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(57) Abstract

The RF tag system of the
present invention minimizes the
effect of the RF tag on the over-
all radar cross section (RCS) of 55
the object with which it is asso-
ciated, tailors the signal reflected
from the tag to match the actual
RCS of the object with which
it is associated, utilizes an RF
tag design that reduces degener-
ative RF coupling at the tag, and
is designed to exploit the oper-
ational features of conventional
pulse Doppler radars. In ac-
cordance with one embodiment
of the present invention, a ra-
dio frequency tag system is pro-
vided including an interrogator
and a tag. The tag is secured
to an object. The interrogator is
configured to generate a trans-
mitted electromagnetic interro-
gation signal at a predetermined
interrogation frequency. The tag
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comprises an antenna array including a plurality of receiver antennas and a plurality of transmitter antennas. The tag is positioned to receive
the interrogation signal at the receiver antennas and is operative to return a reflected signal to the interrogator via the transmitter antennas
in response to receipt of the interrogation signal. The tag is configured to generate the reflected signal by (i) suppressing reflection of
the interrogation signal, and (ii) generating reflected radiation characterized by a frequency spectrum including a plurality of return bands,
each of the return bands being characterized by a predetermined return band frequency. The interrogator is configured to detect radiation
reflected at the return band frequencies, discriminate between return bands of different frequencies, and identify a binary code defined by
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RADIO FREQUENCY TAG SYSTEM

The present invention relates to retroreflective interrogation response systems
and, more particularly, to a system utilizing a specialized radio frequency tag
configured to enhance the identification of a signal reflected therefrom.

A variety of retrodirective interrogation response systems have been proposed
for use in systems for remote detection, location, identification, and monitoring of
physical objects including persons and vehicles. Typical systems include a radio
frequency (RF) responder, such as a remote tag device, and an interrogator. The
remote tag device may be arranged to accept a signal, uniquely encode the signal,
and retransmit the encoded signal back to an interrogator.

For example, U.S. Pat. No. 5,254,997, issued to Cohn, teaches a retrodirective
interrogation responsive system wherein a responder, illuminated by an interrogator,
receives an interrogation signal, modulates information onto the interrogation signal,
and retransmits the encoded interrogation signal back in the direction of arrival of the
collected interrogation signal. The responder uses a Van Atta array antenna and is
capable of responding to an interrogator signal incident over a wide solid angle of
arrival while retrodirectively retransmitting without ampilification substantially all of the
collected signal within a narrow solid angle. The device is capable of accepting a
signal, uniquely encoding the signal and retransmitting the encoded signal back to
the interrogator.

Although there are a number of advantages associated with the system
proposed by Cohn and the other conventional systems noted above, the present
inventors have recognized that there is a continuing need for an identification system
that provides for further enhancements in the manner in which tags or transponders
are constructed and utilized to detect and identify an object with which the tag is
associated.

~ This need is met by the present invention wherein the RF tag system (i)
minimizes the effect of the RF tag on the overall radar cross section (RCS) of the

object with which it is associated; (ii) tailors the signal reflected from the tag to match
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the actual RCS of the object with which it is associated; (iii) utilizes an RF tag design
that reduces degenerative RF coupling at the tag, and (iv) is designed to exploit the 7
operational features of conventional pulse Doppler radars.

In accordance with one embodiment of the present invention, a radio -
frequency tag system is provided comprising an interrogator and a tag. The tag is
secured to an object. The object may be a moving object or a stationary object. The
interrogator is configured to generate a transmitted electromagnetic interrogation
signal at a predetermined interrogation frequency. The tag comprises an antenna
array including a plurality of receiver antennas and a plurality of transmitter antennas.
The tag is positioned to receive the interrogation signal at the receiver antennas and
is operative to return a reflected signal to the interrogator via the transmitter antennas
in response to receipt of the interrogation signal. The tag is configured to generate
the reflected signal by (i) suppressing reflection of the interrogation signal, and (ii)
generating reflected radiation characterized by a frequency spectrum including a
plurality of return bands, each of the return bands being characterized by a
predetermined return band frequency. The interrogator is configured to detect
radiation reflected at the return band frequencies, discriminate between return bands
of different frequencies, and identify a binary code defined by the reflected radiation
across the plurality of return bands.

The binary code defined by the reflected radiation may include data bits, a
start bit, and a stop bit. The binary code defined by the reflected radiation may
further include data bits distributed across the frequency spectrum of the refiected
radiation. The state of each of the data bits may be defined as a function of whether
reflected radiation is detected in a corresponding one of the return band frequencies.
The interrogator is preferably configured to identify the binary code by recognizing the
presence or absence of reflected radiation at each of the return band frequencies.

The tag may be configured to generate successive reflected signals defining
distinct binary codes. The successive reflected signals may be selected to define a
predetermined data message including a plurality of the distinct binary codes. The

tag may be further configured such that each of the distinct binary codes includes a
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word identifier defined by selected ones of the data bits within the binary code. The
interrogator could be arranged to detect a complete set of the successive reflected |
signals in a single scan of the tag or to detect an individual one of a complete set of
the successive reflected signals in a single scan of the tag.

The tag may be configured to operate in a data readout mode in response to
the interrogation signal. The data readout mode may be characterized by generation
of successive reflected signals defining distinct binary codes. The tag may also be
configured to operate in an object identification mode characterized by generation of
the reflected signal by the tag and identification of the binary code by the interrogator.
The data readout mode may be characterized by generation of successive reflected
signals defining distinct binary codes.

in accordance with another embodiment of the present invention, a radio
frequency tag system is provided comprising an interrogator and a tag. The tag is
secured to an object moving relative to stationary background matter. The
interrogator is configured to generate a transmitted electromagnetic interrogation
signal in the direction of the object at a predetermined interrogation frequency. The
tag comprises an antenna array including a plurality of receiver antennas and a
plurality of transmitter antennas. The tag is positioned to receive the interrogation
signal at the receiver antennas and is operative to return a reflected signal to the
interrogator via the transmitter antennas in response to receipt of the interrogation
signal. The tag is configured to generate the reflected signal by (i) suppressing
reflection of the interrogation signal, and (i) generating reflected radiation
characterized by a frequency spectrum including at least one return band
characterized by a predetermined return band frequency. The interrogator is
configured to detect radiation reflected from the object at a Doppler-shifted frequency
representative of a velocity of the object relative to the interrogator. The interrogator
is configured to detect radiation reflected from the tag at the return band frequency.
The interrogator is configured to discriminate against radiation reflected from the
background matter within a clutter frequency band. The tag is configured such that

the return band frequency lies outside of the clutter frequency band and outside of a
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Doppler-shifted frequency band including expected Doppler-shifted frequencies of
targets in the vicinity of the tagged object. The interrogator may comprise an
airborne radar system mounted to a moving object and the tag may be mounted to an~
additional moving airborne object.

In accordance with yet another embodiment of the present invention, a radio
frequency tag system is provided comprising an interrogator and a tag. The tag is
secured to an object. The object may be a moving object or a stationary object. The
interrogator is configured to generate a transmitted electromagnetic interrogation
signal at a predetermined interrogation frequency. The object is characterized by a
predetermined object radar cross section. The tag comprises an antenna array
including a plurality of receiver antennas and a plurality of transmitter antennas. The
tag is positioned to receive the interrogation signal at the receiver antennas and is
operative to return a reflected signal to the interrogator via the transmitter antennas in
response to receipt of the interrogation signal. The tag is configured to generate the
reflected signal by (i) suppressing reflection of the interrogation signal, and (ii)
generating reflected radiation characterized by a frequency spectrum including at
least one return band characterized by a predetermined return band frequency and
radar cross section. The tag is configured to generate the return band such that the
return band radar cross section is substantially equal to the predetermined object
radar cross section.

The interrogator is preferably configured to detect radiation reflected at the
return band frequency. The tag preferably comprises an active Van Atta array and
includes a balanced modulator arranged to contribute to the suppressed reflection of
the interrogation signal and the generation of the reflected radiation.

The tag is preferably configured to generate the reflected signal by generating
reflected radiation characterized by a frequency spectrum including a plurality of
return bands such that (i) each of the return bands is characterized by a
predetermined return band frequency, and (ii) each of the return bands is

characterized by substantially equal radar cross sections. The interrogator is
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preferably configured to detect radiation reflected at the return band frequencies and
discriminate between return bands of different frequencies. |

In accordance with yet another embodiment of the present invention, a radio -
frequency tag system is provided comprising an interrogator and a tag. The-tag is
secured to an object. The object may be a moving object or a stationary object. The
interrogator is configured to generate a transmitted electromagnetic interrogation
signal at a predetermined interrogation frequency. The tag comprises an antenna
array including a plurality of receiver antennas and a plurality of transmitter antennas.
The tag is positioned to receive the interrogation signal at the receiver antennas and
is operative to return a reflected signal to the interrogator via the transmitter antennas
in response to receipt of the interrogation signal at the receiver antennas. The
receiver antennas comprise a plurality of parallel antenna elements oriented in a first
direction. The transmitter antennas comprise a plurality of parallel antenna elements
oriented in a second direction orthogonal to the first direction. The receiver antennas
and the transmitter antennas lie in a common plane. The receiver antennas are
coupled to corresponding transmitter antennas along an array of transmission lines.
The receiver antennas and the transmitter antennas are separated by radio
frequency absorbing material arranged to suppress radio frequency coupling between
the receiver antennas and the transmitter antennas. The tag is configured to
generate the reflected signal by (i) suppressing reflection of the interrogation signal,
and (i) generating reflected radiation characterized by a frequency spectrum
including at least one return band characterized by a predetermined return band
frequency. The interrogator is configured to detect radiation reflected at the return
band frequency.

The antenna elements preferably comprise slot antennas and the antenna
elements of the receiver array and the transmitter array lie in a common plane. The
radio frequency absorbing material is preferably positioned in the common plane
between adjacent transmission lines.

The tag is configured such that respective active gain channels couple each of

the receiver antennas to corresponding ones of the transmitter antennas. Each of the
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respective active gain channels include at least one radio frequency modulator stage
and one radio frequency amplifier stage. To help isolate the impedance of the slot |
antennas, the radio frequency modulator stage may be positioned between an input -
radio frequency amplifier stage and an output radio frequency amplifier stage.

The modulator stage preferably comprises a balanced modulator and includes
a radio frequency isolation network. The radio frequency isolation network may
include a plurality of transmission lines and at least one radial stub. Each of the
respective active gain channels may include a balanced modulator comprising a 2
wavelength transmission fine. The ¥ wavelength transmission line may comprise
three microstrip transmission lines arranged in a “U” shape.

Accordingly, it is an object of the present invention to provide a radio
frequency tag system that enhances the manner in which tags or transponders are
constructed and utilized to detect, identify, and communicate with an object with
which the tag is associated. Other objects of the present invention will be apparent in
light of the description of the invention embodied herein.

The following detailed description of the preferred embodiments of the present
invention can be best understood when read in conjunction with the following
drawings, where like structure is indicated with like reference numerals and in which:

Fig. 1 is schematic illustration of a radio frequency tag according to the present
invention arranged as an active Van Atta array;

Fig. 2 is an illustration of an airborne radio frequency tag system according to
the present invention;

Fig. 3 is a graphical representation of particular signal processing
characteristics of a radio frequency tag system according to the present invention;

Figs. 4A-C are illustrations of a binary code defined by radiation reflected from
a radio frequency tag according to the present invention;

Fig. 5 is a schematic illustration of an active gain channel utilized in a radio
frequency tag according to the present invention;

Fig. 6 is an illustration of a circuit board layout suitable for use in a radio

frequency tag according to the present invention;



10

15

20

25

30

WO 00/16234 PCT/US99/19467

7-

Fig. 7 is a flow chart illustrating an object identification mode and a data
readout mode of the present invention; and

Fig. 8 is a schematic illustration of an antenna and radio frequency absorber
layout according to the present invention.

According to a preferred embodiment of the present invention, as illustrated in
Figs. 1 and 2, a radio frequency (RF) tag system 10 is provided comprising an
interrogator 20 and a tag 30. The tag 30 is secured to an object 40 subject to
identification or designated for communication. For the purposes of describing and
defining the present invention, a radio frequency comprises any frequency at which
electromagnetic radiation of energy is useful for communication purposes.

The interrogator 20 is configured to generate a transmitted electromagnetic
interrogation signal 22 at a predetermined interrogation frequency (see Fig. 2). Ina
preferred embodiment of the present invention, the electromagnetic interrogation
signal 22 comprises a pulsed radio frequency signal of about 9000 MHz to about
10,000 MHz.

Referring specifically to Figs. 1 and 2, the tag 30 comprises an antenna array
including a plurality of receiver antennas 32 and a plurality of transmitter antennas
34. The tag 30 is positioned on the object 40 to receive the interrogation signal 22 at
the receiver antennas 32 and is operative to return a reflected signal 36 to the
interrogator 20 via the transmitter antennas 34 in response to receipt of the
interrogation signal 22.

The tag 30 is configured to generate the reflected signal 36 by suppressing
reflection of the interrogation signal 22 and generating reflected signal or reflected
radiation 36 characterized by a frequency spectrum including a plurality of return
bands, each of the return bands being characterized by a predetermined return band
frequency. The specific frequency spectrum characteristics of the reflected radiation
36 are specified by a user-controlled or programmed code signal source 31. A
detailed description of a suitable tag structure is presented herein with reference to
Figs. 5 and 6. A detailed description of suitable reflected signal spectra is presented

herein with reference to Figs. 3 and 4A-C. The interrogator 20 is configured to detect
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radiation reflected at the above-noted return band frequencies, discriminate between
return bands of different frequencies, and identify a binary code 60 defined by the 7
reflected radiation across the plurality of return bands.

Referring now to Fig. 3, the frequency spectrum 50 of the reflected signal 36
according to some preferred embodiments of the present invention, is described in
more detail. The manner in which the binary code 60 is defined by the reflected
radiation 36 is represented in Fig. 3, wherein the frequency spectrum 50 includes a
clutter rejection region 52 and a clear region 54, the frequency limits of which may be
set in the control hardware of the interrogator 20. The clutter rejection region 52 is
set so that it includes signal data 58 representative of reflections from insignificant
objects in the interrogator's field of view. The clear region 54 is set so that it includes
a signal data indicative of signal data defining the binary code 60 and the skin return
56 of the object 40, i.e., the signal reflected from the skin of the object 40. The
interrogator 20 is configured to discriminate against radiation reflected from any
background matter 26 at a clutter frequency band within the clutter rejection region
52. Additionally, the tag 30 is configured such that the return band frequencies
generated by the tag 30 according to the code signal source 31 lie outside of the
clutter rejection region 52.

Referring to Figs. 4A-C, the binary code 60 is arranged so that it includes data
bits f,-f,, a start bit f,,, and a stop bit f,. The tag 30 is configured such that reflected
signals are always present at the frequencies corresponding to the start and stop bits
f,, and f,;. The state of the data bits f-f,,, i.e., the presence or absence of reflected
radiation at the return band frequencies corresponding to the data bits fo-fi,
determines the identity of the binary code 60. The manner in which the tag 30
controls the spectrum 50 of the reflected signal 36 is described in detail herein with
reference to Figs. 1, 5, and 6. The interrogator 20 is configured to identify the binary
code 60 by recognizing the presence or absence of reflected radiation 36 at each of
the return band frequencies.

in one embodiment of the present invention, the tag 30 is configured to

generate successive distinct reflected signals 36 defining distinct binary codes 60.
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Figs. 4A-4C illustrate three examples of successive distinct reflected signals 36
defining distinct binary codes 60. The successive reflected signals 36 may be
selected to define a predetermined data message including the plurality of the distinct-
binary codes 60. To improve message detection, the tag 30 may be configured such
that each of the distinct binary codes 60 includes a word identifier defined by selected
ones of the data bits f,-f,, within the binary code 60. For example, word identifiers
may indicate the positions of particular words within the message.

In certain embodiments of the present invention, the interrogator 20 is
arranged to detect a complete set of the successive reflected signals 26 included in
the message in a single scan of the tag 30. In this manner, the relevant message is
read in a single scan of the tag 30. However, limits in scan time will limit the amount
of data that can be read in a single scan. Accordingly, in other embodiments of the
present invention the interrogator 20 is arranged to detect individual ones of a
complete set of the successive reflected signals 36 in a single scan of the tag 30. In
this manner, a collection of scans are utilized to piece together the message.

in further embodiments of the present invention, particularly where the tag 30
is designed to transmit a lengthy data message to the interrogator 20, the tag 30 is
configured to operate in an object identification mode and a data readout mode.
Specifically, referring to the flow chart of Fig. 7, the tag 30 is configured and initialized
to operate in an object identification mode (see step 90). The object identification
mode is characterized by generation of the reflected signal 36 by the tag 30 and
identification of the binary code 60 by the interrogator 20, as described above. The
tag 30 is additionally configured to operate in a data readout mode in response to
detection of the interrogation signal (see steps 92 and 94). The tag 30 is configured
such that, in the data readout mode, the tag 30 generates successive reflected
signals 36 defining distinct binary codes 60 (see steps 96 and 98). In this manner the
interrogator 20 and tag 30 of the present invention may be utilized to provide
identifying data and to establish a temporary line of communication there between.

As will be appreciated by those practicing the present invention, the amount of

data that can be decoded in a single radar scan depends upon the bandwidth and
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resolution of the reflected signal 36. The spacing of the frequencies within the return
band must be large enough to enable the software to positively detect the presence |
or absence of a spectral line even where the spectral lines are not centered within the~
respective binary code bands. The available number of data bits is also limited by

the fact that the available power in the radar return is divided among the side bands.
As the number of bits or side bands increases, the RCS of each side band

decreases.

Referring again to the frequency spectrum illustrated in Fig. 3, an additional
particularly advantageous feature of the present invention is described. Specifically,
the object 40 is characterized by a predetermined object radar cross section. The
magnitude of the object radar cross section is represented graphically by the intensity
of the skin return 56. The tag 30 is configured to ensure that the radar cross section
of the reflected signal 36 matches the radar cross section of the skin return 56.
Specifically, the tag 30 is configured to generate the reflected signal 36 such that it is
characterized by a predetermined return band radar cross section that is substantially
equal to the predetermined object radar cross section. In this manner, the system of
the present invention assures that the skin return 56, i.e., the signal reflected from the
skin of the object 40, and the reflected signal 36, including the binary code 60, will be
detected by the interrogator 20 at substantially the same distance and, hence, the
same time. As a specific example, in certain embodiments of the present invention,
the radar cross section of each of the return bands is between about 1 m? and about
10 m?.

Referring now to an embodiment of the present invention that is best illustrated
in Fig. 2, the interrogator 20 comprises an airborne radar system mounted to a
moving aircraft 24. Similarly, the tag 30 is mounted to an aircraft 38 or other object
arranged to move relative to stationary background matter 26. As is the case with
most conventional airborne radar systems, the interrogator 20 is configured to detect
radiation reflected from the aircraft 38 at a Doppler-shifted frequency representative
of a velocity of the aircraft 38 relative to the interrogator 20. According to the

teachings of the present invention, the tag 30 is configured such that the return band
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frequencies lie outside of the normal or expected Doppler-shifted frequency band of
the aircraft 38. In addition, the tag 30 is configured such that the return band 7
frequencies lie outside of the clutter frequency band and the clutter rejection region -
52 In this manner, the interrogator 20 and the tag 30 help facilitate proper data
detection or retrieval.

Referring again to Fig. 1, as is noted above, the tag 30 comprises an antenna
array including a plurality of receiver antennas 32 and a plurality of transmitter
antennas 34. Each receiver antenna 32 is coupled to a corresponding transmitter
antenna 34 along an array of transmission lines 35, the structure and arrangement of
which is described in further detail below with reference to Figs. 5 and 6. Inthe
illustrated embodiment, the antenna elements 32, 34 comprise half wave slot
antennas. A slot spaced 3/8 of a wavelength above a wide ground plane is preferred
for optimum half power beam width. The selection of a slot antenna for the particular
applications of the present inventions is also beneficial because it comprises a
rugged mostly metal structure and can be made water or air tight with epoxy or a
suitable dielectric cover.

Respective active gain channels 100 couple each of the receiver antennas 32
to corresponding ones of the transmitter antennas 34. A detailed description of the
structure and function of the active gain channels 100 is presented herein with
reference to Figs. 5 and 6. Each of the respective active gain channels 100 includes
at least one radio frequency modulator stage 120 and a radio frequency amplifier
stage 110, the respective structures of which are also described herein with reference
to Figs. 5 and 6.

Referring now to an alternative antenna layout of the present invention, as
illustrated in Fig. 8, the receiver antennas 32 comprise a plurality of parallel antenna
elements oriented in a first direction and the transmitter antennas 34 comprise a
plurality of parallel antenna elements oriented in a second direction orthogonal to the
first direction. The receiver antennas 32 and the transmitter antennas 34 lie ina
common plane. Radio frequency absorbing material. 39 is arranged in the plane of

the antenna elements 32, 34 to suppress radio frequency coupling between the
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receiver antennas and the transmitter antennas. The combination of the radio
frequency absorber 39 and the orthogonal orientation of the antenna elements
minimizes creeping wave radiative coupling between the antenna elements of the
receiver and transmitter arrays 32, 34.

Referring now to Figs. 5 and 6, an active gain channel configuration of one
embodiment of the present invention is described. As is noted herein with reference
to Fig. 1, each receiver antenna 32 is coupled to a transmitter antenna 34 via an
active gain channel 100 including an array of transmission lines 35. Fig. 5is a
detailed schematic illustration of a representative gain channel 100 and Fig. 6 is an
illustration of a microstrip circuit board layout 200 including eight identical
representative gain channels 100. Accordingly, Fig. 6 represents a tag including
eight receiver antennas 32 and eight transmitter antennas 34. Preferably, the
receiver antennas 32 and the transmitter antennas 34 are arranged in respective 2 x
4 arrays to collectively form a Van Atta array. The circuit of Fig. 6 is arranged as a
microstrip circuit including a single conductive layer and a single dielectric layer over
a ground cladding. The slot antenna elements are cut into and through the ground
cladding on the reverse side of the circuit board.

The representative active gain channel 100 illustrated in Fig. 5 includes three
substantially identical amplifier stages 110A, 110B, 110C and a radio frequency (RF)
modulator stage 120 interposed between the second and third amplifier stages 110B,
110C. The channel 100 includes an input transmission line 101, an output
transmission line 140, and a plurality of intermediate transmission lines arranged
along the channel 100 between the input transmission line 101 and the output
transmission line 140. In Fig. 5, component designators such as “TL5" and “C2" are
not reference designations but rather component descriptors corresponding to the

following component specifications:
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Ct1=05pF R1 =3.3kQ TL4 = 0.060" x 0.150" TL10 = 0.040" x
............ C2=1 .0 pF : R2 = 180Q : TL5=0.010" x 0.280" TL11 =0.050" x
''''''''' gé=1000pF : : TL6 =0.010" x 0.190" :

0.100" : i

""" CRi - VIAE2S02L | TL2=0010'x TLO=0040°x0470° :  VDS1=+200V
E 0.210 :

S FHOAOLG | E . TL8=0080'x  ©TLB=0031"x0108 : VMOD=22Vpp
: 0.140" Sec.Ang. =60° E

The resulting circuitry is characterized by the following performance specifications:
Max Supply Current (per channel) = 70 mA; RF Gain (VMOD = 2V) = (30.5 +/- 1)dB
at 9-10 GHz; RF Carrier Suppression (-10dBm out) > 20dB; Input return Loss = -10dB
Typ. at 9-10 GHz; Modulation BW = 3.2 MHz (50 Q); and Modulation Type = BPSK.
Each of the amplifier stages 110A, 110B, 110C are designed to present a 50 Ohm
impedance to the preceding and following stages. In the following description, terms
referring to wavelength, such as “a half-wavelength transmission line”, mean
wavelength at the radio frequency at which the tag is designed to operate, for
example 10 GHz.

The RF transmission lines TL1, TL2, etc., comprise microstrip transmission
lines, the dimensions of which are listed above and may vary with the specific printed
circuit board dielectric selected for a particular application. Microstrip transmission
lines have the fundamental advantage of a single ground plane and the
corresponding ease of circuitry access. Twenty dB isolation between transmission
lines was achievable with microstrip on a 0.01" thick substrate at X-band frequencies.
A thick metal cladding may be attached to the substrate for support.

Referring initially to the first amplifier stage 110A of the single representative
active gain channel 100 illustrated in Fig. 5, the 50 Ohm input transmission line 101

conveys a received radio frequency (RF) signal from a receiver antenna 32 to the
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input of the first amplifier stage 110A. A coupling capacitor 104 couples the signal to
an intermediate transmission line 103 while isolating the DC bias voltage present on 7
the transmission line 103 from the input transmission line 101. The intermediate
transmission line 103 along with coupling capacitor 104 provides an impedance
match between the 50 Ohm input impedance and the gate input impedance of a High
Electron Mobility Transistor (HEMT) 111.

A resistor 106, a high-impedance quarter-wavelength transmission line 107,
and a bypass capacitor 108 form an RF isolation network to decouple RF from the
gate bias voltage supply. The gate bias voltage VGS1 is supplied to a terminal 109
by a suitable power supply (not shown). Bypass capacitor 108 provides a low RF
impedance to ground at the terminal 109 and one end of the high-impedance quarter
wavelength transmission line 107. A quarter-wavelength transmission line acts as an
impedance transformer, such that a quarter-wave line short circuited at one end
presents an open circuit to RF at the other end. The transmission line 107 transforms
the low RF impedance to ground provided by bypass capacitor 108 at one end to a
high RF impedance at its other end at resistor 106. Consequently, negligible RF
current flows in transmission line 107. Resistors 106 and 106" provide additional
broadband RF isolation between the input transmission line 101 and the intermediate
transmission line 103, preventing parasitic oscillation of the HEMT transistor 111.

The gate bias voltage VGS1 is further connected to the next amplifier in the
array through a similar RF isolation network consisting of resistor 106", high-
impedance transmission line 107', and bypass capacitor 108' whose function is
identical to that of components 106, 107, and 108, as described above. The DC
voltage drop across resistors 106 and 106" and similar resistors in each of the
amplifier stages 110A, 110B, 110C, is negligible because the gate bias current
required by the HEMT transistor 111 is negligible. The input signal supplied to the
gate of the HEMT transistor 111 is amplified and output such that the signal present
at the drain of the transistor 111 is impedance matched to the desired 50 Ohm output
impedance by an additional intermediate transmission line 112.

A high-impedance transmission line 115 and a bypass capacitor 116 form an
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additional RF isolation network to decouple the RF signal from the drain bias voltage
supply VDS1. The drain bias voltage VDS1 is supplied to a conductive terminal 117 |
by the power supply (not shown). The bypass capacitor 116 provides a low RF
impedance to ground at the terminal 117 and one end of the high-impedance.
transmission line 115. The transmission line 115 is a high-impedance quarter-
wavelength transmission line which transforms the low RF impedance at the bypass
capacitor 116 to a high RF impedance at the transmission line 112. Consequently,
negligible RF current flows in transmission line 115.

The drain bias voltage VDS1 is further connected to the second amplifier stage
110B through a similar RF isolation network consisting of a high-impedance
transmission line 115' and a bypass capacitor 116', the function of which is identical
to that of components 115 and 116. The DC voltage drop across transmission lines
115, 115" and similar transmission lines in each of the amplifier stages 110A, 110B,
110C is negligible because the DC resistance of the transmission lines is negligible.
The second amplifier stage 110B is identical to the first amplifier stage 110A.

In one embodiment of the present invention, a modified single-balanced diode
mixer or balanced modulator 120 is used to impress modulation directly upon an RF
signal in the microwave frequency band, for example 10 GHz. The modulating
information or modulating signal is introduced at a modulation input terminal 127 and
is typically in the audio frequency range, having a bandwidth on the order of tens of
kilohertz. As will be appreciated by those familiar with single-balanced diode mixers,
a single-balanced mixer uses a transformer to provide a balanced signal source.
That is, at every instant in time, the voltages at opposite ends of the transformer
secondary winding are equal in magnitude but opposite in polarity. According to the
present invention, for a single frequency, or a relatively narrow band of frequencies,
this condition can be met by using a ¥z wavelength transmission line instead of a
transformer. If a signal is applied to one end of a /2 wavelength transmission line, the
signal at the opposite end is equal in magnitude and 180° out of phase with the input
signal. In the tag, a %2 wavelength microstrip transmission line 130 is used for the

transformer. The %2 wavelength transmission line 130 is /2 wavelength long at the
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radar frequency (»10 GHz) and is made of three shorter transmission lines 131, 132,
133 arranged in a “U” shape so that the opposite ends are close together for 7
connection to a pair of diodes 129, 129'.

The RF signal is coupled from the second amplifier stage 110B to the input
end of a transmission line 124 by coupling capacitor 123. The coupling capacitor 123
isolates the transmission line 124 from the DC drain potential of the preceding
amplifier stage 110B. The transmission line 124 also matches the impedance at the
subsequent junction of the diodes 129 and 129' to the 50 Ohm output impedance of
the ampilifier stage 110B.

The above-noted modulating signal, having a bandwidth of no more that about
a few MHz, is applied to the transmission line 124 and, hence, to the junction of the
pair of diodes 129 and 129", through an RF isolation network consisting of a high-
impedance transmission line 121, a radial stub 125 and a bypass capacitor 126. The
radial stub 125 is an open-circuited quarter-wavelength transmission line. Since a
quarter-wavelength transmission line performs an impedance inversion, the open-
circuited line presents a low RF impedance to ground at its connection with the
transmission line 121 and the bypass capacitor 126. The bypass capacitor 126
provides a low RF impedance to ground over a wide bandwidth. The transmission
line 121 is a high-impedance quarter-wavelength transmission line which transforms
the low RF impedance at the radial stub 125 and the bypass capacitor 126 to a high
RF impedance at the transmission line 124. Consequently, negligible RF current
flows in transmission line 124. This isolates the modulating signal from the RF signal.

The modulating signal is further connected to the next balanced modulator in
the array through a similar RF isolation network consisting of high-impedance
transmission line 121', a radial stub 125', and a bypass capacitor 126', the function of
which is identical to that of components 121, 125, and 126, as described above. A
series of additional transmission lines 131-135 are grounded to DC, and the
modulating signal, by a similar RF isolation network consisting of a high-impedance
transmission line 136, a radial stub 137, and a resistor 138. The resistor 138 limits

the current flow through the pair of diodes 129 and 129'.
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When the modulating signal is sufficiently positive with respect to ground, the
first diode 129" is forward biased and the RF signal is free to flow directly from the |
input transmission line 124 to the output transmission lines 134 and 135. At the
same time, the second diode 129 is reverse biased, presenting an open circuit to the
end of half-wavelength transmission line made up of transmission lines 131 - 133.
When one end of a half-wavelength transmission line is open-circuited the other end
of the line also appears as an open circuit, so no RF current flows back into
transmission lines 131 - 133 from output transmission lines 134 - 135. Conversely,
when the modulating signal is sufficiently negative with respect to ground, the first
diode 129" is reverse biased and the second diode 129 is forward biased so that the
RF signal flows through half-wavelength transmission line 131 - 133 on the way to the
output transmission lines 134 - 135, and is shifted 180° in phase. The transmission
lines 134 - 135 are arranged to match the output impedance of the modulator 120 to
50 Ohms.

The final amplifier stage 110C is identical to the first two amplifier stages 110A
and 110B. The amplified and modulated RF signal present at the output of the final
amplifier stage 110C is coupled to output transmission line 140 by a coupling
capacitor 142. The coupling capacitor 142 couples the RF signal to the output
transmission line 140 while blocking the DC bias voltage VDS1 present at the output
of the final amplifier stage 110C. The transmission line 140 conveys the signal to the
specific transmitter antenna 34 that corresponds to the specific receiver antenna 32
connected to the input transmission line 101.

Having described the invention in detail and by reference to preferred
embodiments thereof, it will be apparent that modifications and variations are
possible without departing from the scope of the invention defined in the appended
claims. For example, although specific embodiments of the present invention are
described herein in the context of airborne objects, it is contemplated that the RF tag
system of the present invention may be utilized in connection with a variety of
objects.

What is cilaimed is:
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CLAIMS
1. A radio frequency tag system comprising an interrogator and a tag, wherein said |
tag is secured to an object and wherein:
said interrogator is configured to generate a transmitted electromagnetic
interrogation signal at a predetermined interrogation frequency;,
said tag comprises an antenna array including a plurality of receiver antennas
and a plurality of transmitter antennas;
said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return a reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal;
said tag is configured to generate said reflected signal by
suppressing reflection of said interrogation signal, and
generating reflected radiation characterized by a frequency
spectrum including a plurality of return bands, each of said return bands
being characterized by a predetermined return band frequency; and
said interrogator is configured to detect radiation reflected at said return band
frequencies, discriminate between return bands of different frequencies, and identify

a binary code defined by said reflected radiation across said plurality of return bands.

2. A radio frequency tag system as claimed in claim 1 wherein said binary code

defined by said reflected radiation includes data bits, a start bit, and a stop bit.

3. A radio frequency tag system as claimed in claim 1 wherein:

said binary code defined by said reflected radiation includes data bits
distributed across said frequency spectrum of said reflected radiation;

a state of each of said data bits is defined as a function of whether reflected
radiation is detected in a corresponding one of said return band frequencies; and

said interrogator is configured to identify said binary code by recognizing the

presence or absence of reflected radiation at each of said return band frequencies.
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4. A radio frequency tag system as claimed in claim 3 wherein said tag is configured

to generate successive reflected signals defining distinct binary codes.

5. A radio frequency tag system as claimed in claim 4 wherein said successive
reflected signals are selected to define a predetermined data message including a

5 plurality of said distinct binary codes.

6. A radio frequency tag system as claimed in claim 4 wherein said tag is configured
such that each of said distinct binary codes includes a word identifier defined by

selected ones of said data bits within said binary code.

7. A radio frequency tag system as claimed in claim 4 wherein said interrogator is
10 arranged to detect a complete set of said successive reflected signals in a single

scan of said tag.

8. A radio frequency tag system as claimed in claim 4 wherein said interrogator is
arranged to detect an individual one of a complete set of said successive reflected

signals in a single scan of said tag.

15 9. A radio frequency tag system as claimed in claim 3 wherein:
said interrogator is configured to transmit an interrogation signal,
said tag is configured to operate in a data readout mode in response to said
interrogation signal; and
said tag is configured such that said data readout mode is characterized by

20 generation of successive reflected signals defining distinct binary codes.



10

15

20

25

WO 00/16234 PCT/US99/19467

-20-

10. A radio frequency tag system as claimed in claim 3 wherein:

said interrogator is configured to transmit an interrogation signal,

said tag is configured to operate in an object identification mode characterized -
by generation of said reflected signal by said tag and identification of said: binary code
by said interrogator,

said tag is configured to operate in a data readout mode in response to
detection of said interrogation signal; and

said tag is configured such that said data readout mode is characterized by

generation of successive reflected signals defining distinct binary codes.

11. A radio frequency tag system as claimed in claim 1 wherein:
said object is characterized by a predetermined object radar cross section; and
said tag is configured to generate said reflected signal characterized by a
predetermined return band radar cross section that is substantially equal to said

predetermined object radar cross section.

12. A radio frequency tag system as claimed in claim 1 wherein:

said object is arranged to move relative to stationary background matter;

said interrogator is configured to discriminate against radiation reflected from
said background matter within a clutter frequency band; and

said tag is configured such that said return band frequencies lie outside of said

clutter frequency band.

13. A radio frequency tag system as claimed in claim 1 wherein:

said interrogator is configured to detect radiation reflected from said object at a
Doppler-shifted frequency representative of a velocity of said object relative to said
interrogator,;

said tag is configured such that said return band frequencies lie outside of a

Doppler-shifted frequency band including said Doppler-shifted frequency.
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14. A radio frequency tag system as claimed in claim 1 wherein:

said object is arranged to move relative to stationary background matter;

said interrogator is configured to detect radiation reflected from said object at a-
Doppler-shifted frequency representative of a velocity of said object relative to said
interrogator,

said interrogator is configured to discriminate against radiation reflected from
said background matter within a clutter frequency band; and

said tag is configured such that said return band frequencies lie outside of said
clutter frequency band and outside of a Doppler-shifted frequency band including said

Doppler-shifted frequency.

15. A radio frequency tag system as claimed in claim 1 wherein:

said tag comprises an antenna array including a plurality of receiver antennas
and a plurality of transmitter antennas;

said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return said reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal at said
receiver antennas;

said receiver antennas comprise a plurality of parallel antenna elements
oriented in a first direction;

said transmitter antennas comprise a plurality of parallel antenna elements
oriented in a second direction orthogonal to said first direction;

said receiver antennas and said transmitter antennas lie in a common plane;

said receiver antennas are coupled to corresponding transmitter antennas
along an array of transmission lines; and

said receiver antennas and said transmitter antennas are separated by radio
frequency absorbing material arranged to suppress radio frequency coupling between

said receiver antennas and said transmitter antennas.
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16. A radio frequency tag system comprising an interrogator and a tag, wherein said
tag is secured to an object moving relative to stationary background matter and '
wherein:

said interrogator is configured to generate a transmitted electromagnetic
interrogation signal in the direction of said object at a predetermined interrogation
frequency;,

said tag comprises an antenna array including a plurality of receiver antennas
and a plurality of transmitter antennas;

said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return a reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal,

said tag is configured to generate said reflected signal by

suppressing reflection of said interrogation signal, and
generating reflected radiation characterized by a frequency
spectrum including at least one return band characterized by a
predetermined return band frequency;

said interrogator is configured to detect radiation reflected from said object at a
Doppler-shifted frequency representative of a velocity of said object relative to said
interrogator,

said interrogator is configured to detect radiation reflected from said tag at said
return band frequency;

said interrogator is configured to discriminate against radiation reflected from
said background matter within a clutter frequency band; and

said tag is configured such that said return band frequency lies outside of said
clutter frequency band and outside of a Doppler-shifted frequency band including said

Doppler-shifted frequency.

17. A radio frequency tag system as claimed in claim 16 wherein said interrogator
comprises an airborne radar system mounted to a moving object and wherein said

tag is mounted to an additional moving airborne object.
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18. A radio frequency tag system as claimed in claim 16 wherein:
said object is characterized by a predetermined object radar cross section; and
said tag is configured to generate said reflected signal such that said reflected -
signal is characterized by a predetermined return band radar cross section that is

substantially equal to said predetermined object radar cross section.

19. A radio frequency tag system as claimed in claim 16 wherein:

said tag is configured to generate said reflected signal by generating reflected
radiation characterized by a frequency spectrum including a plurality of return bands,
each of said return bands being characterized by a predetermined return band
frequency;

said interrogator is configured to detect radiation reflected at said return band
frequencies, discriminate between return bands of different frequencies, and identify

a binary code defined by said reflected radiation across said plurality of return bands.

20. A radio frequency tag system as claimed in claim 19 wherein each of said return
bands lie outside of said clutter frequency band and said Doppler-shifted frequency
band.

21. A radio frequency tag system as claimed in claim 16 wherein:

said tag comprises an antenna array including a plurality of receiver antennas
and a plurality of transmitter antennas;

said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return said reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal at éaid
receiver antennas;

said receiver antennas comprise a plurality of parallel antenna elements
oriented in a first direction;

said transmitter antennas comprise a plurality of parallel antenna elements

oriented in a second direction orthogonal to said first direction;
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said receiver antennas and said transmitter antennas lie in a common plane;

said receiver antennas are coupled to corresponding transmitter antennas |
along an array of transmission lines; and

said receiver antennas and said transmitter antennas are separated by radio
frequency absorbing material arranged to suppress radio frequency coupling between

said receiver antennas and said transmitter antennas.

22. A radio frequency tag system comprising an interrogator and a tag, wherein said
tag is secured to an object and wherein:
said interrogator is configured to generate a transmitted electromagnetic
interrogation signal at a predetermined interrogation frequency;
said object is characterized by a predetermined object radar cross section;
said tag comprises an antenna array including a plurality of receiver antennas
and a plurality of transmitter antennas;
said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return a reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal;
said tag is configured to generate said reflected signal by
suppressing reflection of said interrogation signal, and
generating reflected radiation characterized by a frequency
spectrum including at least one return band characterized by a
predetermined return band frequency and radar cross section;
said tag is configured to generate said return band such that said return band
radar cross section is substantially equal to said predetermined object radar cross
section; and
said interrogator is configured to detect radiation reflected at said return band

frequency.

23. A radio frequency tag system as claimed in claim 22 wherein said tag comprises

an active Van Atta array.
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24. A radio frequency tag system as claimed in claim 22 wherein said tag includes a
balanced modulator arranged to contribute to said suppressed reflection of said '

interrogation signal and said generation of said reflected radiation.

25. A radio frequency tag system as claimed in claim 22 wherein:
said tag is configured to generate said reflected signal by generating reflected
radiation characterized by a frequency spectrum including a plurality of return bands
such that
each of said return bands is characterized by a predetermined
return band frequency, and
each of said return bands is characterized by substantially equal
radar cross sections; and
said interrogator is configured to detect radiation reflected at said return band

frequencies and discriminate between return bands of different frequencies.

26. A radio frequency tag system as claimed in claim 22 wherein:

said tag is configured to generate said reflected signal by generating reflected
radiation characterized by a frequency spectrum including a plurality of return bands,
each of said return bands being characterized by a predetermined return band
frequency;,

said interrogator is configured to detect radiation reflected at said return band
frequencies, discriminate between return bands of different frequencies, and identify

a binary code defined by said reflected radiation across said plurality of return bands.

27. A radio frequency tag system as claimed in claim 22 wherein:

said object is arranged to move relative to stationary background matter;

said interrogator is configured to detect radiation reflected from said object at a
Doppler-shifted frequency representative of a velocity of said object relative to said
interrogator,

said interrogator is configured to discriminate against radiation reflected from
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said background matter within a clutter frequency band; and
said tag is configured such that said return band frequency lies outside of saidr
clutter frequency band and outside of a Doppler-shifted frequency band including said-

Doppler-shifted frequency.

28. A radio frequency tag system as claimed in claim 22 wherein:

said tag comprises an antenna array including a plurality of receiver antennas
and a plurality of transmitter antennas;

said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return said reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal at said
receiver antennas;

said receiver antennas comprise a plurality of parallel antenna elements
oriented in a first direction;

said transmitter antennas comprise a plurality of paraliel antenna elements
oriented in a second direction orthogonal to said first direction;

said receiver antennas and said transmitter antennas lie in a common piane;

said receiver antennas are coupled to corresponding transmitter antennas
along an array of transmission lines; and

said receiver antennas and said transmitter antennas are separated by radio
frequency absorbing material arranged to suppress radio frequency coupling between

said receiver antennas and said transmitter antennas.

29. A radio frequency tag system comprising an interrogator and a tag, wherein said
tag is secured to an object and wherein:

said interrogator is configured to generate a transmitted electromagnetic
interrogation signal at a predetermined interrogation frequency;

said tag comprises an antenna array including a plurality of receiver antennas

and a plurality of transmitter antennas;
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said tag is positioned to receive said interrogation signal at said receiver
antennas and is operative to return a reflected signal to said interrogator via said
transmitter antennas in response to receipt of said interrogation signal at said
receiver antennas;

said receiver antennas comprise a piurality of parallel antenna elements
oriented in a first direction;

said transmitter antennas comprise a plurality of parallel antenna elements
oriented in a second direction orthogonal to said first direction;

said receiver antennas and said transmitter antennas lie in a common plane;

said receiver antennas are coupled to corresponding transmitter antennas
along an array of transmission lines;

said receiver antennas and said transmitter antennas are separated by radio
frequency absorbing material arranged to suppress radio frequency coupling between

said receiver antennas and said transmitter antennas;

said tag is configured to generate said reflected signal by
suppressing reflection of said interrogation signal, and
generating reflected radiation characterized by a frequency
spectrum including at least one return band characterized by a
predetermined return band frequency;
said interrogator is configured to detect radiation reflected at said return band
frequency.

30. A radio frequency tag system as claimed in claim 29 wherein said antenna

elements comprise slot antennas.

31. A radio frequency tag system as claimed in claim 29 wherein said antenna
elements of said receiver array and said transmitter array lie in a common plane, and
wherein said radio frequency absorbing material is positioned in said common plane

between adjacent transmission lines.
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32. A radio frequency tag system as claimed in claim 29 wherein:

said tag is configured such that respective active gain channels couple each of
said receiver antennas to corresponding ones of said transmitter antennas; and

each of said respective active gain channels include at least one radio .
frequency modulator stage positioned between an input radio frequency amplifier

stage and an output radio frequency amplifier stage.

33. A radio frequency tag system as claimed in claim 32 wherein said modulator

stage comprises a balanced modulator.

34. A radio frequency tag system as claimed in claim 29 wherein:

said tag is configured such that respective active gain channels couple each of
said receiver antennas to corresponding ones of said transmitter antennas;

each of said respective active gain channels include at least one radio
frequency modulator stage and at least one radio frequency amplifier stage; and

said modulator stage includes a radio frequency isolation network.

35. A radio frequency tag system as claimed in claim 34 wherein said radio
frequency isolation network includes a plurality of transmission lines and at least one

radial stub.

36. A radio frequency tag system as claimed in claim 34 wherein:

said tag is configured such that respective active gain channels couple each of
said receiver antennas to corresponding ones of said transmitter antennas; and

each of said respective active gain channels include a balanced modulator

comprising a ¥z wavelength transmission line.

37. Aradio frequency tag system as claimed in claim 36 wherein said 2 wavelength
transmission line comprises three microstrip transmission lines arranged in a “U”

shape.
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38. A radio frequency tag system as claimed in claim 29 wherein:
said object is characterized by a predetermined object radar cross section;
said tag is configured to generate said reflected signal characterized by a
predetermined return band radar cross section that is substantially equal to said

predetermined object radar cross section.

39. A radio frequency tag system as claimed in claim 29 wherein:

said tag is configured to generate said reflected signal by generating reflected
radiation characterized by a frequency spectrum including a plurality of return bands,
each of said return bands being characterized by a predetermined return band
frequency;,

said interrogator is configured to detect radiation reflected at said return band
frequencies, discriminate between return bands of different frequencies, and identify

a binary code defined by said reflected radiation across said plurality of return bands.

40. A radio frequency tag system as claimed in claim 29 wherein:

said object is arranged to move relative to stationary background matter;

said interrogator is configured to detect radiation reflected from said object at a
Doppler-shifted frequency representative of a velocity of said object relative to said
interrogator,

said interrogator is configured to discriminate against radiation reflected from
said background matter within a clutter frequency band; and

said tag is configured such that said return band frequency lies outside of said
clutter frequency band and outside of a Doppler-shifted frequency band including said

Doppler-shifted frequency.
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