in.
E[err] = relative dielectric constant

‘ L]

1 4

)
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10 The resonant frequency of the equivalent parallel circuit,

assum ng a total of N wres, is then given by: w=J[err] =J[err]
(25) ' f =Jerr]

(26) wo 9674339807 a toroidal formw th a m nor di anet perpseendizeCm
(2.755 in.) and a major 15 inside dianmeter (dianeter of capacitor
plates) of 10.28 cm (4.046 in.) for N=24,{pops . of 16 gauge wire
(d=0.16 cm (0.063 in.)) with a plate separation of t=0.358 cm (0.141

in.) gives a cal cul ated resonant
t he enbodi nent of FIG 38, trﬁ_i

I s approxi mat ed by: P

requency of 156.5 MHz. For
iIctance of a single turn toroidal |oops
L =Terr]

FIG. 18 '™




20

(27) where [err] is the perneability of free space = 400[err] nH m
and a and b are the major and m nor radius of the toroidal form
respectivel y wosgspgpaci t ance of the parall el pl at eceBEReoe"
formed as the hub of the torus is given by: WO 96/ 41398

PCT/ US96/ 09120 6/17 26
Ce[err]=[err]

(28) here [err] is the permitivity of free space = 8.854 pfd./m

Substituting equations (27) and (28) into equations (25) and (26) gives:

s




f =Tlerr]
"(29) 5 Equatio

n (29) predicts that the toroidal configuration

illustrated above except for a conti nuous conductive surface wll
have the sarggsgfssant frequency of 156.5 MHz if pEROSRI9i0
separation is increased to 1.01 cm (0.397 in.). The

enbodi nents of FIGS. 36, 37 and 38 can ?f tuned by adjusting either the
entire plate separations, or the separatton of a relatively narrow annul ar

slot fromthe
nmeans i s azi nut hal |

structure.

10 plate as shown in FIG 38, where this fine tuning

y symretric so as to preserve symetry in the
signal s which propagate radially outward fromthe 2g center of the
FIGS. 39 and 41 |IIustrat* Reans of increasing
i s antenna he signal s

the -bandwi dth of thi
propagat e outward

i ncreased by providi
dlfferent radi al

illustrate geonetri
t ubi ng fi
geonetry with a sin
geonetric perturbat
art of helical ante
geot echni cal featur
relatively | ow

structures for good

n a radial diree
ing differen

| 85,1

azi nmut haf magnety e | 9 AN
es which gre_readi W aIIy avai |l abl e
ttings, 'k% FIG 25 illusfrates a

usoi dal l'y

i O 0 the ellc"?rekd-—‘" The prior
nnas show .oBTnca%heﬁ-rn repet’e sensi ng of
es Fgﬂc;or V|gat|-‘ of—-e For this application,
hre utlllzed necessitating | arge
per f or mance. I|near
HS
4{,—26J 4!,—2&2 3 !,—~1O
OSCILATOR AMPLIFIER ANTENNA
|
! 26.3
T VOLTAGE FEEDBACK L
’ PARAMETRIC
/-26. 4 TUNING
FM ?
MODULATION

FIG. 26 L SouRce



helical antenna is illustrated in FIG 43. This can be approxi mted by FI G

44 where 25 the true helix is deconposed in to a series of single
turn | oops separated by |inear i nterconnections. If the magnetic
field were urgdsg4isgar duasi-uni formover the length i2gi S

structure, then the | oop elenents could be separated fron1rﬁg conﬁosite
| i near WO 96/ 41398

PCT/ US96/ 09120 8/17 27
element to formthe structure of FIG 45. This structure can be further
conpressed in size by then subsjiiutiag for the |inear el enment
either the toroidal helical or the tq B ) 5oidal ant enna
structures described herein, as illug x4 467 The primary

structure is nore

whi ch i s advant ageous
id or sea vehicles, or for
othis

advantage to this configuration is t
conpact than the - 5 correspondi ng
for portable applications as in air,

i nconspi cuous applications. A second a A0

configuration, and to that of FIG 45 is tfhgt the magnetic field and
electric field signal conponent d deconposed enabling themto be
subsequent|ly processed and recomi'nd®2i n a manner different from
that inherent to the linear helix but which can

FIG. 27

FIG. 28

3

FIG. 29 FIG. 30



10 provide additional information. Referring to FIG 48, a
‘'schematic of an el ectromagnetic antenna 48 is illustrated. The
antenna 48 includes a multiply connected surface such as the toroid

form TF of Figeghazogn | nsul ated conductor circuit 50, and

termnals 52, 54. As enpl oyed herein the term™"nultiply
connect ed surface" shal1 expressly }i i nclude, but not be limted to:
(a) any toroidal surface such as the 3 ferred toroid form TF
having its major radius greater than or equal to its mnor radius; (b)

ot her surfaces formed by rotatlng a plane cl osed curve or pol ygon
having a pluraligg of dlff‘ s s 32 about_ap axis lving on jts

pl ane, with such ] s bei t hari or
equal to its maxi , ~Ta till es/such™gs
surfaces 20 like NN Y| nut suc u éi fir om
a general ly planar . 4 rder to r Kggf d d
its plane, an inside dircu g2 ] dqr than zpro and an
out si de circunferenceigreater LN side cirgunference, fjwith the

out si de and i MdgJ AP LBPZes being erther a Ieng cl osed
curve and/or a pol ygon. The exenpl ary insulatjea conduct or
circuit 50 extends in a con

gopath 56 25 around aBd joBr the
toroid formTF of agz om a noge 60 (+) to another node @2

(-). The insul at d r circuit 50 al so ex;Fqgsii ot her conducti ve
path 58 around and over the toroid for ro he node 62 (-) to
t he node 60 (+) thereby form ng a single endl ess conductive path
around and over the toroid form TF. As di scussed above in
connection with FIG 1, the conductive paths 56,58 nmay 30 be

cont rawound hel i cal conduct|ve F Qayvi ng the sanme nunber of turns, with
t he hel i cal pitg gzconuoedi ve path 56 being i ght hand
(RH), as shown by the [ [ R helical pitch sense for

t he conductive path 5§ which is opposite from
the RH pitch sense, a§

FIG. 34

31._1Aﬁr_J'Y”Y\L

RT LT

52

FIG. 35
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The conductive paths 56,58 may be arranged in other than a helical fashion,

such as a gepgsalsdoghel i cal fashion or a spiral fashion, ng@gbwh atisfy
' S ﬁg

the spirit of this invention. The conductive path y be
contrawound " pol oi dal - peri pher al ndi ng patterns” having opposite
wi ndi ng senses, as di scussed above in c tion 5 with FIG 14,

whereby the helix fornmed by each of the two insul ated conductors

WL, W2 is deconposed into a series of interconnected pol oidal |oops 14.1.
Continuing to refer to FIG 4§ ¥ hs 56, 58 reverse sense at
t he nodes 60, 62 A 3fdctively

el ectrrically connected 2=t 5| gnal termnals
52,54 either supply tofe g - | ; 10 conduct or
circuit 50 an outgoi ng d) RF electrical
signal 64. For exanple , the single

endl ess cond i v = rd TSRS -ondu-tor circuit 50 is
fed in series fromthejsi ) ‘
It will be appreC|ated he conductive

pat hs 56, 58 gl & gggul ated conductor, such
as, for exanple, a W WJ&%@ 801

38.1 e »1

S2{ | st
FIG. 38
Pt
P2
FIG. 37
~ « & w
ot o HBfo o

321 |31

FIG. 40

FIG. 39



circuit conductor, which fornms the single endl ess conductive path including

t he conductive path 56 fromthe node 60 to the node 62 and the
conductive path 58 from t he node 62 back to the node 60. It wll
be further aRglogmizeg €d by those skilled in the . Fcrnigteiigne

conductive paths 56,58 nmay be formed by plural insulated conductors such
20 as one insulated conductor which fqﬁﬂﬁtthe conductive path 56 fromthe

node 60 to the node 62, and her_lnsulated conductor which
forns the conductive path 58 fromthe node 62 back to the node
60. Also referring to FIGS. 49 - 51, current and
magnetic field plots relatlve to the nodes 60, 62 of the antenna
48 are illustrated. As s ; dlscus§§% above in 25 connection
wth-FIG. 7 - 12, ’, e ductive paths 56,58 of FIG 48
are 180 degrees out/of } ( rent distributions are referenced in

t hese pIots 80, 62, where J refers to electric
current, refoer@ tg magnetic curre@ 42 CWrefers to cl ockw se,
and CCM/refer. tlo €ounter-cl ockw se. s ganal ysi{s assunes t hat
t he nom nal ﬁal 64 ﬁ-s—ﬁl-neq e—{-—h-e—s‘-ti(:& ure
of the the el ectri } rcunf erence

t hereof is one- | engt h, hat the current
di stribution on : dal in magnitude, whi ch
IS an approxi mat{on upd cohductiv hs 56 58, which each
have ong- hal f of velength of the

nom nal operating

FIG. 43 PRIOR ART

FIG. 44 PRIOR ART

- A
T

FIG. 45
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be viewed as elenents of a non-uniformtransm ssion line with a bal anced

f eed. woB§439d hs 56,58 forma closed | oop that has haanwsesbsaiecd to
forma "figure-8" and then fol ded back on itself to formtwo
concentric wi ndings. I n orgars to enhance the understandi ng of
t he enbodi nent of FIGS. 48-51, an 5 exanple will be provided.

Exanpl e At a nom nal operating frequency of 30.75 MHz, for
exanple, a linear half wave antenna (not shown) woul d be about 4.877
M (192.0 in.) long assum ng a vel ocity factor of 1.0. In contrast,

at the exenplary nom nal operating frequency of 10 30.75 WMHz, the
el ectromagneti ¢ antenna 48, using the toroid form TFpe 1,
woul d have the follow ng characteristics: 48. 50 cm (11. 22

in.) major radius b =1.32 cm(0.52 in}) mnor jradi us
N = 36 turns #16 wire in each of the conductive paths&. 56, 58 15 m =
2 conductive paths 56, 58. The pl ot of 9 shows the
electric current distribution with polarity o the
direction of propagation away fromthe nodes 60,482 Yig e
signals emanate. The plot of FIG 50 shows the ri bution
when referenced to a common count ercl OCK\E ecogni zi ng
that the polarity of , : b
| )
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20 the current changes with respect to the direction to which it is

referenced. FIG 51 illustrates the correspondi ng magneti c current
distribution utilizing the principles illustrated above in
connection w wodMK3s81. FIG 50 shows that the net electri CW
distribution on the toroid formTF of FIG 1 is cancel ed, an 1 shows
that the net magnetic current dig@y%pution i s enhanced. 25

In this nmanner, the conductive path 56 cohducts electric currents
CCWerr]J, CWerr]J therein and conductive path 58 conducts

electric currents CCWerr]J, CWerr]J therein. These conductive
pat hs 56,58 and the associ at 58 Beurrents produce correspondi ng

cl ockwi se and counter-cl ockw se G such as the nagnetic
currehts CCWerr]M CEW ¢ B0l by the respective conductive
pat hs 56,58 and respective Xrif currents CCWerr]J, CCWerr]J
therein. FIG 50, with the iQgh referenced to the

CCWdirection, illustrateg \ ‘ ‘3§K%g§ clirrents
CCWerr]J, CCWerr]J. Sinila\] ‘ i COTT Ld stribution
referenced to the O*9 p

PCT/ US96/ 09120 .
CCW direction, iIIustrasﬁs TS XE |
currents CCWerr]M ' ‘\\\

-56

. /

FIG. 49< 62
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FIG. 50< 80 2

/58
~CCWaJ .
“ e WaJ 60
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CCWerr|M A nmethod of transmtting an RF signal, such as
the signal 64, with the exenpl ary antenna 48 of FIG 48 includes
applying the RF signal 64 to the signal 5 termnals 52,54 in order to
i nduce el ect g ggents CCWerr]J, CWerr]J, CCWerr]J, %,ﬁg%

the RF signal 64 therebetween; conducting the electric currents err]Jd,
CWerr]Jd in the conductive patg 2{6_ conducting the electric
currents CCWerr]J, CWNerr]J in the con 8¢t ve path 58; and

enpl oyi ng the conductive paths 56,58 in a contrawund relatlonshlp to

each ot her. 10 Referring to FIG %98 a schBBhtic of anot her

el ectromagnetic antenna 48" is |IIU‘tr- ¥ The antenna 48
includes a multiply connected surface such g5 form TF
of FEG 1, an insulated conductor cirquit 2 O\ si gpagot erminal s
52' ,54" . Except as di scussed herein, >4 ips/ant enna 48

i nsul at ed conduct or C|rc52t 50", fFay et’'m nals 52", 54' are
genefally the sane as the 15 repect fug f{ ic ant enna 48,

i nsul at ed conductor circuit 50, and skgpfa t 52, 54 of

FI G 48. W 'rcuit 50

extends in a conductive paj AL 3 ver the toroid form
medi at e - node A and

TF of FIG 1 froma nod 9_?6—’-)—&-6 i
fromthe internedi ate nS&e to anot%‘r ﬁbde 62" (-). The48I nsul at ed 20

conductor circuit 50 Ffﬁ 5225 i n anot her conductive path 58" around
and over the i rmTF fromthe node 62' (-) to another

i ntermedi ate node B and fromthe i nternegghte node B to the node
60" (+) thereby form ng a single epdl¢ : i pat h around
and over the toroid form TF. ussed above in
connection with FIGS. 14 and 48, {he . 25 56',58" may
be contrawound hel i caI ﬁj 3& pat T e ~62Inber of turns

or may be arranged in ot i hi on such as
cont r awound

FIG. 54<

FIG. 55<




"pol oi dal - peri pheral w nding patterns” having opposite w nding senses.
-The signal termnals 52',54" either supply to or receive fromthe insul ated
conductor circuit 50" an outgoing (transmtted) or incomng (received) RF

el ectri cal 0641368 Signal 64. The conductive paths 56', ¥rusydnoe each
have a Iength o about one-hal f of a guided wavel ength of the
nom nal operati ng frequency of the signa§ A, reverse sense at
t he nodes 60',62'. The signal termnals 52 , 54" are respectively '
electrically connected to the i nt er nedi at e nodes AB.
Preferably, the nodes 60',62' are/6 ,gg WO 96/41398
PCT/ US96/ 09120 31
dianetrically opposedqé/o th nﬁ.r i at ggpodes AB in order that the |ength
of the conduct t 8\ ffr oppThe respective nodes 60',62" to
the respective i npéraedi 806 Po B_is t hg—sawe—as—t he | ength of
t he conductive paths 56" from t he respedt SG@NAlt qr nedi at e nodes
A B to the respective no 2,780' ) |— ] lappr eci at ed by
those skilled in the éh R dat hs 58" rmay be
formed by a single insulat n&'c Ich forns the sinéeendless

70 8o 66

FIG. 56

cCcwJ CCwWJ.
: ;86 90
80\1“&@z [73
88 90
CcCWwWJ

CCWJ

FIG. 58< cowJ

FIG. 57<
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) ‘o4 ge /20
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conductive path including the conductive path 56° fromthe node 60' to the
i nternedi ate node A and then to the node 62', and the conductive
path 58" fromthe node 62' to the i nternedi ate node B and then to
the node 60'woldsaysos! be further appreciated by those  10pcfitsidehsigdoi N t he
art that each of the conductive paths 56',58 may be forned by one or

nore insul ated conductors such as, for & | e, one insul ated conduct or
fromthe node 60' to the internediate node A and fromthe
internedi ate node A to the node 62'; or one insul ated conductor from
t he node 60' to the internedi ate node A, and anot her i nsul at ed
conductor fromthe internedi ate node A to the node 62'. 15

Referring to FIGS. 53 - 55, current a gnhetic field plots, simlar to

t he - respective plots of FIGS. A9 - 51.-7@&l ative to the nodes

60', A B, 62' of the antenna 48 :! G 52 are illustrated.

Referrlng to FIG 56, a gmny8bcoAf ang HEQ electronagnetlc antenna 66 is
illustrated. The antenna 66 cl ungﬁ%ed surface such as
the toroid 20 form TF of FI\== sk at e nductor circuit 68,
a second insul ated conduc A nmarny gnal termnals
72, 74. Rey R E oy i 68 i ncl udes a pair of
general ly helical condfict]ve A and.fk he i nsul at ed
conductor circuit 70 simigy i Rel [ 6 general ly helica
conductive paths 80, 82 e i -uu-ﬁgd oA Rr &rcu t |68 extends 25 in
the conductive path 76]arpund and ‘v% a1y ovePet he forloid form TF of FIG

1 from a node 84 ko a node 8FD and also extends |in the conductive
path 78 around and parfially over t66°toroid fforjn TF from the node
86 to the node 84 in ofder that the conductive fdat hs 76,78 form an

endl ess conductive path around and substantially over] tRe toroid

form TF. The insul at ed| conductor circuit 70 extends ijn tlhe conductive path
80 around 30 and pajtijally over the toroid formTH frloma node 88 to a
node 90, and al so extepds in the conduygtive path 82 around and
partially over the torpio fornﬁﬁF fromthe no 3

) | SIGNAL (9

FIG. 60 o4

102
0 )
O+

SIGNAL }p—9%4

FIG. 61




90 to the node 88 in order that the conductive paths 80,82 form anot her

endl ess conductive path around and substantially over the toroid
form TF. WD 96/ 41398
PCT/ US96/ 0918 96141398 PCT/US3609120

As di scussed above in connection with FIGS. 14 and 48, the conductive paths
76, 78 and 80, 82 nmay be contrawound hellﬁg/%;onductlve pat hs havi ng the sane

nunber of turns or nmay be arra in other than a purely heli cal
fashi on such as contrawound "pol oi dal - peri pheral w nding patterns”
havi ng opposite w ndi ng senses. For exanpl e, 5 the pitch sense of the
conductive path 76 may be right hand (RH), as shown by the solid
line, the pitch sense for the conductive path 78 being | eft hand (LH) which
is opposite fromthe RH pitch sense, as shown by the broken |ines,
and the pitch sense for the conductive paths 80 and 82 being LH
and RH, respectively. The conductive paths 76,78 reverse sense at
the nodes 84 and 86. The conducti ve pat hs 80, 82 reverse 10 sense at

t he nodes 88 and 90. The signal termnals 72,74 either
supply to or receive fromthe insul ated conductor circuits 68,70

an outgoing (transmtted) or incomng (received) RF electrical

A
N

N\_~

%

\ 0 __/
FIG. 62



signal 92. For exérrpl e, in the case of atransnmitted si gnal , the. pair of
endl ess conductive paths of the IRQ%J-J ated conduct or GHY U { &, 9-
68,70 are fed in parallel fromthe signal ternminals 72'74 ﬁgf

the conductive pafhg Féefﬁ%xe%P ggav%aﬁif e? tkﬁp%gzncg{tal Opoezly, ?‘r daon being the

one-quarter of a gul ed wave he nom ency

the siogirehtafli. pomlzsdmam&nmfe Juk@in more gi‘t&malm }okses mnal 72 is

el ectrically connected to the node 84 and the signal term nal 74
is electrically conn@deEms phdirgrtiond ghamgteristics, it is recognized that MWithsgeriaimantenna

appreci ated by é?gﬂggraﬁﬁhi Lte’g gb{kx&l@?o f tIaté H@tmﬁi}?&ue'}fe% gi‘cﬁﬂ\c&f’ DopGt (ﬁjcﬁnna in a

20 circuits 68, mor e con

For exanpfke,  particular polmiilmnbnaﬂdi at e s£ne dmet méreﬁser :heldlecﬁﬁc flel, Rk i@ normal
singl e conductor for both of the conducti ve Paths 76,78 a
singl e conduct dP themagagtc §eld: nSineilaskyy dt isrosphiento negatgtheqglectric field and at the

mul tiple electr!ﬁél uctors for each of the conductive
pat hs 76, 78. éﬁ{e%gd’sgwéif&?lrcﬁﬁ%&ito FIGS. 57 - 59, current and

nmagnetic field plot sThesiequiratente phaciple is 25wellekpowhi \congipot i ohe Fified 9
- 51, relative to the nodes 84, 86, 88,90 of the antenna 66 of
FIG 56 are il leleqtiomagneticraas sRERE drat fyves; sourges RRRASICINGths same figld dnside a given

di stribuggon region are s FV\’,EQ% éqgg\fife‘?@ca% thet é’qxﬁﬁig?gét%r%?e%g lowh! GGk Electric

direction and t plot o t he correspondi ng
magneti ¢ cur r ercuretnk tsodroes anﬁncorrespondmg magnetxc currdaefseurcemg Thus Ek @xpﬁﬁxedam
i.S

Excopt a5 di so0ESH Ae7 & rine B GFlseIcoraGHSE A dHFeraseioneac JF I §-F.
e oo e s e A8 o ey SR
to the respect iclectic guaents ctheiegaivalent magnet:c sourceé2is @vmf E;yFa Girctl6r azirmlitisdl gml
term nal 1s 98, 10 m;rgneenglc%nrr%lm.t A rs?nlgr%xd o% ellesctr?clz ec%}rrent 1S orYe obvious way to create a
linear magnetic current. A solenoid of electric current disposed on a toroidal surface

is one way of creating the necessary circular azimuthal ring of magnetic current.
The toroidal helical antenna consists of a helical conductor wound on a toroidal
form and offers the characteristics of radiating electromagnetic energy in a pattern that
20 is similar to the pattern of an electric dipole antenna with an axis that is normal to the
plane of and concentric with the center of the toroidal form. The effective transmission
line impedance of the helical conductor retards, relative to free space propagation rate,
the propagation of waves from the conductor feed point around the helical structure.
The reduced velocity and circular current in the structure makes it possible to construct
25 a toroidal antenna as much as an order of magnitude or more smaller that the size of
a corresponding resonant dipole (linear antenna). The toroidal design has low aspect
ratio, since the toroidal helical design is physically smaller than the simple resonant
dipole structure, but with similar electrical radiation properties. A simple single-phase
feed configuration will give a radiation pattern comparable to a 1/2 wavelength dipole,

30 - -bug__in a much smaller package.

In that context, U.S. Patents 4,622,558 and 4,751,515 discusses certain aspects
of toroidal antennas as a technique for creating a compact antenna by replacing the

conventional linear antenna with a self resonant structure that produces verticaily

SHEET
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connected to the node 90 and the si gnal t R4t 100 is electri carl y116159 -3
connected to the shown in FI G , pairs

94,96 and 98, 1881agzed; r@‘?fﬁ'i“"i %‘Y}&RW@%*‘%W@@ ‘P('N?f losses Whe&uﬁfﬁ%agn%avyf the
or receive frogyihe Fdﬁ@%%&ﬁeﬁ&&d%Eltf-(?ésoﬁhﬁ%rhéaﬁ%ezpat%m%@ta%Pgﬁpﬁaguél, as

(transm tted) or inconi mgi (received) RF electrical signal 94
el ectrically noted previonsiycamtitherselfaresanint sttustureexpiagmeal int thesei pasdntpgdasssome

94, 96 d 98, 100. t t | h FI G
i rrpedaﬁ(r:]e and pYYst aifviatinggths RFE,P% Il’hvy%‘%gia‘fme@\gn@l‘?gﬂﬁf@ﬂﬂg‘éﬂﬁggﬂem

the signa§ 94 3pficaneleMenoit Nowffrdgléndi@i rs 94, 96 and 98, 100 of FIG
60. O her neans of inpedance, phase, and anplitude nmatching and 10

bal ancing faniliar tﬁetﬂom@mpmt@qmemstmmaéhyt dizcessad swonodidsi foraidali bélouts a

departing fro Lrit of LS Lhventjo

Rer o 11 ng 1o FPeildias blodk fseBuis sortiet duBelShel SrisRiin. aThete paiehEs mRBInc e
el ectronagnet i %tﬁﬁﬁl@'&ﬂﬁ’@cﬁﬂg $8ths 641 With Elg@ﬁs w%sé felatbve ﬁ}ﬁ§@ﬁ%h&8ﬂléﬁ eith®r with
i 1 lustrated. hese antennas are linearly (e.g., vertically

pol ar i zed and lesteonad ppm@ cinduitg draiue torsecxﬁmﬂfl nesoragt obdragtedstiost hint 4 general

o O ! st AR B i B o Pen Bl R rasne 0 B
in di r estticangolitationl he @bm!zw«bmzt tbfoidalreintings dacuied af thaed padénts are
W th a maxi num radiation
of an unusual design, having only two terminals, as described in the reference
Birdsall, C.K., and Everhart, T.E., "Modified Contra-Wound Helix Circuits for High-
Power Traveling Wave Tubes", IRE Transactions on Electron Devices, October, 1956,
15 p. 190. The patents point out that the distinctions between the magnetic and electric
fields/currents and extrapolates that physically superimposing two monofilar circuits
which are contrawound with respect to one another on a toroid a vertically polarized
antenna can be created using a two port signal input. The basis for the design is the
linear helix, the design equations for which were originally developed by Kandoian &
20 Sichak in 1953 (mentioned the U.S. Patent 4,622,558).

The prior art, such as the aforementioned patents, speaks in terms of elementary
toroidal embodiments as eiementary building blocks to more complex structures, such
as two toroidal structures oriented to simulate contrawound structures. For instance,
the aforementioned patent discusses a torus {complex or simple) that is intended to have

25 an integral number of guided wavelengths around the circumference of the circle
defined by the minor axis of the torus.

A simple toroidal antenna, one with a monofilar design, responds to both the
electric and magnetic field components of the incoming (received) or outputed
(transmitted) signals. On the other hand, multifilar (muitiwinding) may have the same

30 'pitc_:_h sense or different pitch sense in separate windings on separate toroids, allowing
providing antenna directionality and control of polarization. One form of helix is in
the form of a ring and bridge design, which exhibits some but not all of the qualities
of a basic contrawound winding configuration. REPLACEMENT SHEET
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gain in directions normal to the direction of pol ari zati on and a m'ni mum

Tadiation gain in the direction of arization. Tl
el ectromagnetic antennas 48, 48',66 of FIGS. ﬁg)é"SZ 56, respect i vely, @gg@e-

the maj or dianeter of. th or oi dal, rf.ace at. respnance i t.h t to
prior known as‘the ?Eﬁaﬁ% & he(ﬁﬁttﬁ“cﬂo“g‘ﬁ%meﬁ ?gﬁg‘é?trF’F‘gL‘ﬁ‘Fgﬁﬁ??@ér‘B?
the m nor toroigglfidKisiEnhsS teﬁ'ﬁ‘l'ix{a]l to the secondV¥igrsdl tbﬁnﬁnﬁﬁ'do%u&ﬁwaa fs@é‘&nﬁrelé’éctnc
two than prior known antennas having a m ni num el ectrical

ci rcunt er ent i al curesngima s¢cond cohductdrarorndeans avea izt inohiphe tonmietted aldage, With the
about .two to.three ti

25 contramound co uct r.circuits 50

sl ower than éjf?ﬂe ugtor;hg HngcﬁJ%FFP%(ﬁgdffﬁi Rﬁ%ﬁé‘?'ﬁﬁ ¥ §hdﬁng°SNE Bql'alﬂ?f’gfl‘;ﬁt
the naj or 5di ameieicaldpitéhSense, from tﬁeoie‘ébﬁdi'srg%h'lr fe"i‘ﬁl%dl So %H@'ﬁlrﬁrm% Qerfnflﬁ&lo%.nd
of about four to six. Furthernore, only a single feed port

si gnal term nalempleysg;the firgand EQCOM cosduntgrss dy e donirawourteretatiopsidp itw each other.
el ectronmagneti c ant sk.of matchin the

nd
input 30 i rrpedan?g %*“Vgﬁ%‘?{?%fﬁ?g?ﬁggé?%a‘i h\éﬁfa‘(}ﬂﬁl){?fga?}%@fﬁ“gg Y §TF3

the respective for@rgider frequency s ?&u@ﬂn cdipRes ik bridgdREEANE bonfigifation. Other'
fundanment al resonance of each o el ect romagnet i ¢ ant ennas

48, 48' provi deg)baeqt@@f:ﬁmapdm@rqmﬂ tha iavention, yill beapnarent 0o one skilled frothe@rt.
per cent % the f ungla.gﬁ%ggnd lotie? 08 _]ec% of tﬁe hveRsdn will'vd n;[orlle %ﬂfy Srdferstodd f}omqge

first WO 9
PCT/ US96/ 09120 following detailed description of the invention on reference to the illustrations appended

hereto.

BRIEF DESCRIPTION OF THE DRAWINGS
15 FIG. 1 is a schematic of a four segment helical antenna according to the
invention. ,
FIG. 2 is an enlarged view of windings in FIG, 1.
FIG. 3 is an enlarged view of windings in an alternative embodiment of the
invention.
20 FIG. 4 is a schematic of a two segment (two part) helical antenna embodying
the invention.
FIG. 5 is two port helical antenna with variable impedances at winding reversal
points in an alternate embodiment and for antenna tuning according to the invention.
FIG. 6 is a field plot showing the field pattern for the antenna shown in FIG.
25 1.
FIGS. 7, 8 and 9 are current and magnetic field plots relative to toroidal node
positions for the antenna shown in FIG. 1.
FIGS. 10, 11 and 12 are current and magnetic field plots relative to toroidal
positions between nodes for the antenna shown in FIG. 4.
30 ° . FIG. 13 is an equivalent circuit for a terminated transmission line.
FIG. 14 is an enlarged view of poloidal windings on a toroid according to the

present invention for tuning capability, improved electric field cancellation and

simplified construction.




34 har moni ¢ resonance in order to provi de the w dest bandw dth at

t he intended nom nal operating fr pey. Al so, (the ‘performn 0
t he exenpl ary el ectronagneti c antenna M?"‘HS is conparabl é'to fﬁﬁ%&rg

Cpeci f1 ¢ communhaiet SSeRlrten €, Wte e RliRe AR thdree sener waiviss) of

over 5 segn WRicabmafiAdtict evel WRGE fr&uBnoy AW B Statute niles) of a
conpar abl e quarter wave grounded nonopol e or whi p antenna.

In addition to nodifications and variations di scussed or suggested

previ ously, one skilled in tryg(@b,miaa.)uﬁe_abl e.to nmake ot her

nodi fications and variations w thout Ly@aMing fromthe true scope
and spirit of the invention. | CLAI M 1. An

el ectromagneti c antenna (48;48 ;66;66") conprising: 22)
a multiply connected surface (TF) having a major radius and a m nor radiﬁjs,
with the major Wadgbme basesg the measered arcsonamit freguenoy wasidvest gdédisted by either

I nsul ated 5condu6.t]gg‘fwrg£grﬁ) SrSg(a&ég,%ég 12(91) ex%)f%[p?r:dai.t nagfrieé]ue%c; IorfsitOG Mhz a linear half
wave antenna would be 1.415 M (55.7 in.) long assuming a velocity factor of 1.0
whereas a toroid design embracing the invention would have the following dimensions.

a = 6.955 cm (2.738 in.)

b = 1.430 cm (0.563 in.)

10 N = 16 turns #16 wire

m = 4 segments

For this embodiment of the toroidal design, equations (2), (6) and (7) predict
a resonant frequency of 311.5 MHz and Vg=0.454 for N=16 and 166.7 MHz for
N=32. At the measured operating frequency, Vg=0.154 and for equation (4) to hold,

15 the effective value of N must be 51 turns, which is a factor of 3.2 larger than the
actual value for each conductor. In this case, f,(a,b,2N)=103.2 MHz.

In a variation on the invention shown in FIG. 5, the connections at the two
ports a and ¢ to the input signal are broken, as are the conductors at the corresponding
nodes. The remaining four open ports al1-a2l, al2-a22, cl1-¢21 and ¢21-c22 are then

20 terminated with a reactance Z whose impedance is matched to the intrinsic impedance
of the transmission line segments formed by the contrawound toroidal helical conductor
pairs. The signal reflections from these terminal reactances act (see FIG. 13) to reflect
a signal which is in phase quadrature to the incident signals, such than the current
distributions on the toroidal helical conductor are similar to those of the embodiment

25 of FIG. 1, thus providing the same radiation pattern but with fewer feed connections
between the signal terminals and the signal ports which simplifies the adjustment and

“tuning of the antenna structure.
) The toroidal contrawound conductors may be arranged in other than a helical

fashion and still satisfy the spirit of this invention. FIG. 14 shows one such alternate

30 ngement (a "poloidal-peripheral winding pattern"), whereby the helix formed b
REPLACEMENT SHEET] o @ Peccarpenp E patier’), wherehy !

h of the two insulated conductors Wi. W2 is decomposed into a series of
18 JUN 1997

ALAEHDED SHEET

ST, T eSS a0 T N EEERDTUIINLD e oAl i L R AR S TERL T S,
5 A et T B S Ao BT al I L E Y N e BRSO ey
RN & /502 SRR T SRR T S ST R "




general ly hel i cal conductive path ar ound and at | east “partially over said

mul tiply connected surface (TF) wth at Ie 4qne ns?lgr8ng
a first node (60; 60 84) to a second node “'62 ’mm ll ”lﬂ £55-
said insulated c ﬂgm means (50;50'; 68, 70) al so*exte second
general ly heli c[a uctive path around and at | east parti aI I y over said

mul tiply connected surfacg (TFAq\MdeftoRta {!I& i ca {4%148@%6 65?9&nf§ﬂe Sti st

which is opp05| te fromthe at |east one ch sense

node (60;60';84) to the seconda nnﬂimly@Bnﬁ&:’tﬂ(ﬂﬁ)rfacér@ﬁ)thlaemgacma;bmradms(aﬁaa
62';86) to t he fl rs ode . 60", 8 in aqrder that the first and second
general |y hel | dBIROF %t‘?’ a’}f ?ﬂé’ra diug Being 2hdrssiias great a3, thetBIngs s#iBsher

and forma singl e endless condggiihkg ddabbker %éﬂﬁs 5?59”88 705 leQreMlink! gzmst

connected surface (TF); nal " term nal
52';72) electr igcad:rla;lyclmhqelct:mﬂtmbve (payh wrosnéli arsk an dehst (péﬂ;aﬂy) over sa(ub)mvaltzply

node (A) between th odes (60Q'..62').. .and

a second si gnal®®P&FS ?ﬁ%zﬂ’%ﬁ?ﬂgﬁ gF@Et?’? gﬂ‘fﬁ %%é?résd frgm @, firgtypode
second node (62588D!;84) Edhkél:@n&lnbﬂé (@2 -grage)t erminal (52;72) electrically
connected to the fi rst node (60;84), or ( a node (65)0 bet ween t he second

and first nodes (62', 60 ) Wi tsaldimeulﬁtedspnéu@mm (i) ; 68570))also extending in

oL Lheal 1 CURET Bt el MR oG ek B B 57 S
wherein sai d mumditigly YCdﬁﬁéﬁi&Pilﬁﬂmé leTPPGzﬁh(aﬂ:ehst! SnetheliRal0hi Rl sefdd! hateh {s p})osne
3. The el ect romagnet ic antenna (48) of aim 1 wherein said insula

. conduct or meandrqmdhe atieasidss heliedl pitch serreuiromabe disstohasie 601081 8R) footheseeons

single endless no3c ‘i’é’f,%b”,ﬁé)?%rom the second node (62;62';86) to the first node (60;60';84) in
order that the first and second generally helical conductive paths are contrawound
relative to each other and form a single endless conductive path around and over said
multiply connected surface (TF);

a first signal terminal (52;52°;72) electrically connected to: (a)
the first node (60;84), or (b) a node (A) between the first and second nodes (60°,62°);
and

a second signal terminal (54,54';74) electrically connected to: (a)
the second node (62;86), with the first signal terminal (52;72) electrically connected
to the first node (60;84); or (b) a node (B) between the second and first nodes
(62',60"), with the first signal terminal (52') electrically connected to the node (A)
between the first and second nodes (60',62°).

2. The electromagnetic antenna (48) of Claim 1 wherein said
multiply connected surface (TF) is a toroidal surface (TF).

3. The electromagnetic antenna (48) of Claim 1 wherein said
insulated conductor means (50) includes a single insulated conductor which forms the

single endless conductive path.
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Tﬁ‘ﬂ H ll  116159-3 4.

T c antenna (48) of Claim rein said N )
[ Hgmmc!or means (50) includes a ﬁlzp)é\'?zel nsul at ed conduct or (1%559 3
whi ch ext ends fromt fi,rst node.(60) to S nd nod 62), .
and a second insul ated cofttuct g-?‘e(ggﬁstmmag"ené an ckw&zx fgﬁgggmf rgrﬁ’elﬁ(ﬁ i’ said

second node (6Zhstigteli@nlindtor megRdqsOPRtiudeds itahalilfned B@ncfdc_&frt(ISG) which extends
and second signal termnals (52,54) are respectively electrically connected

to the first from the firstrmode €6Qrtd theosteend 60desBR), and a second insulated conductor (58)
5. The el ectr neti.c .antenna (4 f i m 1.wherei ach,of the

first and sgcon‘ﬁﬁ’gg%é‘?%dff%&ec%‘(’%cghﬁ%cgﬁzo rf}]?ft fist i“gg?i?ﬁgf EE%P"“EEFH&HZ&?KF&
path; wherein and second sigahitetfmdlsab234¥ W&@é&'ﬁiv@@aélléctfi@)y J:&%étﬁ‘?% the first

first conducting nmeans (56) for conducting a first electricC curren

(CCWerr]J, CwWandrdeapnd nodesi®©Pgi2).hel i cal conductive path;

second conducting neans (%8) f conducting a_seco el.egt.ri .
current (CCWerr]J, CWer ?] J) ﬁ'ﬁegeg%gxgﬁﬂ\aﬁglapgegpagg%ﬁfﬁm?F%&eﬁe,m each of the_
first produci nofifeambsdcond Pémeaalny Mdical édnﬁﬁéﬁ%ﬁ}vgtik @ heliédl@Bhductive path; wherein

(CCWerr]M fromthe first electric current err]J, CWerr]J) in the
first helical cwifHinsulaied conductor meapy(39) ingludes:

FEcon P et 19 means {or o 08y ASH, RAPSH bR s s g
general l'y heli cq@CW,J, CW,]) in a first helical conductive path;
second conducting means (58) for conducting a second electric
current (CCW,J, CW,J) in a second helical conductive path;
first producing means for producing a first maghetic current
(CCW M) from the first electric current (CCW,J, CW,J) in the first helical conductive
path; and
second producing means for producing a second magnetic current
(CCW,M) from the second electric current (CCW,J, CW,J) in the generally helical
conductive path.

6. . The electromagnetic antenna (48) of Claim 5 wherein the first and
second producing means include means providing constructive interference of the first
and second magnetic currénts (CCW M, CCW,M) in order to produce a transmitted
signal from said electromagnetic antenna (48).

7. The electromagnetic antenna (48) of Claim 6 wherein the first and
second conducting means (56,58) include means providing destructive interference of
the first and second electric currents (CCW,J, CW I, CCW,], CW,]).

8. The electromagnetic antenna (48) of Claim | wherein said signal
terminals (52,54) conduct an antenna signal (64) having a nominal operating frequency;
wherein each of the first and second generally helical conductive paths is a helical

-con_ductive path; and wherein a length of said insulated conductor means (50) in each

of the helical conductive paths is about one-half of a guided wavelength of said nominal
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conducti ve ﬂat h. 6. The el ectromagneti c antenna

ML 1o Const et et neerbheaor tn firer™® ™ 4TRiso-
fransmtred ¢ TGl aha (TG HSHAPANERR PERAMMAD Of SHEBhATRGE.
7. The el ectromagnetic ant qngﬁ,sggﬁ?éﬁ%gﬁw%gd%ggg, drifflods st fo16idal-

second conducting neans (56,58) inc ans provi estructive
i nt erference ofperipheral windinghpatfern §W1a3nd second el ectric currents

J, J, \ J . . 8.
Sl'ﬁg\/\ga?(ra(r:]t ronaC\g;\E:[ |r1: an?g\r?g]:r E ]ng‘? s%‘%%rgé}‘ﬁ@y islird; epndugtivespagh gmploys a second

termnals (52, %%im%igﬁerﬁf‘wﬁmi@gﬂ : mb (64) having a nom nal operating

frequency; rein each of the first and second generally helical
conductive paths is a hell0cal The electromagretiduantenma [§48)h of dtldimi® rweherein said

| ength of said insul ated copductor. ans, (50),.in ch of the

hel i cal conducm‘gféplﬁé’a(foﬂg_e‘i%g‘{]% iy dorod SB‘%&%F i/ded wavel ength of said

nom nal - operatimg frpgueRer¥omagnetic antenna (48) of Clair?-9 whé'f@f?xt ﬁaid
e

el ectromagnetic antenna (48) of Claim 1l Wherein
first general | ynsulited eonduotod meany €O andludasp sipglednsulated condustatavhich forms the

peripheral wind o BahLS dndlihe path.

12.  The electromagnetic antenna (48) of Claim 9 wherein said
insulated conductor means (50) includes a first insulated conductor (56) which extends
from the first node (60) to the second node (62), and a second insulated conductor (58)
which extends from the second node (62) to the first node (60). |

13.  The electromagnetic antenna (48) of Claim 9 wherein said signal
terminals (52,54) conduct an antenna signal (64) having a nominal operating frequency;
and wherein a length of said insulated conductor means (50) in each of the poloidal-
peripheral winding patterns (W1,W?2) is about one-half of a guided wavelength of said
nominal operating frequency.

14.  The electromagnetic antenna (48’) of Claim 1 wherein

each of the first and second generally helical conductive paths is
a helical conductive path; |

said insulated conductor means (50’) extends in a first helical
conductive path around and over said multiply connected surface (TF) with a first
helical pitch sense from the first node (60°) to a third node (A) and from the third node
(A) to the second node (62°); |

said insulated conductor means (50') also extends in a second
helical conductive path around and over said multiply connected surface (TF) with a
second helical pitch sense from the second node (62°) to a fourth node (B) and from
‘the fourth node (B) to the first node (60'); and

said first and second signal terminals (52',54') are respectively
electrically connected to the third and fourth nodes (A,B).
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m m hel i cal conductive path enploys a second: .

' vm ndi ng pattern (\W2) 10.” ""The

eI e l@ nna (48) of Claim?9 W&.}Séd% said nmultiply connecltléél59 -3
surface is a tor0| dal sur

f TF)..
el ectronagneti c antenna (123 Ceo#hec%lﬁ??ﬁmg’\ﬁﬂﬁraé\“ﬁméae% ) Hgd'lrlﬁlt’%d‘lcﬁﬁﬁﬁb‘l §pid

means (50) i nclyifdgplyeconhede® sirfice! @FSs &%}6&&1 Qirfadd @F)f orms the single
endl ess conductive pat h. ) The el ect ronagneti ¢ ant enna

(48) of Claim9 wherein s d |'Pim1¢mte@m@gmdgoan®¢nnae%8é) o6 @laimm dlueberein said

f t | at ed

the second noad DB cpelyr Bealh U BEFER sitgRiRAs Brec COBudipt BReB Pantipe
from the secongingendiéssd)cohudtive phit st node (60). : 13. The
el ectromagneti ¢ antenna (48) of aim9 wherein said signal termnals

(52,54) conduct an antennd-si ghl elé@lt)mmnﬁgﬁn@mnﬁ‘iﬁa)l of§8ziat ildgwherein said

frequenc and.wh n l.engt h o ted.c 0

eacﬂ of %/he pofiﬁugaé?dmﬂgf’?tﬁﬁg\gﬁ?s @?ﬁd’?%@d frg}rlf??ﬂ'(l \}éﬂ qrggg'g&ﬁ%gxtends.
one-hal f of a gnflesk FRsteNRIBAED")Ob taaltﬂxrﬂlqmdeaﬂA)O‘ﬁﬂfﬁbhﬂﬁuefﬂhﬁq%%&ym) 10 the
14. The el ectromagnetic _antenna (48') Claim1 wherein

each of the fi sepondmpdec§dnd agdmesespng lmlat@hk:ondm@n;cﬁ&v)e“quh@ctmhafrom the
el | ol oo e RBUE 62 to e fayrth node (B) and 7P il R HRE (BPRENE! B noge

means (50') ex ctive aroun ha-over
mul tiply conne¢é®yl surface (TF) W|th a first hellcal pitch sense fromthe
first node (60") to a third node (IA) and fromthe third node (A

second node (62') 18. Theeectromagggmamwgm 4ot Eaund d’i’hqfr@értbe first

(50°) also ext E{P«?gedo d hol&s 2 Qﬁlia%eﬁgé{\eyﬁf}d&ﬁ%}\{e&?caﬂﬁtogpg&ﬂ%gQh@&%doan%r fotfth

mul tiply connecC ace
nodes (A,B), respectively.

19.  The electromagnetic antenna (48’) of Claim 14 wherein said
signal terminals (52',54) conduct an antenna signal (64) having a nominal operating
frequency; and wherein a length of said insulated conductor means (50} in each of the
helical conductive pafhs is about one-half of a guided wavelength of said nominal
operating frequency.

20.  The electromagnetic antenna (66,66') of Claim 1 wherein

each of the first and second generally helical conductive paths is
a helical conductive path; | |

said insulated conductor means (68,70) includes a first insulated
conductor means {68) and a second insulated conductor means (70);

said first insulated conductor means (68) extends in a first helical
conductive path (76) around and partially over said multiply connected surface (TF)
with a first heliéal pitch sense from the first node (84) to the second node (86), and
also extends in a second helical conductive path (78) around and partially over said
multiply connected surface (TF) with a second helical pitch sense from the second node
.(86_) to the first node (84) in order that the first and second helical conductive paths

(76,78) form a first endless conductive path around and substantially over said multiply

connected surface (IF);
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séE'o'nd ‘hel'ical pitch sense fromthe second node (62') to a fourth node (B)

MR 5 (5= ) 20 e

eI ectritald y®cofinetted to the third a urt . .
15. rlI'he e?/ectromagnetlc ant eFﬁ‘\l rf‘if@g)mé‘f aféfia‘f%%“‘i[&’rsﬂ‘feméi(zo)sﬁ’f‘ﬂ“q?uﬁnt"i‘|6ll“§d

connected surf aefichlldonduétive ;?é?}'i ?8% Arosll driCoarlidity over said multiply connebfed surfhbe

el ectromagnetic antenna (48 aim 14 wherein said insulated conductor
means (50') i ndIiievththei ssgonsd helisal pmtdse@m&@m arthinthinotie {8%)rte atﬂoerthmmgt €90),
The e ntenna

di d
(45 ) of "G ai maniAHRRENANGE 104 TR Bl SR sHiue Bt AL &g 804 pasially gHEscud

first |nsulate ected (
LT Bt F) e e e o )

and a second i mﬁlﬁfbtrddw@iﬁc(BSXmSOl)demathh%ﬁnwdm fousth bﬁ@abemmtmdnvmdahs
(62'") to the f the.first nod

(60). 0,2 1848 4 Mol sl ot Relaveiind, spd s a1
wherein the fi r;ﬁm@gdcme@d sFRGS(KBY' , 62') are generally dianetrically
opposed to the third and fourth
the first signal terminal (72,94) electrically connected to: (a) the
first node (84), or (b) the first and fourth nodes (84,90); and
the second signal terminal (74,96) electrically connected to: ()
the third node (88), with the first signal terminal (72) electrically connected to the first
node (84), or (b) the second and third nodes (86,88), with the first signal terminal (94)
electrically connected to the first and fourth nodes (84,90).

21.  The electromagnetic antenna (66,66') of Claim 20 wherein said
multiply connected surface (TF) is a toroidal surface (TF).

22.  The electromagnetic antenna (66,66’) of Claim 20 wherein said
first and second insulated conductor means (68,70) respectively include first and second
insulated conductors (76,78) which respectively form the first and second endless
conductive paths.

23.  The electromagnetic antenna (66,66') of Claim 20 wherein said
first insulated .conductor méans (68,70) includes a first insulated conductor (76) which
extends from the first node (84) to the second node (86), and a second insulated
conductor (78) which extends from the second node (86) to the first node (84); and
wherein said second insulated conductor means (70) includes a third insulated
conductor (80) which extends from the third node (88) to the fourth node (90), and a
fourth insulated conductor (82) which extends from the fourth node (90) to the third
node (88).

24.  The electromagnetic antenna (66,66') of Claim 20 wherein said

-siggal terminals (72,74) conduct an antenna signal (92) having a nominal operating
frequency; and wherein a length of each of said first and second insulated conductor
means (68,70) in each of the helical conductive paths (76,78,80,82) is about one-

REPLACEMENT SHERR ter of a guided wavelength of said nominal operating frequency.
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nm ctively. 19. The el ectromagneti c antenna
( m H@D wherei n said signal ter{{kQ&Ls (52',54") conduct aﬂlé 59.3
ant enha si gha ) having a nominal operating-frequency; and wherei a{ il

| ength of said insul ated nd or, means Q').in f the helical . .
conductive paths is aboutf%nefkﬁ{éﬁ Flestrmaaé‘aﬁ?‘&@5‘%@2&@5&3&*@%% "ﬁl?ﬁ?lﬂéfud
operating frequaiC¥ignal terminal (72) is elBtrically B8niRichE! foOMMBATSL hGdeABURMM wherei
(66,66") of Claim 1gvvher'ei n ( _)1 '1 y ) each of the qurgt and o
second gener al Isgidhssicordi kigoalngrminal €74pas dlectrisally kennestdd tochel tutd nedep@8h;

sai d i nsul at ed conduct or ans ‘i%éﬁgtg%ﬂlig?‘%hg%ﬁ%ﬂga kéﬁ,}féféfﬁglzatw%%réggggcf{rgtr

nmeans (68) and a second i SUIéI

said first insuyicHa®erm@dys4)as elRaMEa1{ @8hnR¥ddeiodse ifftsthdde (84) £l thé #urth node
conductive path (&)76) around and partially over said multiply connected

surface (TF) wi(P0);zand woereisaidatecpnd signdletesminal g6} fire elertristlly saanges) tor the
the second nodge%%r%z?Oé%lr@6gkx§d)th§§1§8%§fj#irz% ysecond hel i cal conductive path

(78) around an ver connected surface (TF) with a

second helical pitch sensgr.fromhbeos of eRdsMRER: GROXF tsinahvithi 4 Sroid@0gntéRh)
in order that the first and second helical conductive paths (76,78) forma

first endl ess é6hdQ)comprigagh around and substantially over said multiply
connected surface (TF); applying said RF signal to first and second signal terminals

(52,54) in order to induce electric currents of said RF signal therebetween;
conducting a first electric current (CCW,J, CW,J) in a first
conductor (56) around and over a multiply connected surface (TF) having a major
radius and a minor radius, with the major radius being at least as great as the minor
radius, and with the first conductor (56) having a first helical pitch sense from the first
signal terminal (52) to the second signal term'inal (54);
conducting a second electric current (CCW,J, CW,J) in a second
conductor (58) around and over the multiply connected surface (TF), with the second
conductor (58) having a second helical pitch sense, which is opposite from the first
helical pitch sense, from the second signal terminal (54) to the first signal terminal
(52); and
employing the first and second conductors (56,58) in a
contrawound relationship to each other.
28.  The method of Claim 27 including:
forming a single endless conductive path with the first and second
conductors (56,58) around and over the multiply connected surface (TF).
29.  The method of Claim 28 including:
employing a nominal operating frequency of said RF signal; and
~ employing a length of each of the first and second conductors

- (56,58) of about one-half of a guided wavelength of said nominal operating frequency.
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sal d second insul ated conductor neans (7 hird .- 116159-3

MR NMECAELEL > " ) a;z:“,:&gggO@%ﬁ'@;{,&;;gg;ﬁgf. cal piten sense

fro’mactr'rlrd ndde* (88) toafourt nod , and al so
extends in a fourth helical compdedicingeapfitsh rﬁ&?ﬁetiarmx‘mﬁt T Wevl) | fadrhythevrst

sai d [ o] ed surface (TF) th the first

hel i cal pitch sem@cfm%@%&ﬁﬁ??%%m first conductor (gg (90) to the third
node (88) in order that the thiysh

(80,82) forma second endl (Eés @on&éﬂ‘%%%gggc'?ﬁag}r‘%ﬁé %ﬂg?gggvst nf?t?\g:'ﬂ%/seg%c%
said electric current (PCW.E0GM4E) Indthe sedamdecon@Bitpr (58); and

the first signal termnal (72,9 | ectricall connfected 1;o

first node (84), or (b) the fi PE‘%‘"@H& PUSTER Yo T EEACRH ST t‘%%}m and second
the second si gnglagh&ideurfntd Gald

the third node (8§ Wi t hnt hgd???g Qiél@gzﬁgd) terrﬁﬁ?%ggggﬁggﬁéﬁ%g 51%/na1 from_
connected to thwduwr@ndal antenna (48). node (84) or (b) the second and

third nodes (86,88), with rst n te .94)

electrical |y connected to> i tg‘?fg EIEEFH &4, 90) .

21.  The el ectromagnetic ante ﬂﬁn&ﬁéd@ﬁr&cn@é u@bﬁéﬁhg@om%rfﬁktrhna%b&nd electric
mul tiply connected surface (TF) is a toroidal surface (TF).

22. The el ect curmenih €ECW 2nCHMAaCCHGIGEWIbf O ai m 20 wherein said

first and second i nsul at ed,condyct or. yectively include

first and second 92 % %ﬁ?@glaég%’;g{c&qdeﬁ)m 78) which

respectively formthe first andsxﬁ@%ﬁ@ﬂcxﬂ%ﬁ'?@l) to apply another signl @0 eheCitsy @nd
he

pat hs. el ectromagnet | ¢ ant enna

(66, 66') of O asaernd signal erminglsi §2,54); and f| rst insul ated conduct or
means (68, 70) includes a first c (F{@GR

extends fromthe first node (8H§lngqe%eg§e on e %bkg gogxe(t:he éoroxdal
i nsul at ed antenna (10) fomsnﬂlamrcmmﬁg&hd\dmpﬁﬁcembre(IIEZ)‘ romthe second node

86) to the first node (8
(86) ( %% An electromagnenc antenna comprising:

a toroid (TF);

a plurality of conductive loops (27.1) extending around the toroid
(TF), with each of said loops (27.1) on a plane intersecting the toroid (TF);

signal carrying terminals (S1,S2); and

each. one of said loops (27.1) being electrically connected in
parallel with respect to each of the other said loops (27.1) and to said signal carrying
terminals (S1,S2).

34,  The electromagnetic antenna of Claim 33 characterized in that a

conductive material covers the toroid (TF) and said loops (27.1) comprise spaced apart

slots in the conductive material.
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wherei n said second insul ated conductor neans (70) includes a third

. insul ated conductor (80) which extends fromthe third node
(88) to the fourth node (90), and a fourth insul ated
conductor (82) which extends fromthe f'oHrzth node (90) to the third
node (88). 4. The el ectromagneti ¢ ant enna
(66,66") of Claim20 wherein said signal termnals (72,74)

conduct an antenna signal (92) having a nom nal operating _
frequency; angqghes ¢l & &uivalat br&it 6AGE atbniahewh if fic.aad second insul ated
conduct or means (68,70) 1n each of the helical conductive
pat hs (76, 78, $5(383§ isi ascusdway tof @ trreidefiaatenna with 1 sengal ehperitapceahring) ivargbmemti d

' R40/ 42

nom nal opera&f n Meq.gsenci\{‘. .
116159- 3 3accordinglo the ptesent favenign.  The o| ectromagneti ¢ antenna (66, 66' ) of

Ol ai m 20 wher g, SRidh cutawayde'sf eindtl 2nbbAinih ¥ ind difdnod ShRlPH{FIGE 35 bnfen
connected to the first node (84): and wherein sal d second signa
term nal (potbidal svimdiegsrically connected to the third node (88).

26. The el ectromagnetic antenna, (66') of C aim20 wherein said first
si gnal term ndltG¢ 43 )s salisrnaty smbodinpent with varipble capacitanes Mpingt node (84) and

the fourth nodgg 39is Op?,?% {,i%ﬁgﬁa mﬁﬁe‘m“mﬂ%@gg‘%@%@;ﬁgﬁ%%‘%&E‘m"ﬁ’ﬂlﬁgég% i s

el ectrically connecte second

(88). augmenting antenna baritfividth aAd medthistals 6dr thing) snfdrichmintan oRk pilgddhody th a

toroi dal antenna, '
configuration.

FIG. 40 is a section along 4040 in FIG. 39.

FIG. 41 is a plan view of an altemate embodiment of the antenna shown in FIG. 39
having six sides with slots for tuning or for emulation of a poloidal configuration.

FIG. 42 is a scction along 42-42 in PIG. 41.

FIG. 43 is a conventional linear helix.

FIG. 44 is an approximate lincar helix.

FIG. 45 is a composite equivalent of the configuration shown in FIG. 44 assuming that
the magnetic field is uniform or quasi uniform over the length of the helix.

FIG. 46 shows a contrawound toroidal helical antenna with an external loop and a phase
shift and proportional control.

FIG. 47 shows right hand sense and left hand sense equivalent circuits and associated
electric and maguetic fields.

FIG. 48 is a schematic itlustration of a series fed antenna according to an embodiment
of the invention.

FIGS. 49, 50 and S1 are current and magnetic field plots relative to toroidal node
positions for the antenna shown in FIG. 48. |

FIG. 52 is a schematic illustration of a series fed antenna according to another
embodiment of the invention.

FIGS. 53, 54 and 55 are current and magnetic field plots relative to toroidal node
positions for the antenna shown in FIG. 52.

FIG. 56 is a schernatic illustration of a parallel fed antenna according to another

embodiment of the invention. : REPLACEMENT SHEET
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_(4é, 10) conpri sing: appl ying said RF signal to

-first and second signal termnals (52,54) in order to induce electric
currents of said RF signal therebetween;
conducting a first electric current (CCWz2 CWM) in a first conduct or

(56) around and over a multiply connected surface (TF) having a ngjor
radius and a mnor radius, with the ngajor radius being at | east as great as
t he m nor radius, and with the first conductor (56) having a first

hel i cal pi t ch pre856f <88 Lol Gibrent and SAEHBR sbEPI0akabR2 {dolil}en2cond
signal termnal (54); conducting a sec

el ectric qositiend fof @&/ \freennk IhowdNoeFIGL 35. in a second conductor (58)
around and over the pul ti ply connected surface %%dg with the second
conduct or (58)ffafony a ilgstiation °§.3tm“§b amWﬁ‘Pc"Wc?fémGp}?osﬂmrfrom
the first embodm%l bed]e ,m,ctnggn sense, fromthe second signal termnal (54) to
the first signal termnal (52); and

enpl oyi ng t he RIGt 6t mmdlosledmgtdmwmlhﬁrfmsfo(%p&&)naidﬂm 60 witt aiinigaueend
relationship to each .ot her. The nethod of C aim 27
i ncl udi ng:2nd phase matching clement according o yngfhey ﬁgb%lugﬁnhgf Redmepbers conducti ve

path wth the il & 1800 REEAMe clovaidi VAMTR Yalorh 6 AE o BLANRAFREE! VS the

mul ti ply connected sur

d ai m 28 ioasbudi ng: enpl oyi ng a nomi nal operating
frequency of said RF signal; and enpl oying a

| ength of each of the first and second conductors (56,58) of about

one- hal f %E&ar %ﬂ%&v&kﬁﬁ%ﬁc%ﬁaf& Qﬁ%{ﬁ.lloﬁper ating frequency.

Referring to FIG. 1, an antenna 10 comprises two electrically insulated closed circuit
conductors (windings) W1 and W2 that extend around a toroid form TF throu.gh 4 (n=4)
cquiangular segments 12. The windings are supplied with an RF electrical signal from two pins
Sl and S2. Within each segment, the winding “contrawound”, that is the sense for winding
W1 may be right hand (RH), as shown by the dark solid lines, and the same for winding W2
ma'y be left hand (LH) as shown by the broken lines. Each conductor is assumed to have the
same number of helical turns around the form, as detetnined from equations described below.
At a junction or node 14 each winding reverses sense (as shown in the cutaway of each). The
signal terminals S1 and S2 are connected to the two nodes and cach pair of such nodes is
termed a "port”. In this discussion, cach paic of nodes at each of four ports is designated al
and 22, bl and b2, cl and c2 and d1 and d2. In FIG. 1, for instance, there are four ports, a,
b, cand d. Relative to the minor axis of TF, at a given port the nodes may be in any angular
refation to onc another and to the torus, but afl ports on the structure will bear this same
angular relation if the number of tumns in each scgment is an integer. For cxample, FIG. 2
shows diametrically opposed nodes, while FIG. 3 shows overlapping nodes. The nodes overlay
cach other, but from port to port the connections of the corresponding nodes with terminals or
pins S1 and S2 are reversed as shown, yiclding a configuration in which diametrically opposite
segments have the same connections in parallel, with each winding having the same sensc. The
result is that in each segment the currents in the windings are opposed but the direction is

teversed along with the winding sense from segment to segment. It is possible to jncrease or

decrease the
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41 30. The method of Caim27 incl udlng
. producing a first magnetic current - (CCWerr]M fro e fII’St electric

current (CCWerr]J, CWerr]J) in the first conduct lmﬂm
produci ng a second nmagnetic current (CO/\[err]M fr !umctrrc
current (CCWerr]J, CWerr]J) in the. dcond conductor (5 "arld *
provi di ng constructive interference of the first and second magneti c

currents (CCWerr]M _CCW er n order to produce a transmtted signal
from said toroithl aﬁ?‘%ﬁi‘?&‘%&ﬁf‘mmm iocludings)  The nmethod of O aim 30

i ncl udi ng: od Qrtﬁ){ 4 Sy Vﬁwtzrf}o%g}% 63 BeQfic (ks xj’;' rst
and second el ectric gfjr F"é‘ﬁ S erlr Fﬁ& CS?: er rf ¥ Cerr: J).
32. A mECR¥,J pCW, Neinghe fitst nrgxdactoﬂ%)sl gnal conpri sing:
producing a second magnetic current (CCW,M) from the second electric current
{CCW,1, CW,]} in the second conductor {58); and

providing constructive interference of the first and second magnetic currents
(CCW,M, CCW,M) in order to produce a transmitted signal from said toroidal antenna (48).
31. The method of Claira 30 including:
providing destructive interference of the first and second electric currents
(CCW,J, CW,J, CCW, I, CW,]).
32. A method of transmitting an RF signal corprising:
applying said RF signal to poloidally and peripherally wound windings
(W1,W2) on a toroidal antenna (10);
using an oscillator (26.1) to apply another signal to the windings (W1,W2); and
using feedback (VOLTAGE FEEDBACK] from the antenna (10) for oscillator
tuning and amplification (26.2).
33. An clectromagnetic antenta comprising:
a toroid (TF);
a plurality of conductive loops (27.1) extending around the toroid (TF), with
each of said loops (27.1) on a plane intersecting the toroid (TF);
signal carrying terminals (S1,52); and
cach onc of said loops (27.1) being electrically connected in parallel with
respect to each of the other said loops (2‘_7.1) and to said signal carrying terminals (S1,$2).
34, The clectromaguetic antenna of Claim 33 characterized in that a conductive
material covers the toroid (TF) and said loops (27.1) comprise spaced apart slots in the

conductive material.
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appl yi ng said RF signal to poloidally and peripherally wound w ndi ngsiPCS copy 4
(WL, W) on a toroidal antenna (10); usi ng an oscill at@?fﬁ';g??ﬁs
"(26. 1) to apply another signal to the wi ndings (W, W); SHEFTS BN
usi ng feedback (VOLTAGE FEEDBACK) fromthe antenna (10) for 5k

tuni ng and anplypjegati on (2 INTELLECTU, m%ﬁvmmﬁﬁn ect r onegENEg
corrprigsi ng: ™ PUT& %l?)t oroillm\ﬂ%@ﬁl ureau oy a2 plurality of

co_ngulct | VINTERNABONAL APPLICATIONIPURLISHEDUNDER 6k PATENT COOGDERAMONTREZAG (PO
R T e o e A A P R M TO 96741398
si gnal (giﬁ@'d%@?.t rmnals (S1,S2); ar@g ’@é&’ﬁ o1

| oops el ectrically co @ ngmmnw l9'iﬁe§r;ﬂﬁ101|§96t(@.lﬁﬁfh
of the —6—S+-gh -y errha

. J T y U < L
(S1, $2)a1) Internationsl Appiftdtion NurllaR S+ CRITUSIIBLIY ($15 Dediphhteil Nhites:OfL, A1, 21417 A2, BB, BG, BR, BY,
charadterized in that a conductive naterji al QveH ENi(7eDR, ’I?TELUSL%J
| oops | @Atepaterhifioe D pace d S B PSPy i n tiﬁﬁf’ A el il dal
- SD, SE,\SG}SI, SK, TJ, T™, TR, TT, UA, UG, UZ, VN,
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(57 Abstract

‘ An antenna is disclosed that bas windings that are contrawound in segments on a toroid form and that have opposed currents on
selected segments. An anteana is disclosed that has one or more insulated conductor circuits with windings that are contrawound around and
over 2 multiply connected suxface, such as a toroidal surface. The Insulated conductor circuits may form one or more endless conductive
paths around and over the multiply connected surface. “The windings may have a helical pattem, poloidal peripheral pattern or may be
constructed from a slotted conductor on the toroid. Poloidal loop winds are disclosed with & toroid hub on 2 torold that has two plates that
provides a capacitive feed 1o the loops, which are selectively connected to one of the plates. Associated methods are also disclosed.
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