UMY IO o to ooy

6532

AUSTRALIA
PATENTS ACT 1990

PATENT REQUEST: STANDARD PATENT

5.9..

We Security Tag Systems Inc, being the person identified below
as the Applicant, request the grant of a patent to the person
identified below as the Nominated Person, for an invention

described in the accompanying standard complete specification.

Full application details follow.

Applicant: SECURITY TAG SYSTEMS INC

Address: 1615 118th Avenue North, St Petersburg, Florida,
33716, United States of America

Nominated Person: SECURITY TAG SYSTENMS INC

Address: 1615 118th Avenue North, St Petersburg,

Florida, 33716, United States of America

Invention Title: "Electrically-and-Magnetically-Coupled,
Batteryless, Portable Frequency Divider"

Names of actual inventors: Ming Ren Lian & Fred Wade Herman

Address for service in Australia:

C/- R K MADDERN & ASSOCIATES, 345 King William Street,

Adelaide, South Australia, Australia

BASIC CONVENTION APPLICATION DETAILS

Application Country
Number Country Code
07/853533 United States us

Date of
Application

18/3/92

DATED this 16th day of March, 1993.

SECURITY TAG SYSTEMS INC N
By its Patent Attorneys
R_K MADDERN & ASSOCIATES

R S CATT




Section- 29(1)
Regulation 3.1(2)

AUSTRALIA
PATENTS ACT 1990

NOTICE OF ENTITLEMENT

We SECURITY TAGC SYSTEMS INC

of 1615 118th Avenue North, St Petersburg, Florida, 33716,
United States of America

being the applicant in respect of Application No. ,

state the following: -

1.

The person nominated for the grant of the patent:
has entitlement from the actual inventors. The applicant
is the assignee of the actual inventors.

The person nominated for the grant of the patent:
has entitlement from the applicants of the basic
application listed on the patent request form.

The basic application listed on the request form:

is the first application made in a Convention country in
respect of the invention.

DATED this 16th day of March 1993.

SECURITY TAG SYSTEMS INC (
By its Patent Attorneys .

R _K MADDERN & ASSOCIATES

R S CATT

R K MADDERN & ASSOCIATES Citicorp House 345 King William Street

Adelaide South Australia 5000

W —t

gt

. e " Sy g—

&
i RO K

P o




LD e ot g

RHAVERI A AR A

AU9335218

(12) PATENT ABRIDGMENT  (11) pocument no. AU-B-35218/93
(19) AUSTRALIAN PATENT OFFICE (10) Acceptance No. 656259

(54) Title
ELECTRICALLY-AND-MAGNETICALLY-COUPLED, BATTERYLESS, PORTABLE FREQUENCY
DIVIDER
International Patent Classification(s)

(51)> Go08B 013/24 HO3B 019/00

(21)  Application No. : 35218/93 (22) Application Date: 16.03.93
(30) Priority Data

(31)  Number (32) Date (238) Country
853533 18.03.92 US UNITED STATES OF AMERICA

(43) Publication Date : 23.09.93
(44) Publication Date of Accepted Application : 27.01.95

(71)  Applicant(s)
SECURITY TAG SYSTEMS INC

(72) Inventor(s)
MING REN LIAN; FRED WADE HERMAN

(74) Attorney or Agent
R K MADDERN & ASSOCIATES , 345 King William Street, ADELAIDE SA 5000

(56)  Prior Art Documents
US 5065138
US 5065137
US 4481428

(57) Ciaim
1. A batteryless, portable, frequency divider (10. 20, 30, 40, 50, 60,

70, 80, 90, 100), comprising

a first resonant circuit (L1, C1, D1) that is resonant at a first fre-
quency for receiving electromagnetic radiation (134) at the first frequency; and

a second resonant circuit (L2, C2, D?2) that is resonant at a second fre-
quency that is one-half the first frequency for transmitting electromagnetic
radiation (138) at the second frequency; and

creuit element means (Co. Do, Qp) electrically connecting the first
resonant circuit to the second resonant circuit;

wherein the first resonant circuit is coupled magnetically tu the
second resonant circuit to transfer energy to the second resonant circuit at the
first frequency in response to receipt by the first resonant circuit of electromag-

ietic radiation (134) at the first frequency: and
wherein at least one of the first resonant circuit, the second resonant

circuit and the circuit element means includes means for causing the second
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resonant circuit to transmit slecromagnetic radiation (
quency in response to the energy transferred from the first resonant circuit at

138) at the second fre-

the first frequency. :
8. Atag (131) for use in a presence detection system, comprising

a frequency divider (10, 20, 30, 40, 50, 60, 70, 80, 80, 100}, and

means for fastening the frequency divider to an article to be dJetected

by the presence detection system;

wherein the frequency divider comprises
a first resonant circuit (L1, C1, D1) that is resonant at a first

frequency for receiving electromagnetic radiation (134) at the first fre-
quency; and

a second resonant circuit (L2, C2, D2) that is resonant at a
second frequency that is one-half the first frequency for transmitting

electromagnetic radiation (138) at the second frequency; and
circuit element means (Cq, De, Q) electrically connecting the

first resonant circuit to the second resonant circuit;

wherein the first resonant circuit is coupled magnetically to
the second resonant circuit to transfer energy to the second resonant
circuit at the first frequency in response to receipt by the first resonant
circuit of electromagnetic radiation (134) at the first frequency; and

wherein at least one of the first resonant circuit, the second
resonant circuit and the circuit element means includes mezns for
causing the second resonant circuit to transmit electromagnetic radia-
tion (138) at the second frequency in resporse to the energy trans-

ferred from the first resonant circuit at the first frequency.
13. A presence detection system, comprising

means (130) for transmitting an electromagnetic radiation signal (134)

at a first frequency into a surveillance zone (136);

a tag (131) for attachment to an article to be detected within the sur-
veillance zone, comprising a frequency divider (10, 20, 30, 40, 50, 60, 70, 80,
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90. 100) and means for fastening the frequency divider to an article to be

detected by the presence detection system; wherein the frequency divider com-
prises

a first resonant circuit (L1, C1, D1) that is resonant at a first
frequency for receiving electromagnetic radiation (134) at the first fre-

quency; and
a second resonant crcuit (L2, C2, D2) that is resonant at a

second frequency that is one-half the first frequency for transmitting
electromagnetic radiation (138) at the second frequency; and

circuit element means (Cg, Da, Q) electrically connecting the

first resonant circuit to the second resonant circuit;

wherein the first resonant circuit i{s coupled magnetically to
the second resonant circuit to transfer energy to the second resonant
circuit at the first frequency in response to receipt by the first resonant
circuit of electromagnetic radiation (134) at the first frequency; and

wherein at least oric of the first resonant circuit, the second
resonant circuit and the circuit element means includes means for
causing the second resonant circuit to transmit electromagnetic radia-
tion (138) at the second frequency in response to the energy trans-
ferred from the first resonant circuit at the first frequénr:y: and

means (132) for detecting electromagnetic radiaton (138) at the

second frequency in the surveillance zone (136).
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Regulation 3.2

AUSTRALIA
PATENTS ACT 19290

COMPLETE SPECIFICATION
FOR A STANDARD PATENT

ORIGINAL

Name of Applicant: SECURITY TAG SYSTEMS INC
Actual Inventors: MING REN LIAN and FRED WADE HERMAN

Address for Service: C/- R K MADDERN & ASSOCIATES, 345 King
William Street, Adelaide, South
Australia, Australia

Invention title: "Electrically-and-Magnetically-Coupled,
Batteryless, Portable Frequency Divider"

The following statement is a full description of this
invention, including the best method of performing it known to

"
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ELECTRICALLY-AND-MAGNETICALLY-COUPLED,
BATTERYLESS, PORTABLE, FREQUENCY DIVIDER

BACKGROUND OF THE INVENTION

The present invention generally pertains to frequency dividers and is
particularly directed to portable, _atteryless, frequency dividers of the type that
are included in tags that are used in presence detection systems.

Portable, batteryless, frequency dividers are described in U.S. Patent
No. 4,481,428 to Lincoln H. Charlot, Jr., U.S. Patent No. 4,670,740 to Fred
Wade Herman and Lincoln H. Charlot, Jr., U.S. Patent No. 5,065,137 to Fred
Wade Herman and U.S. Patent No. 5,065,138 to Ming Lian and Fred Wade

Herman.

The frequency divider described in the '428 patent includes a resonant
first circuit that is resonant at a first frequency for receiving electrornagnetic
radiation at the first frequency, and a second resonant circuit that is resonant
at a second frequency that is one-half the first frequency for transmitting
electromagnetic radiation at the second frequency; and the two resonant cir-
cuits are electrically connected to one another by a semiconductor switching
device having gain coupling the [irst and second resonant circuits for causing
the second circuit to iransmit electromagnetic radiation at the second fre-
quency solely in response to unrectified energy at the first frequency provided in
the first circuit upon receipt of electromagnetic radiation at the first frequency.
Each resonant circuit includes a fixed capacitance connected in parallel with an
inductance coil. In order to minimize difficulties due to magnetic coupling be-
tween the coils when tuning the resonant circuits to their respective resonant

frequencies the coils are disposed in relation to each other so as to avoid
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mutual coupling. Mutual coupling is defined in the ‘428 patent as coupling to
such an extent as to decrease the efficiency of the frequency divider. Preferably
the coils are disposed perpendicular to each other so that the magnetic fields of

the two coils are orthogonal to each other.

The frequency divider described in the '740 patent consists of a single
resonant circuit consisting of an inductor and a variable-capacitance diode
(varactor) connected in parallel to define a resonant circuit that detects
electromagnetic radiation at a first predetermined frequency and responds to
said detection by transmitting electromagnetic radiation at a second frequency
that is one-half the first frequency, wherein the circuit is resonant at the

second frequency when the voltage across the diode is zero.

The frequency divider described in the '137 and '138 patents includes
a first resonant circuit that is resonant at a first frequency for receiving
electromagnetic radiation at the first frequency; and a second resonant circuit
that is resonant at a second frequency that is one-half the first frequency for
transmitting electromagnetic radiation at the second frequency: wherein the
first circuit is coupled only magnetically to the second circuit to transfer energy
to the second circuit at the first frequency in response to receipt by the first cir-
cuit of electromagnetic radiation at the first frequency: and wherein the first
resonant circuit and/or the second resonant circuit includes a variable reac-
tance element in which the reactance varies with variations in energy received
by and/or transferred from the first resonant circuit for causing the second
resonant circuit to transmit electromagnetic radiation at the second frequency
in response to the energy transfeired from the first resonant circuit at the first

frequency.

e gt

T - et T



10

w

30

SUMMARY OF THE INVENTION

The present invention provides a frequency divider
that utilizes both electrical and magnetic coupling between

two resonant circuits.

A batteryless, portable, frequency divider
according to the present invention includes a first resonant
circuit that is resonant at a first frequency for receiving
electromagnetic radiation at the first frequency; and a
second resonant circuit that is resonant at a second
frequency that is one-half the first frequency for
transmitting electromagnetic radiation at the second
frequency; and circuit element means electrically connecting
the first resonant circuit to the second resonant circuit;
wherein the first resonant circuit is coupled magnetically to
the second resonant circuit to transfer energy to the second
resonant circuit at the first frequency in response to
receipt by the first resonant circuit of electromagnetic
radiation at the first frequency; and wherein at least one of
the first resonant circuit, the second resonant circuit and
the circuit element means includes means for causing the
second resonant circuit to transmit electromagnetic radiation
at the second frequency in response to the energy transferred

from the first resonant circuit at the first frequency.

The transfer of energy from the first resonant

circuit to the second resonant circuit is enhanced by

e P

utilizing both magnetic coupling and electrical coupling
between the first resonant circuit and the second resonant
circuit, whereby less field strength of electromagnetic
radiation at the first frequency is necessary for

accomplishing frequency division.
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The present invention also provides a tag including
a frequency divider according to the present invention and a

presence detection system including such a tag.

Additional features of the present invention are
described in relation to the description of the preferred
embodiments.

BRIEF DESCRIPTION OF THE DRAWING

Figure 1 is a diagram of a preferred embodiment of

a frequency divider according to the present invention.

Figure 1A is an equivalent circuit diagram of the
frequency divider of Figure 1.

Figure 2 is an alternative preferred embodiment of

a frequency divider according to the present invention.
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Figure 3 is a diagram of another alternative preferred embodiment of a
frequency divider according to the present invention.

Figure 4 is a diagram of still another alternative preferred embodiment
of a frequency divider according to the present invention.

Figure 5 is a diagram of yet another alternative preferred embodiment
of a frequency divider according to the present invention.

Figure 6 is a diagram of a further alternative preferred embodiment of
a frequency divider according to the present invention.

Figure 7 is a diagram of still a further alternative preferred embodi-
ment of a frequency divider according to the present invention.

Figure 8 is a diagram of a yet further alternative preferred embodiment
of a frequency divider according to the present invention.

Figure 9 is a diagram of another alternative preferred embodiment of a
frequency divider accordins; to the present invention.

Figure 10 is a diagram of still another alternative preferred embodi-
ment of a frequency divider according to the present invention.

Figure 11 is a diagram of a preferred embodiment of a frequency
divider according to the aforementioned separate aspect of the present inven-
tion.

Figure 12 is a diagram of an alternative preferred embodiment of a fre-
quency divider according to the aforementioned separate aspect of the present
invention.
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Figure 13 is a diagram of a presence detection system according to the
present invention, including a tag including a frequency divider according to the

present invention.

Figure 14 is a graph showing the variable relationship between the
values of the inductance coils and the mutual coupling coefficient K for the
equivalent circuit of Figure 1A for different exemplary values of the coupling

capacitance Cq.

Figure 15 is a graph showing the variable relationship between the
values of the inductance coils and the mutual coupling coefficient K for the
equivalent circuit of Figure 1A with the polarity of the coil L1 being reversed
from as shown therein, for different exemplary values of the coupling

capacitance Cg.

Figure 16 is a graph showing the variable relationship between turn-
on field intensity and the mutual coupling coefficient K for the frequency divider

of Figure 1 for different exemplary values of the coupling capacitance Cg.

Figure 17 is a graph showing the variable relationship between the
magnitude of the electromagnetic radiation at the second frequency transmitted
by the second resonant circuit of the frequency divider of Figure 1 and the
mutual coupling coefficient K for different exemplary values of the coupling

capacitance Cg.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to Figure 1, a preferred embodiment of a frequency divider
according to the present invention includes a first resonant circuit 10 consist-

ing of a capacitor C1 connected in parallel with an inductance coil L1 between a
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first node 11 and second node 12; a second resonant circuit 15 consisting of a
variable-capacitance diode (varactor) D2 connected in parallel with a second in-
ductance coil L2 between the secorid node 12 and a third node 16; and a cou-
pling capacitance Cs connected between the first node 11 and the third node 16
to electrically connect the first resonant circuit 10 to the second resonant cir-
cuit 15. The first resonant circuit 10 is magnetically coupled to the second
resonant circuit 15 by disposing the first coil L1 in a mutual inductive coupling
relationship M to the second coil L2, with the two coils L1, L2 being wound
respectively in an aiding direction on a ferrite rod (not shown), and with cor-
responding first ends of the two coils L1, L2 being connected respectively to the
second node 12 and the third node 16.

The first resonant circuit 10 is resonant at a first frequency f, for
receiving electromagnetic radiation at the first frequency f;; and the second
resonant circuit 15 i> resonant at a second frequency {, that is one-half the first
frequency f; for transmitting electromagnetic radiation at the second frequency
f,. The first circuit 10 is coupled magnetically to the second circuit 15, as
described above, to transfer energy (o the second circuit 15 at the first fre-
quency f, in response to receipt by the first circuit 10 of electromagnetic radia-
tion at the first frequency {,. The varactor D2 in the second circuit 15 is a vari-
able reactance element in which the reactance varies with variations in energy
transferred from the first circuit 10 for causing the second circuit 15 to trans-
mit electromagnetic radiation at the second frequency f, in response to the
energy transferred from the first circuit 10 at the first frequency f;.

Because the values of the inductances L1, L2 in each of the resonant
circuits 10, 15 are affected by the respective positions of the coils L1 and L2 on
the ferrite rod in relation to each other and in relation to the ends of the rod,
the resonant circuits 10, 15 are tuned to their respective resonant frequencies

f, and f, by adjusting the positions of the coils L1 and L2 on the rod.

S



Yo—t

S

b e b A

10

15

In order that the coils L1 and L2 are not so highly coupled to each
other that adjusting the position of a coil in one resonant circuit so greatly af-
fects the resonant frequency of the other resonant circuit as a result of the in-
teractive coupling between the two coils as to make tuning of both resonant cir-
cuits difficult, the coils L1, L2 are wound with an inside dimension that is
somewhat larger than the cross-sectional dimension of the ferrite rod. The coils
L1, L2 are wound on a non-magnetic spacing element that is adjustably
mounted on the ferrite rod. The disposition of the coils .1, L2 on the ferrite rod
is described in greater detail in the aforementioned '137 patent.

It has been determined that in order to accomplish frequency division,
the mutual coupling coefficient i7 between the inductance coil L1 of the first
resonant circuit 10 and the inductance coil L2 of the second resonant circuit 15
should be within a range of zero to approximately 0.6; and that conversion of
the energy of electromagnetic radiation at the first resonant frequency f,
received by the first resonant circuit 10 into electromagnetic radiation radiated
by the second resonant circuit 15 at the second frequency f, is most efficient
when the coupling coefficient k is about 0.3.

Low-magnetic-loss ferromagnetic materials other than ferrite can be
utilized in the rod on which the coils L1, 1.2 are wound.

In an alternative embodiment (not shown), the magnetic circuit means
used to couple the coils of the different resonant circuits is merely air. This em-
bodiment is the least complex; and adequate magnetic coupling can be attained
to provide a presence detection tag that is practical for some applications by
providing large coils L1, L2 that are disposed in a close overlapping proximity to
one another. However, this embodiment may be more difficult to tune to the
respective resonant frequencies in the absence of a ferrite core which enables
fine adjustments of the resonant frequencies by adjustment of the positions of
coils on the rore, as discussed above.
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Referring to Figure Z, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-
cuit 20 consisting of a varactor D1 connected in parallel with an inductance coil
L] between a first node 21 and second node 22; a second resonant circuit 25
consisting of a varactor D2 connected in parallel with a second inductance coil
L2 between the second node 22 and a third node 26; and a coupling varactor
D, connected between the first node 21 and the third node 26 to electrically
connect the first resonant circuit 20 to the second resonant circuit 25. The first
resonant circuit 20 is magnetically coupled to the second resonant circuit 25 by
disposing the first coil L1 in a mutual inductive coupling relationship M to the
second coil L2, with the two coils L1, L2 being wound respectively in an aiding
direction on a ferrite rod (niot shown), and with corresponding first ends of the
two coils L1, L2 being connected respectively to the second node 22 and the
third node 26.

The varactor D1 in the first circuit 20 is a variable reactance element
in which the reactance varies with variations in energy received by the first cir-
cuit 20 for criusing the second circuit 25 to vary in reactance due to mutual
reactive coupling to further cause the second resonant circuit 25 to transmit
electromagnetic radiation at the second frequency f, in response to the energy
transferred from the first circuit 20 at the first frequency f;.

The coupling varactor Dg that electrically connects the first resonant
circuit 20 to the second resonant circuit 25 is a variable reactance element in
which the reactance varies with variations in energy received by the first circuit
20 for causing the second circuit 25 to transmit electromagnetic radiation at
the second frequency f, in response to the energy transferred from the first cir-
cuit 20 at the first frequency f;.
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In other respects, the frequency divider of Figure 2 is of like construc-
tion and operates in the same manner as the frequency divider of Figure 1.

Referring to Figure 3, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-
cuit 30 consisting of a capacitor C1 connected in parallel with an inductance
coil L1 between a first node 31 and second node 32: a second resonant circuit
35 consisting of a capacitor C2 connected in parallel with a second inductance
coil L2 between the second node 32 and a third node 36; and a coupling npn
transistor Q. having its emitter connected to the first node 31, its collector con-
nected to the second node 32 and its base connected to the third node 36 to
electrically connect the first resonant circuit 30 to the second resonant circuit
35. The first resonant circuit 30 is magnetically coupled to the second resonant
circuit 35 by disposing the first coil L1 in a mutual inductive coupling relation-
ship M to the second coil L2, with the two coils L1, L2 being wound respectively
in an aiding direction on a ferrite rod (not shown), and with corresponding first
ends of the two coils L1, L2 being connected respectively to the first node 31
and the third node 36.

The first resonant circuit 30 is resonant at a first frequency f, for
receiving electromagnetic radiation at the first frequency f,; and the second
resonant circuit 35 is resonant at a second frequency f, that is one-half the first
frequency f; for transmitting electromagnetic radiation at the second frequency
f. The first circuit 30 is coupled magnetically to the second circuit 35, as
described above, to transfer energy to the second circuit 35 at the first fre-
quency f; in response to receipt by the first circuit 30 of electromagnetic radia-
tion at the first frequency f;. The coupling transistor Q. is semiconductor
switching device having gain for causing the second resonant circuit 35 to
transmit electromagnetic radiation at the secorr : i»equency f, in response to the
energy transferred from the first resonant circuit 30 at the first frequency f;.

-10-
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In other respects, the frequency divider of Figure 3 is of like construc-

tion and operates in the same manner as the frequency divider of Figure 1.

Referring to Figure 4, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-
cuit 40 consisting of a capacitor C1 connected in parallel with an inductance
coil L1 between a first node 41 and second node 42; a second resonant circuit
45 consisting of a varactor D2 connected in parallel with a second inductance
coil L2 between the second node 42 and a third node 46; and a coupling npn
transistor Q¢ having its emitter connected to the first node 41, its collector con-
nected to the second node 42 and its base connected to the third node 46 to
electrically connect the first resonant circuit 40 to the second resonant circuit
45. The first resonant circuit 40 is magnetically coupled to the second resvnant
circuit 45 by disposing the first coil L1 in & mutual inductive coupling relation-
ship M to the second coil L2, with the two coils L1, L2 being wound respectively
in an aiding direction on a ferrite rod (not shown), and with corresponding first
ends of the two coils L1, L2 being connected respectively to the first node 41
and the third node 46.

The varactor D2 in the second circuit 45 is a variable reactance ele-
ment in which the reactance varies witn variations in energy transferred from
the first circuit 40 for further causing the second circuit 45 to transmit
electromagnetic radiation at the second frequency f, in response to the energy
transferred from the first circuit 40 at the first frequency f.

In other respects, the frequency divider of Figure 4 is of like construc-
tion and operates in the same manner as the frequency divider of Figure 3.

Referring to Figure 5, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-

-11-
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cuit 50 consisting of a varactor D1 connected in parallel with an inductance coil
L1 between a first node 51 and second node 52; a second resonant circuit 55
consisting of a varactor D2 connected in parallel with a second inductance coil
L2 between the second node 52 and a third node 56; and a coupling npn tran-
sistor Q. having its emitter connected to the first node 51, its collector con-
nected to the second node 52 and its base connected to the third node 56 to
electrically connect the first resonant circuit 50 to the second resonant circuit
55. The first resonant circuit 50 is magnetically coupled to the second resonant
circuit 55 by disposing the first coil L1 in a mutual inductive coupling relation-
ship M to the second coil L2, with the two coils L1, L2 being wound respectively
in an aiding direction on a ferrite rod (not shown), and with corresponding first
ends of the two coils L1, L2 being connected respectively to the first node 51
and the third node 56.

The varactor D1 in the first circuit 50 is a variable reactance element
in which the reactance varies with variations in energy received by the first cir-
cuit 50 for causing the second circuit 55 to vary in reactance due to mutual
reactive coupling to further cause the second resonant circuit 55 to transmit
electromagnetic radiation at the second frequency f, in response to the energy
transferred from the first circuit 50 at the first frequency f;.

In other respects, the frequency divider of Figure 5 is of like construc-
tion and operates in the same manner as the frequency divider of Figure 4.

Referring to Figure 6, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-
cuit 60 consisting of a capacitor C1 connected in parallel with an inductance
coil L1 between a first node 61 and second node 62; a second resonant circuit
65 consisting of a capacitor C2 connected in parallel with a second inductance
coil L2 between the second node 62 and a third node 66;: and a coupling npn

-12-
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transistor Q¢ having its emitter connected to the first node 61, its base con-
nected to the second node 62 and its collector connected to the third node 66 to
electrically connect the first resonant circuit 60 to the second resonant circuit
65. The first resonant circuit 60 is magnetically coupled to the second resonant
circuit 65 by disposing the first coil L1 in a mutual inductive coupling relation-
ship M to the second coil L2, with the two coils L1, L2 being wound respectively
in an aiding direction on a ferrite rod (not shown), and with corresponding first
ends of the two coils L1, L2 being connected respectively to the first node 61
and the third node 66.

The first resonant circuit 60 is resonant at a first frequency f; for
receiving electromagnetic radiation at the first frequency f,: and the second
resonant circuit 65 is resonant at a second frequency f, that is one-half the first
frequency f; for transmitting electromagnetic radiation at the second frequency
f5. - The first circuit 60 is coupled magnetically to the second circuit 65, as
described above, to transfer energy to the second circuit 65 at the first fre-
quency f; in response to receipt by the first circuit 60 of electromagnetic radia-
tion at the first frequency f;. The coupling transistor Q. is semiconductor
switching device having gain for causing the second resonant circuit 65 to
transmit electromagnetic radiation at the second frequency f, in response to the
energy transferred from the first resonant circuit 60 at the first frequency f,.

In other respects, the frequency divider of Figure 6 is of like construc-

tion and operates in the same manner as the frequency divider of Figure 3.

Referring to Figure 7, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-
cuit 70 consisting of a capacitor C1 connected in parallel with an inductanrce
coil L1 between a first node 71 and second node 72; a second resonant circuit
75 consisting of a varactor D2 connected in parallel with a second inductance

-13-
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coil L2 between the second node 72 and a third node 76; and a coupling npn
transistor Q. having its emitter connected to the first node 71, its base con-
nected to the second node 72 and its collector connected to the third node 76 to
electrically connect the first resonant circuit 70 to the second resonant circuit
75. The first resonant circuit 70 is magnetically coupled to the second resonant
circuit 75 by disposing the first coil L1 in a mutual inductive coupling relation-
ship M to the second coil L2, with the two coils L1, L2 being wound respectively
in an aiding direction on a ferrite rod (not shown), and with corresponding first
ends of the two coils L1, L2 being connected respectively to the first node 71
and the third node 76.

The varactor D2 in the second circuit 75 is a variable reactance ele-
ment in which the reactance varies with variations in energy transferred from
the first circuit 70 for further causing the second circuit 75 to transmit
electromagnetic radiation at the second frequency f, in response to the energy
transferred from the first circuit 70 at the first frequency f,.

In other respects, the frequency divider of Figure 7 is of like construc-

tion and operates in the same manner as the frequency divider of Figure 6.

Referring to Figure 8, an alternative preferred embodiment of a fre-
quency divider according to the present invention includes a first resonant cir-
cuit 80 consisting of a capacitor C1 connected in parallel with an inductance
coil L1 between a first node 81 and second node 82; a second resonant circuit
85 consisting of a varactor D2 connected in parallel with a second inductance
coil L2 between the second node 82 and a third node 86; and a coupling npn
transistor Q¢ having its collector connected to the first node 81, its base con-
nected to the second node 82 and its emitter connected to the third node 86 to
electrically connect the first resonant circuit 80 to the secoiid resonant circuit
85. The first resonant circuit 80 is magnetically coupled to the second resonant

-14-
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‘7 circuit 85 by disposing the first coil L1 in a mutual inductive coupling relation-
ship M to the second coil L2, with the two coils L1, L2 being wound respectively
in an aiding direction on a ferrite rod {not shown), and with corresponding first

ends of the two coils L1, L2 being connected respectively to the first node 81
5 and the third node 86.

In other respects, the frequency divider of Figure 8 is of like construc-

| tion and operates in the same manner as the frequency divider of Figure 7.

- - Referring to Figure 9, an alternative preferred embodiment of a fre-
% ' QUency divider according to the present invention includes a first resonant cir-
10 cuit 90'consisting of a capacitor C1 cormecfed in parallel with an inductance
coil L1 between a first node 91 and second node 92; a second resonant circuit
95 consisting of a varactor D2 connected in parallel with a second inductance
coil L2 between the sécond node 92 and a third node 96; and a coupling npn
. transistor Q. having its collector connected to the first node 91, its emitter con-
15 nected to the second node 92 and its base connected to the third node 96 to -
: electrically connect the first res'onant circuit 90 to the second resonant circuit
‘ 95. The first resonant circuit 90 is magnetically coupled to the second resonant
circuit 95 by disposing the first coil L1 in a mutual inductive coupling relation-
HEPE ship M to the second coil L2, with the two coils L1, L2 being wound respectively

< ion in an aiding direction on a ferrite rod (not shown), and with corresponding first
ends of the two coils L1, L2 both being connected to the second node 92. g
Ceeet In other respects, the frequency divider of Figure 9 is of like construc-

tion and operates in the same manner as the frequency divider of Figure 7.

Referring to Figure -10, an alternative preferred embodiment of a fre-
25 quency divider according to the present invention includes a first resonant cir-
cuit 100 consisting of a capacitor C1 connected in parallel with an inductance

z . v
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coil L1 between a first node 101 and second node 102; a second resonant cir-
cuit 105 consisting of a varactor D2 connected in parallel with a second induc-
tance coil L2 between a third node 106 and a fourth node 107; and a coupling
npn transistor Q¢ having its emitter connected to the second node 102, its base
connected to the third node 106 and its collector connected to the fourth node
107 to el~."". ="y connect the first resonant circuit 100 to the second resonant
circuit 1¢, ¥ __ first node 101 is also connected to a center tap within the coil
L2. The first resonant circuit 100 is magnetically coupled to the second
resonant circuit 10€ by disposing the first coil L1 in a mutual inductive cou-
pling relatioriship lM to the second coil L2, with the two coils L1, L2 being
wound respectively in an aiding direction on a ferrite rod (not shown), and with
corresponding first ends of the two coils L1, L2 being connected respectively to
the second node 102 and the third node 106.

In other respects, the frequency divider of Figure 10 is of like con-

struction and operates in the same manner as the frequency divider of Figure 7.

In an alternative embodiment of the frequency divider shown in Figure
10, a capacitance is substituted for the varactor D2 in the second resonant cir-
cuit 105. In such alternative embodiment, the coupling transistor Q. causes
the second resonant circuit 105 to transmit electromagnetic radiation at the
second frequency in response to the energy transferred from the first resonant
circuit 100 at the first frequency.

Referring to Figure 11, a preferred embodiment of the frequency
divider according to the separate aspect of the present invention includes a first
resonant circuit 110 consisting of a capacitor C1 connected in parallel with an
inductance coil L1 between a first node 111 and second node 112; a second
resonant circuit 115 consisting of a varactor D2 connected in parallel with a
second inductance coil L2 between the second node 112 and a third node 116;

-16-
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and a coupling capacitance C, connected between the first node 111 and the
third node 116 to electrically connect the first resonant circuit 110 to the
second resonant circuit 115. The first resonant circuit 110 is not magnetically

_coupled to the second resonant circuit 1 15.

The first resonant circuit 110 is resonant at a first frequency f; for

- o

receiving electromagnetic radiation at the first frequency f;; and the second
 resonant circuit 115 is resonant at a seco_nd frequency f, that is one-half the

first freqﬁency f; for transmitting electromagnetic radiation at the second fre- ‘

quency f,. The first circuit 11.0 is coupled electrically to the second circuit 115

10 by a passive circuit element, such as the coupling capacitance C, as described
above, to transfer energy to the second circuit 115 at the first frequency f, in
response to receipt by the first circuit 110 of electromagnetic radiation at the
first frequency f;. The varactor D2 in the second circuit 115 is a variable reac-

%33 tance element in which the reactance varies with variations in energy trans-
e 15 ferred from the first circuit 110 for causing the second circuit 115 to transmit
electromagnetic radiation at the second frequency f, in response to the energy
transferred from the first circuit 110 at the first frequency f;.

Referring to Figure 12, an alternative preferred embodiment of a fre-

AL quency divider according to the separate aspect of the present invention in-
200, cludes a first resonant circuit 120 consisting of a varactor D1 connected in
parallel with an inductance coil L1 between a first node 121 and second node

07" 122; a second resonant circuit 125 consisting of a varactor D2 connected in
. parallel with a second inductance coil L2 between the second node 122 and a
third node 126; and a coupling capacitance C, connected between the first

®es 5 node 121 and the third node 126 to electrically connect the first resonant cir- %
ﬁ peeed cuit 120 to the second resonant circuit 125. The first resonant circuit 120 is §
not magnetically coupled to the second resonant circuit 125. i

-17-
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The varactor D1 in the first circuit 120 is a variable reactance element
in which the reactance varies with variations in energy received by the first cir-
cuit 120 for causing the second circuit 125 to vary in reactance due to mutual
reactive coupling to further cause the second resonant circuit 125 to transmit
electromagnetic radiation at the second frequency f, in response to the energy
transferred from the first circuit 120 at the first frequency f;.

In other respects, the frequency divider of Figure 12 is of like con-
struction and operates in the same manner as the frequency divider of Figure
11.

A varactor that has one or a plurality of parallel p-n junctions that ex-
hibit a large and nonlinear change in capacitance with small levels of applied
alternating voltage, such as a zener diode, is utilized for the voltage-responsive-
variable-reactance elements in the embodiments described herein because of its
low cost. In alternative embodiments some other device exhibiting the required
large and nonlinear capacitance variation with applied alternating voltage, and
having sufficiently low loss, and a high Q factor, could be substituted for a
varactor. One such alternative variable-capacitance device consists of a
lamination of an insulation material and a semiconductor material disposed be-
tween metal terminals, such that as a voltage applied across the terminals
varies, a concentration of charge carriers in a region of the semiconductor
material adjacent the insulation material varies to thereby vary the value of said
capacitance. The semiconductor material includes a lightly doped epitaxial
layer adjacent the insulation material and a heavily doped substrate between
the lightly doped epitaxial layer and one of the metal terminals. A frequency
divider including such a variable capacitance in a parallel resonant circuit with
an inductance is the subject of Australian Patent Application No. 35219/93 en-
titled "Frequency Divider With Variable Capacitance" filed March 16, 1993.

-18-
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A frequency divider according to the present invention is utilized in a
preferred embodiment of a presence detection system according to the present
invention, as shown in Figure 13. Such system includes a transmitter 130, a

fag 131 and a detection system 132.

The transmitter transmits an electromagnetic radiation signal 134 of a

first predetermined frequency into a surveillance zone 136.

The tag 131 is attached to an article (not shown) to be detected within
the surveillance zone 136. The tag 131 includes a batteryless, portable fre-
quency divider in accordance with the present invention, such as the frequency

divider described above with reference to Figure 1.

The detection system 132 detects electromagnetic radiation 138 in the
surveillance zone 136 at a second predetermined frequency that is one-half the
first predetermined frequency, and thereby detects the presence of the tag in
the surveillance zone 136.

The presence detection system utilizing a tag including the frequency
divider of the present invention is used for various applications that take ad-
vantage of the size and efficiency of such frequency divider, including appiica-
tions utilizing longer range tags, and applications utilizing small tags requiring

only a short communication range.

In one example, small tags including the frequency divider of the
present invention are subcutaneously implanted in animals and such animals

are counted by the presence detection system.
In another example, small tags including the frequency divider of the

present invention are implanted in non-metallic cannisters of explosives and
such canisters are dete~red by the presence detection system.

-19-
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In still another example, tags including embodiments of the frequency
divider of the present invention that are relatively large in one dimension are
implanted in non-metallic gun stocks and the guns are detected by the
presence detection system.

To analyze the frequency divider of the present invention, reference is
made to Figure 1A, which is an equivalent circuit diagram of the frequency
divider of Figure 1. Voltage sources Vg; and Vg, are shown in the first and
second resonant circuits 10 and 15 respectively to represent the magnetic in-
duction resulting from external excitatiori; and the varactor D2 in the first
resonant circuit 10 is represented by a zero-bias capacitance C2. The resis-
tances R1 and R2 represent the overall loss associated with the respective first
and second resonant circuits 10 and 15. The circulating currents I, and I, in
the respective first and second resonant circuits 10 and 15 can be formulated

as:
: :
1 -1 1Y
II - A oo (q. 1)
2 Vs2
C, +¢C C -1 L M
A = (jo 1 C C 1 Rl 0
c ¢, +c. |’ ¥ ) (Eq. 2)
c 2 c M L, 0 R,

M=KVL|L, (Eq.3)
where A is the impedance matrix, M {s the mutual inductance between L1 and

L2 and K is the mutual coupling coefficient of L1 and L2.

At the resonant frequencies, the impedance matrix A reaches its min-
imum and the circulating currents reach their maximum. In the case of zero
electrical coupling (Cc = 0), the two resonant frequencles can be expressed ex-
plicitly as a function of the magnetic coupling coefficient "K" and the other cir-
cuit parameters, as follows:

-20-
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o2 kCit V(L,Cy + LyCp)? = 4T Co(Ly L, — K2L L,)?
2C,Co(LyLy — K2L\Ly)

1 (Eq.4)

L,Cy = V(L C; + LyCp)2 — 4C Co(L Ly — KL L)
2C,Cy(LyL, — K2L(Ly)

2

©,2= (Eq.5)

Since the first frequency o, of the first resonant circuit 10 must be
twice of the resonant frequency w, of the second resonant circuit 15, as the
magnetic coupling coefficient K increases, the value of the inductance L1 in-
creases and the value of the inductance L2 decreases because of the increased
coupled reactance due to the interaction between the two coils until the values
of L1 and L2 become identical at K=0.6. Thus, when there is no electrical cou-
pling between the first resonant circuit 10 and the second resonant circuit 15,
frequency division can not occur when the magnetic coupling coefficient K is
greater than 0.6.

When there is electrical coupling between the first resonant circuit 10
and the second resonant circuit 15, as represented by the coupling capacitance
C¢ having a finite value, the relationship between L1, L2 as a function of K be-
comes complicated and canunot be easily expressed in simple, explicit equations,
such as Equations 4 and 5. However, with the nelp of computer-aided numeri-
cal analysis, the required L1 and L2 values can be calculated at different
mutual coupling coefficient K values as shown in Fig. 14 for C =200 pF and 470
pF. Referring to Figure 14, it is seen that the values of L1 and L2 approach
each other and finally become identical as K increases. Frequency division can-
not occur when K is greater than 0.48 and 0.35 for C =200 pF and 470 pF

respectively.
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Figure 15 shows the variable relationship between the values L1 and
L2 of the inductance coils and the mutual coupling coefficient K for the equiv-
alent circuit of Figure 1A when the polarity of the coil L1 is reversed from as
shown therein, for coupling capacitance C values of 200 pF and 470 pF. In
such a case, the maximum allowable K increases to 0.7 and 0.77 respectively
for C,=200 pF and 470 pF. It is always the case that when the mutual coupling
coefficient K reaches its extreme, the required L1 and L2 values become iden-
tical and the circuit becomes untunable and unstable as a frequency divider.

The frequency divider requires a minimum field intensity excitation to
initiate frequency division. This parameter is referred as the turn on field inten-
sity. Figure 16 shows the variable relationship between the turn-on field inten-
sity and the mutual coupling coefficient X for the frequency divider of Figure 1
for coupling capacitance Cg values of zero, 200 pF and 470 pF. It is seen that
the optimum coupling decreases with increasing electrical coupling.

Figure 17 shows the variable relationship between the magnitude of
the electromagnetic radiation at the second frequency transmitted by the
second resonant circuit 15 of the frequency divider of Figure 1 and the mutual
coupling coefficient K for coupling capacitance Cs values of zero, 200 pF and
470 pF. It is seen that the magnitude of the signal transmitted by the second
resonant circuit 15 at the second resonant frequency f, increases with increas-
ing degree of magnetic or electrical coupling. Therefore, the magnetic and
electrical coupling must be adjusted for best overall effects.

-29-
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The claims defining the invention are as follows:

1. A batteryless, portable, frequency divider (10, 20, 30, 40, 50, 60,
70, 80, 90, 100), comprising

a first resonant circuit (L1, Cl, D1) that is resonant at a first fre-

quency for receiving electromagnetic radiation (134) at the first frequency; and

a second resonant circuit (L2, C2, D2) that is resonant at a second fre-
quency that is one-half the first frequency for transmitting electromagnetic
radiation (138) at the second frequency; and

circuit element means (Co. Dgp, Q) electrically connecting the first

resonant circuit to the second resonant circuit;

wherein the first resonant circuit is coupled magnetically to the
second resonant circuit to transfer energy to the second resonant circuit at the
first frequency in response to receipt by the first resonant circuit of electromag-
netic radiation (134) at the first frequency; and

wherein at least one of the first resonant circuit, the second resonant
circuit and the circuit element means includes means for causing the second
resonant circuit to transmit electromagnetic radiation (138) at the second fre-
quency in response to the energy transferred from the first resonant circuit at

the first frequency.

2. A frequency divider according to Claim 1, wherein the second
resonant circuit includes a variable reactance element (D2) in which the reac-

tance varies with variations in energy transferred from the first resonant circuit
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for causing the second resonant circuit to transmit electromagnetic radiation
(138) at the second frequency in response to the energy transferred from the
first resonant circuit at the first frequency.

3. A frequency divider according to Claim 2, wherein the circuit ele-
ment means includes a semiconductor switching device (Qc) having gain for
causing the second resonant circuit to transmit electromagnetic radiation (138)
at the second frequency in response to the energy transferred from the first
resonant circuit at the first frequency.

4. A frequency divider according to Claim 1, wherein the first
resonant circuit includes a variable reactance element (D1) in which the reac-
tance varies with variations in energy received by the first resonant circuit for
causing the second resonant circuit to vary in reactance due to mutual reactive
coupling to cause the second resonant circuit to transmit electromagnetic
radiation (138) at the second frequency in response to the energy transferred
from the first resonant circuit at the first frequency.

5. A frequency divider according to Claim 4, wherein the circuit ele-
ment means includes a semiconductor switching device (Qo) having gain for
causing the second resonant circuit to transmit electromagnetic radiation (138)
at the second frequency in response to the energy transferred from the first
resonant circuit at the first frequency.

-24-
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6. A frequency divider according to Claim 1, wherein the circuit ele-
ment means includes a variable reactance element (D) in which the reactance
varies with variations in energy received by the first resonant circuit for causing
the second resonant circuit to transmit electromagnetic radiation (138) at the
second frequency in response to the energy transferred from the first resonant

circuit at the first frequency.

7. A frequency divider according to Claim 1, wherein the circuit ele-
ment means includes a semiconductor switching device (@) having gain for
causing the second resonant circuit to transmit electromagnetic radiation (138)
at the second frequency in response to the energy transferred from the first
resonant circuit at the first frequency.

8. Atag (131) for use in a presence detection system, comprising

a frequency divider (10, 20, 30, 40, 50, 60, 70, 80, 90, 100), and

means for fastening the frequency divider to an article to be detected
by the presence detection sysiem;

wherein the frequency divider comprises

a first resonant circuit (L1, C1, D1) that is resonant at a first
frequency for receiving electromagnetic radiation (134) at the first fre-
quency; and

a second resonant circuit (L2, C2, D2) that is resonant at a
second frequency that is one-half the first frequency for transmitting
electromagnetic radiation (138) at the second frequency; and
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circuit element means (Cq, D, Q) electrically connecting the

first resonant circuit to the second resonant circuit;

wherein the first resonant circuit is coupled magnetically to
the second resonant circuit to transfer energy to the second resonant
circuit at the first frequency in response to receipt by the first resonant
circuit of electromagnetic radiation (134) at the first frequency; and

wherein at least one of the first resonant circuit, the second
resonant circuit and the circuit element means includes means for
causing the second resonant circuit to transmit electromagnetic radia-
tHon (138) at the second frequency in response to the energy trans-
ferred from the first resonant circuit at the first frequency.

9. A tag according to Claim 8, wherein the second resonant circuit in-
cludes a variable reactance element (D2) in which the reactance varies with
variations in energy transferred from the first resonant circuit for causing the
second resonant circuit to transmit electromagnetic radiation (138) at the
second frequency in response to the energy transferred from the first resonant

circuit at the first frequency.

10. A tag according to Claim 8, wherein the first resonant circuit in-
cludes a variable reactance element (D1) in which the reactance varies with
variations in energy received by the first resonant circuit for causing the second
resonant circuit to vary in reactance due to mutual reactive coupling to cause
the second resonant circuit to transmit electromagnetic radiation (138) at the
second frequency in response to the energy transferred from the first resonant
circuit at the first frequency.

-26-
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11. A tag according to Claim 8, wherein the circuit element means in-
cludes a variable reactance element (D¢) in which the reaccance varies with
variations in energy received by the first resonant circuit for causing the second
resonant circuit to transmit electromagnetic radiation (138) at the second fre-
quency in response to the energy transferred from the first resonant circuit at
the first frequency.

12. A tag according to Claim 8, wherein the circuit element means in-
cludes a semiconductor switching device (Qo) having gain for causing the
second resonant circuit to transmit electromagnetic radiation (138) at the
second frequency in response to the energy transferred from the first resonant
circuit at the first frequency.

13. A presence detection system, comprising

means (130) for transmitting an electromagnetic radiation signal (134)
at a first frequency intsc a surveillance zone (136);

a tag (131) for attachment to an article to be detected within the sur-
veillance zone, comprising a frequency divider (10, 20, 30, 40, 50, 60, 70, 80,
90, 100) and means for fastening the frequency divider to an article to be
detected by the presence detection system; wherein the frequency divider com-
prises

a first resonant circuit (L1, C1, D1) that is resonant at a first
frequency for receiving electromagnetic radiation (134) at the first fre-
quency; and
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a second resonant circuit (L2, C2, D2) that is resonant at a
second frequency that is one-half the first frequency for transmitting
electromagnetic radiation (138) at the second frequency; and

circuit element means (Cg, D¢, Q) electrically connecting the

first resonant circuit to the second resonant circuit;

wherein the first resonant circuit is coupled magnetically to
the second resonant circuit to transfer energy to the second resonant
circuit at the first frequency in response to receipt by the first resonant
circuit of electromagnetic radiation (134) at the first frequency: and

wherein at least one of the first resonant circuit, the second
resonant circuit and the circuit element means includes means for
causing the second res~nant circuit to transmit electromagnetic radia-
tHon (138) at the second frequency in response to the energy trans-
ferred from the first resonant circuit at the first frequency; and

means (132) for detecting electromagnetic radiation (138) at the
second frequency in the surveillance zone (136).

14. A presence detection system according to Claim 13, wherein the
second resonant circuit includes a variable reactance element (D2) in which the
reactance varies with variations in energy transferred from the first resonant
circuit for causing the second resonant circuit to transmit electromagnetic
radiation (138) at the second frequency in response to the energy transferred
from the first resonant circuit at the first frequency.
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15. A presence detection system according to Claim
13, wherein the first resonant circuit includes a variable

reactance element (Dl) in which the reactance varies with

variations in energy received by the first resonant circuit

5 for causing the second resonant circuit to vary in reactance
due to mutual reactive coupling to cause the second resonant
circuit to transmit electromagnetic radiation (138) at the
second frequency in response to the enerygy transferred from
the first resonant circuit at the first frequency.

10

16. A presence detection system according to Claim

13, wherein the circuit element means includes a variable
? reactance element (Do) in which the reactance varies with

15 wvariations in energy received by the first resonant circuit

oo
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for causing the second resonant circuit to transmit
electromagnetic radiation (138) at the second frequency in
response to the energy transferred from the first resonant
circuit at the first frequency.
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17. A presence detection system according to Claim
13, wherein the circuit element means includes a
semiconductor switching device (Q.) having gain for causing
25 the second resonant circuit to transmit electromagnetic
o radiation (138) at the second frequency in response to the
f: i energy transferred from the first resonant circuit at the
( first frequency.

30
18. A batteryless, portable, frequency divider
substantially as hereinbefore described with reference to and
as illustrated in Figs 1, 1A, 2-13.
35

19. A tag including a batteryless, portable
frequency dividasr substantially as hereinbefore described
with reference to and as illustrated in Figs 1, 1A, 2-13.
29
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20. A presence detection system substantially as

ot e e g

hereinbefore described with reference to and as illustrated

in Fig 13.

Dated this 15th day of November 1994

SECURITY TAG SYSTEMS, INC
By its Patent Attorneys
R K MADDERN & ASSOCIATES
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ELECTRICALLY-AND-MAGIETICALLY-COUPLED,
BATTERYLESS, PORTASBLE, FREGQUENCY DIVIDER

ABSTRACT OF THE DISCLOSURE

A batteryless, portable, frequency divider includes a first resonant cir-
cuit (L1, C1, D1) that is resonant at a first frequency for receiving electromag-
netic radiation (134) at the first frequency; and a second resonant circuit (L2,
C2, D2) that is resonant at a second frequency that is one-half the first fre-
quency for transmitting electromagnetic radiation (138) at the second fre-
quency, and a circuit element (Cn, Do, Q¢) electrically connecting the first
resonant circuit to the second resonant circuit. The first resonant circuit is
coupled magnetically to the second resonant circuit to transfer energy to the
second resonant circuit at the first frequency in response to receipt by the first
resonant circuit of electromagnetic radiation (134) at the first frequency; and at
least one of the first resonant circuit, the second resonant circuit and the cir-
cuit element includes an active element, such as a variable reactance element
(D1, D2, D) or a semiconductor switching device (Q¢) having gain, for causing
the second resonant circuit to transmit electromagnetic radiation (138) at the
second frequency in response to the energy transferred from the first resonant

circuit at the first frequency.
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