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Fig. 1: Schematic diagram of passive RFID system. FPrior A ,f
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Figure3: Binary code generation by the superimposition of delayed signals
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TRANSMISSION DELAY BASED RFID TAG

This application claims the benefit under 35 USC §119(e)
of U.S. provisional application Ser. No. 60/827,249 filed Sep.
28, 2006 which is incorporated by reference herein in its
entirety.

This invention was developed at least in part through the
use of federal funding from grant no. DARPA N66001-05-
8903 and the federal government may retain certain rights in
this invention.

FIELD OF INVENTION

The present invention relates broadly to Radio Frequency
Identification (RFID) tags and systems for implementing the
same. In particular embodiments, the invention relates to
passive RFID systems based upon signal propagation delays.

BACKGROUND OF INVENTION

RFID has been a key technology for short range wireless
auto identification. It has been implemented in many recent
technologies such as contact-less smart cards, access control,
wireless sensing and information collection, industrial auto-
mation, ticketing, public transportation, automatic toll collec-
tion, animal and product tracking, and medical applications.

Referring to FIG. 1, a typical RFID system 100 consists of
two major blocks: an interrogator, known as RFID reader 104,
and a remote unit, known as RFID tag 101. The tag has a
unique identification code incorporated into the ID circuit
102 and this code becomes associated with the object to
which the RFID tag is attached. The RFID reader 104 nor-
mally has a transmitter/receiver unit which transmits a signal
to and receives a response from the RFID tag. The RFID tag
will have an antenna 103 and the RFID reader will have an
antenna 107. Unlike barcode technology, an RFID tag can
convey more extensive information about the object. The
reader sends an interrogation signal and the tag responds with
the information stored in it. A RFID system does not require
line of sight, and information can be read from comparatively
longer distances than bar code scanners. Moreover, multiple
tags can be read simultaneously.

RFID tags can be classified as active, reader powered tags
(inductive coupling) and fully passive tags. Active tags
require power source to operate, therefore are limited by their
battery life. Reader powered tags operate by inductive cou-
pling; therefore they are limited by read distance. On the other
hand, passive tags consist primarily of an antenna and an ID
circuit. They do not require any power supply and work by
responding to reader interrogation by changing certain
parameters of the interrogation signal. Passive tags tend to be
more limited by their read distance and the amount of infor-
mation that they can convey.

SUMMARY OF SELECTED EMBODIMENTS OF
INVENTION

One embodiment of the present invention includes a chip-
less RFID tag system. The system includes a transmitter
sending an input signal and a tag substrate having a first and
a second microstrip. The second microstrip is at least twice as
long as the first microstrip and has substantially uniform
impedance along its length. The system further includes at
least one tap positioned between the first and second micros-
trips allowing one-way transmission of the input signal from
the second to the first microstrip.
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Another embodiment of the present invention includes a
chipless RFID tag system. This system includes a transmitter
sending an input signal and a tag substrate. The tag substrate
has at least one microstrip and the microstrip has a first
portion with a first impedance and a second portion with a
second impedance different from the first impedance. The
system further includes a receiver detecting at least two
reflections from an interface of the first and second imped-
ances and identifying relative time domain positions of the
reflections to one another.

BRIEF DESCRIPTION OF FIGURES

FIG. 1 is a schematic view a basic RFID tag system.

FIG. 2 illustrates one RFID tag embodiment of the present
invention.

FIG. 3 a signal pattern from the RFID tag seen in FIG. 2.

FIG. 4 illustrates a slight modification of the RFID tag
embodiment of seen in FIG. 2.

FIG. 5 illustrates another RFID tag embodiment of the
present invention.

FIG. 6 illustrates a signal pattern from the RFID tag seen in
FIG. 5.

FIG. 7 illustrates a still further RFID tag embodiment of the
present invention.

FIG. 8 illustrates a signal pattern from the RFID tag seen in
FIG. 7.

FIG. 9 illustrates a phase modulation RFID tag embodi-
ment.

FIG. 10 illustrates a signal pattern from the RFID tag seen
in FIG. 9.

FIG. 11 illustrates a cross-section of one planar antenna
embodiment.

FIG. 12 illustrates one triangular patch antenna embodi-
ment.

FIG. 13 illustrates one spiral patch antenna embodiment.

FIG. 14 illustrates one half-Sierpinski patch antenna
embodiment.

FIG. 15 illustrates various meander and Hilbert antenna
embodiments.

DETAILED DESCRIPTION OF SELECTED
EMBODIMENTS

FIG. 2 is a schematic illustration of one embodiment of the
RFID tag system of the present invention. FIG. 2 shows three
basic components of the system, transmitter circuit 10,
receiver circuit 17, and RFID tag 1. In this particular embodi-
ment, transmitter circuit 10 includes a oscillator 14, an RF
switch 13, a DC supply and a pulse generator 12. Oscillator 14
supplies a carrier frequency (as a nonlimiting example, at 915
MHz) to the input of RF switch 13. The power needed by RF
switch 13 is provided by the DC power supply. The on and off
duration of RF switch 13 is controlled by supplying a pulse
from pulse generator 12. The output of RF switch 13 is fed to
the transmitting antenna 11. This embodiment of transmitter
circuit 10 produces a train of sinusoidal signals in a conven-
tional on/offkey (OOK) coding. However, the invention is not
limited to signals using OOK coding nor the transmitting
circuitry seen in FIG. 2. Any conventional or future developed
transmitting circuitry could be employed together with any
coding scheme which generally accomplishes the functions
described below.

This embodiment of receiver circuit 17 includes an antenna
18, a demodulator 19, and a display 20. In the receiver circuit
the demodulator receives the signal from the antenna and
demodulates the signal to extract the ID code of the tag, which
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can then be viewed by the display. The demodulator consists
ofalow noise amplifier, a local oscillator, a mixer, a band pass
filter, an analog to digital converter, and a single board com-
puter. With the carrier signal from the local oscillator, the
demodulator demodulates the received signal. The band pass
filter blocks high and low frequency components while
allows a low attenuation path for the selected signal. The
analog to digital converter converts the analog signal to
binary form and feeds it to the single board computer. Based
on information loaded in the memory of single board com-
puter, the computer performs the further processing of the
signal and decodes the ID code generated by the tag. The ID
code generated is displayed on the display system. Although
illustrated separately in FIG. 2, it will be understood that
transmitter circuit 10 and receiver circuit 17 are the equivalent
of the RFID reader 104 seen in FIG. 1. Likewise, there are
many ways in which the transmitter/receiver circuitry could
be constructed; for example, a single transceiver versus sepa-
rate transmitter/receiver circuit as suggested by the RFID
reader 104, where a single antenna is shared by both trans-
mitting and receiving system isolated by a circulator.

The RFID tag 1 seen in FIG. 2 generally comprises antenna
5, circulator 6, sensor 7, a first conductive microstrip 3 and a
second conductive microstrip 4, all positioned on a substrate
2. Microstrips 3 and 4 are generally conductive transmission
lines formed on the generally insulating surface of substrate
2. The formation of microstrips 3 and 4 will be described in
more detail below, but in the embodiment of FIG. 2, micros-
trips 3 and 4 have substantially uniform impedance along
their lengths and substantially uniform capacitance and
inductance properties along their lengths. Microstrip 3 in
FIG. 2is a generally straight trace whose length approximates
the width of tag substrate 2, while microstrip 4 is a consider-
ably longer trace which takes on a meandering path in order to
accommodate its length on substrate 2. In the embodiment of
FIG. 2, microstrip 4 is at least twice as long as microstrip 3.
The characteristic impedance, 7, and the transmission time
delay, T, associated with the microstrips are given by:

Z,=[L/C]"?

T~[LC]"?

where time delay in the microstrip transmission line is con-
stant per unit length and is distributed uniformly along its
length.

Microstrip 4 is shown as terminated by resistor 8, which
has an impedance that is substantially equal to the character-
istic impedance Z , of microstrip 4 in order to minimize signal
reflections from the terminating end of microstrip 4. FIG. 2
also shows “taps” 9 positioned between microstrips 3 and 4.
In this embodiment, taps 9 are RF isolators such as a model
CES 40925MECBO000RAB, provided by Murata Electronics
North America, Inc. of Smyrna, Ga. The RF isolators are
two-port units that allow signals to pass in one direction while
providing high isolation for reflected energy in the reverse
direction. Isolators are used to allow the delayed signal to
flow to the common point or trace in the ID generation circuit
and not vice versa. Thus a signal traveling down microstrip 4
will be transmitted to microstrip 3 when the signal encounters
tap or isolator 9a. Likewise, an input signal entering micros-
trip 3 through isolator 95 will not have its reflection (e.g.,
from sensor component 7) travel back to microstip 4. Natu-
rally RF isolators are just one form of tap and any conven-
tional or future developed component that can effect such one
way signal transmission should be considered within the
scope of the present invention.
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FIG. 2 also illustrates a circulator 6 and a sensor 7 inter-
connected with the microstrips 3 and 4. In the most general
terms, sensor 7 acts to allow a signal to be transmitted from
microstrip 3 to circulator 6 given the presence of a certain
condition (e.g., a threshold temperature, presence of a par-
ticular compound, etc.) and will be described in greater detail
below. Circulator 6 is a passive device that is used to control
the propagation of RF signals. RF circulators typically have
three or more ports and are used to control the direction of
signal flow in a circuit. They allow the signal entering one port
to pass to an adjacent port in either a clockwise or counter-
clockwise direction, but not to any other port. A three port or
Y junction circulator is shown in FIG. 2 and the signal flow is
normally expressed as 1 to 2, 2 to 3 and 3 to 1. The circulator
allows a low attenuation path from port 1 to port 2, and a high
attenuation path from port 1 to port 3, thus having the signal
going through path 1 to 2, and not to 3 from 1. Subsequently
it will allow the signal to go from port 2 to 3 (low attenuation
path), but not 2 to 1 (high attenuation path). In one embodi-
ment, the circulator is a MAFRINO0497 available from Rich-
ardson Electronics of LaFox, Ill. In operation, the embodi-
ment of FIG. 2 will have transmitter circuit 10 send a short
train of sinusoidal waves which may be interpreted as an
OOK modulated input signal. The signal propagates very
quickly through the shorter microstrip 3, and assuming sensor
7 is activated and circulator 6 is in the proper position, the
signal will be re-transmitted at antenna 5 and received by
receiver circuit 17 (see input signal (a) in FIG. 3a). On the
other hand, there will be a delay in the re-transmission of the
signal passing through the longer microstrip 4. When the
signal reaches tap 9a, the signal is able to travel down the
shorter microstrip 3 and be re-transmitted by antenna 5 to
receiver circuit 17. Signal (b) in FIG. 3a illustrates the time
domain position of this delayed signal relative to the input
signal (a). When signal (a) and (b) are superimposed on one
another, a signal trace (c) is constructed to represent a binary
code. For example, in signal trace (c), a signal of sufficient
amplitude in a particular time slot will be considered a “17,
while a signal of insufficient amplitude in a particular time
slot will be considered a “0.” It can be seen that the signal
produced by the microstrip arrangement in FIG. 2 produces a
four bit binary code of “1 1 00.”

In this embodiment, the code may be altered by altering the
position and/or number of taps 9. For example, if tap 9a in
FIG. 2 is moved to the right, there would be a greater time
delay for signal (b). A signal pattern such as seen in FIG. 35
would result, giving the code “1 01 0.” Or if a second tap is
place to the right of the tap 95, a signal pattern such as seen in
FIG. 3¢ would result, giving the code “1 1 1 0. In this manner,
the code could be altered to any one of 8 combinations.
Furthermore, additional bits could be added to the code by
methods such as introducing additional microstrips or by
increasing the number of taps, increasing the length of line or
reducing the pulse width.

Although FIG. 2 illustrates microstrip 4 as a meandering
trace, this is largely done to accommodate the longer overall
transmission line on a smaller substrate so the tag has the
smallest practical foot print. However, where tag size is not as
important, alternate embodiments could include a straight
microstrip 4 which is substantially longer than microstrip 3.
Another alternative embodiment of RFID tag 1 is seen in FIG.
4. In this embodiment, the circulator 6 and sensor 7 has been
eliminated. Rather than a single antenna having a circulator to
control when the antenna is transmitting or receiving, the
RFID tag1in FIG. 4 has areceiving antenna Sa and a separate
transmitting antenna 5b. This has the advantage of not requir-
ing a circulator, but also the disadvantage of requiring addi-
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tion substrate space to accommodate two antennas. Addition-
ally, while the embodiments described above show a common
input junction for the two microstrips, alternative embodi-
ments could be fabricated without a common input junction.
However, not having a common input junction could require
each microstrip to have its own antenna (again a somewhat
inefficient use of substrate space).

The sensor 7 in FIG. 2 may be used to detect virtually any
condition. For example, the sensor could detect temperature,
pressure, light, the presence of a particular compound, or any
other condition or state which requires detection. The mecha-
nism of the sensor could likewise be based on a wide range of
sensor technologies. As nonlimiting examples, the sensor
could be actuated by a change in one or more of the dielectric,
electrical, mechanical, chemical, optical, or biological prop-
erties of the sensor.

In many embodiments, it is desirable that the sensor con-
sumes low power (e.g., few microwatts) or self-generates the
power needed. Solar cells, piezoelectric and pyroelectric
materials generate energy and can be used to turn on a switch
such as a FET. Materials like quantum tunneling composites
and polyaniline (PANI) change from insulating state to con-
ducting state nonlinearly when the sensed quantity reaches a
threshold value. Where no battery is intended in the proposed
design, the sensor switch will operate either on its own with
the generated energy or in a passive mode. Quantum Tunnel-
ing Composite (QTC), polyvinylidene fluoride (PVDF) and
PANI are example materials which can achieve these charac-
teristics.

In certain embodiments, the sensor simply acts as a switch
in series with other elements in the RFID tag. Any material
that has a non-linear behavior and has the capability to stand
alone can be considered for the switch. The sensor switch is
an interface between the sensor element and the RF path of
the RFID circuit. Examples of different types of sensing
material employable in the current RFID-based sensors
include the QTC, PVDF and PANI materials mentioned
above.

For QTC materials, the resistance changes exponentially
under pressure making it suitable for use as a switching ele-
ment for pressure sensing. In OTC materials, the metal par-
ticles are separated by a polymer lattice and never come into
physical contact. They move very close under pressure and
Quantum Tunneling occurs between the metal particles
which are now separated by quantum scale distances. More-
over, QTC material can be effectively modeled as an RF
resistor switch because it is known to conduct high frequency
signals.

Piezoelectric materials such as PVDF generate a charge
when a pressure is applied. The charge developed can be
converted into a voltage if a capacitor structure is used with
PVDF between its electrodes. The charge developed is due to
the aligning of the dipoles in the material and this polarization
occurs only in the area where pressure is applied. The charge
disappears once the pressure is removed and the material acts
as any other dielectric material. These materials are not as
good as current sources but are quite good voltage sources.

Certain types of polyaniline change their conductivity
exponentially when they detect acidic fumes such as those
that emanate from fruit and vegetable spoilage. Thus, polya-
niline can be used to detect the freshness of the fruit, if
appropriately designed.

Still further embodiments of the RFID tag 1 will employ a
transmission reflection to generate an identification signal. A
pulse signal, reflected from an unmatched transmission line
termination is delayed in time with respect to the input pulse
due to the inherent signal propagation delay. In a multiple
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transmission line system (FIG. 5 discussed below) or step
impedance transmission line system (FIG. 7 discussed
below), a number of delayed reflected pulses appear at the
input terminal due to multiple reflections inside the transmis-
sion line. The number of reflections depends on the number of
transmission lines or number of impedance steps, while the
delay depends on length. By proper design of the transmis-
sion line system, reflected pulses can be placed at any desired
position to form a predefined signal pattern that represents a
unique ID code.

When the impedances of transmission line and load are not
matched, not all the signal power flowing through the trans-
mission line is delivered to the load, and some part is reflected
back to the signal input point. The magnitude of the reflection
depends on the magnitude of the impedance mismatch, as
characterized by the reflection coefficient, T, where:

_ Zp—Z7Zr
S Ziv7Zr

|7l =1 for Z;, =0, or Z; >> Zr

where, Z, and 7, are the transmission line characteristic
impedance and load impedance, respectively. If a sinusoidal
pulse signal is fed at one end of a transmission line, denoted
as the input port, with the other end open, the pulse flows from
the input to the open end and gets reflected at the termination.
As aresult, an attenuated and delayed reflected pulse appears
at the input end of the transmission line. The phase of the
reflected pulse is the same as the input pulse if T is positive,
and the phase is opposite if T is negative.

One example of a multiple transmission lines ID genera-
tion design consists of ground or open terminated transmis-
sion lines with common feed point. The number, lengths and
terminations of the transmission lines are designed such that
the reflection pattern forms a composite signal that follows a
predefined digital modulation scheme and represents a
unique ID code. The first three reflections, consisting of two
primary reflections from the two lines and the third due to
superposition of the two secondary reflections, are used for
ID code generation. The relative positions of the reflected
pulses depend on the delay and therefore the lengths of the
transmission lines. OOK or phase modulated signal patterns
can be generated by designing appropriate placement of
reflected pulses.

Referring to the example circuit shown in FIG. 5, in this
embodiment (with antennas excluded for clarity), the RFID
tag comprises at least two microstrips or transmission lines 30
and 32. If a pulse signal is fed to the RFID tag configuration
and the two transmission lines are open (or ground) termi-
nated (terminations 31 and 33), the input signal travels in both
transmission lines and eventually gets reflected at the termi-
nations 31 and 33, thus producing two delayed reflected
pulses at the input port. The positions of the reflected pulses
depend on the length of the respective transmission lines. In
addition, the reflection from one transmission line (30) serves
as the secondary input pulse for the other line (32). Therefore,
a secondary reflected pulse follows the two initial reflected
pulses. Thereafter, this secondary reflection serves as input
for tertiary reflections and so on. The amplitude of the suc-
cessive reflected pulses diminishes as reflected signals divide
at transmission line branches and also due to transmission
line losses. The same principles apply for a system of three or
more transmission lines.

Dual transmission lines ID circuits such as FIG. 5 consist
of different combinations of two transmission line lengths to
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construct OOK modulated signal patterns. FIG. 6 schemati-
cally illustrates two different OOK modulated signal patterns
representing 101010 and 110100 bit patterns, constructed by
placing three reflected pulses in six bit positions. Practically,
consecutive reflected pulses are more attenuated than shown
in the FIG. 6, and higher order reflections are not considered
for code generation, limiting the use of only the first three
pulses. However, detection of higher order reflections
depends largely on the sensitivity of electronics and the com-
plexity of signal processing systems, particularly relative to
future developed electronics and signal processing. Thus,
codes generated with higher order reflections are within the
scope of the present invention.

The presence of a pulse represents binary 1 and its absence
represents binary 0. With this representation, ten different
OOK modulated signal patterns, representing ten different ID
codes can be constructed. In this embodiment, only three 1s
are considered in any sequence for code generation. If n
positions are considered with three reflected pulses, taking
the first bit as a starting bit, (n-2)x(n-1)/2 bit sequences can
be constructed, where n is greater than or equal to the number
of reflected pulses (in this case we have three reflected
pulses). For n positions, to get the maximum number of ID
sequences, the number of reflected pulses, here defined as 1, is
given by I=n/2 when n is even, and it is given by I=(n+1)/2)
when n is odd.

For any bit pattern, the length of the first or shorter trans-
mission line (L, ) and that of the second or longer line (L,) are
given as:

L =(i-i)xIxI

Ly=(i"-1)xIx!

where i and i' are the numbers representing the position of the
second and the third pulses, respectively. The length of trans-
mission line required for 1 ns reflection delay/is in millimeter,
and the bit width T is in ns. For six bits design, i can take 2
through 5 while i' can take 3 through 6. (4) and (5) are true for
any number of bits, as long as the ID circuit consists of two
transmission lines and three pulses are considered. For
101010 bit pattern, i=3, and i'=5. Taking bit width, T=3.4 ns
and 1=90 mm/ns, (4) and (5) give L,=612 mm and [.,=1224
mm. Ansoft planar design of the ID circuit is shown in FIG. 5.
For 101100 bit pattern, lengths of lines L., and L, are 306 mm
and 918 mm, respectively.

FIG. 7 illustrates the concept of a step impedance tag
circuit consisting of a transmission line with a step imped-
ance. Although FIG. 7 only shows one step impedance line, it
will be understood that the present invention also includes
multiple step impedance lines. With an appropriate selection
of transmission line widths and lengths, reflected pulses of
proper phase can be placed at any desired position to con-
struct OOK or phase modulated signal patterns. FIG. 7 shows
a step impedance transmission line having a 50 ohms line 40
followed by open (or ground) terminated 25 ohms line 41. If
a pulse signal is fed to a step impedance transmission line, as
shown in FIG. 7, a third of the signal voltage is reflected at the
50-25 ohms interface 42. The transmitted signal power is
finally reflected back from the open termination 43. Some
part of backward traveling signal is again reflected at the
25-50 ohms interface. The same phenomenon continues and
multiple reflections occur inside the line such that a number of
reflected pulses, delayed in time, appear at the input port. As
the impedance of a microstrip transmission line for a given
substrate depends on its width, a varying impedance micros-
trip transmission line can be obtained by simply varying
width along the length of the line, as suggested in FIG. 7.
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The ID circuits are designed by considering the first three
reflected pulses. As one example, an ID circuit with a 5 mm
long 50 ohm transmission line, followed by a 612 mm long 25
ohm open transmission line, creates a series of reflected
pulses separated by 3.4 ns. The reflection pattern represents
an OOK modulated 101010 bit pattern with 3.4 ns bit width.
The design is based on 1 ns delay for a 90 mm long transmis-
sion line. As another example, an ID circuit with a 5 mm long
50 ohms line followed by a 306 mm long 25 ohms open
transmission line places the first three pulses reflections in a
sequence resembling a 111000 bit pattern in a six bit repre-
sentation.

In the RFID tag embodiment shown in FIG. 9, the second
line (L,) is twice as long as first (L, ). The first line has short
(or open) termination and the second line has an open (short)
termination. The reflection from the shorted line is reversed
(opposite phase compared to input) while the reflection from
the open line has same phase as the input. The secondary
reflection will have an opposite phase if one line is short and
another line open, because the reflection travels through both
the lines, thus encountering the open termination once, where
no phase change occurs, and the short termination once,
where the phase is reversed, thereby making overall phase
opposite compared to the input. The secondary reflection will
have same phase if both the lines are either short or open. The
consecutive pulses are delayed in the time domain due to
propagation delay in the transmission lines. The length of L,
and L, are designed such that a succeeding pulse is placed just
next to the preceding pulse.

The receiver is designed to detect a phase change in the
incoming reflected pulses. A reverse phase is detected as “1”
and the absence of phase change is detected as “0”. For the tag
embodiment shown in FIG. 9 with the first line shorted and
the second line grounded, the phase modulated output pattern
will appear as shown in FIG. 10. In this signal trace, it can be
seen that there are two phase reversal in the signal pattern,
thereby representing a two bit code 11. If the first line were
open and second line were ground, it would represent 10,
alternatively 01 for both lines shorted, and 00 for both lines
open.

As discussed above, the RFID tags typically require at least
one antenna. The antenna serves as the transducer between
the controlled energy residing within the system and the
radiated energy existing in free space. One type of antenna
well suited for UHF RFID applications is the non-meandered
monopole antenna. Described below are three non-mean-
dered monopole antenna embodiments, each occupying less
than 30 cm? in area. Theses three antennas are the inset-fed
triangular patch antenna (FIG. 12), the one arm Archimedes
spiral antenna (FIG. 13), and the Half-Sierpinski fractal
antenna (FIG. 14). The first two antennas display peak gains
of over 2 dBi and the third one has a gain close to 0 dBi. The
return-loss of all three antennas is less than —10 dB at the ISM
frequency band of 915 MHz. With small length to width
ratios, these antennas have certain advantages over the ubiq-
uitous meandered dipole antenna which is often used for
RFID applications. In the illustrated embodiment, the anten-
nas are designed for a flexible polyimide platform and can be
considered for applications such as the tagging of small-size
consumer products.

Presently, meandered antennas are commonly used for
UHF RFID applications. However, the generally large dimen-
sional length to width ratio of the meandered antenna struc-
ture makes this type of antenna disadvantageous for use in
RFID tags requiring small dimensional length to width ratio.
Typical length to width ratios of meander antennas currently
reported and tested are of the order of 5/1. It would be advan-
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tageous to employ an antenna which occupies less surface
area than the previously reported meandered dipole antenna,
is planar in nature, is developed on a single flexible polyimide
substrate, and is designed for high-gain performance. All the
antennas described below have a small length to width ratio
compared to the meandered dipole antenna. The antennas
shown are designed for 915 MHz frequency and having an
output impedance of 50 Ohm. The substrate topology
employed in the design and fabrication of the antennas is
shown in FIG. 11. FIG. 11 illustrates a cross-section of the
antenna substrate having h1=h3=25 pum, h2=127 um;
erl=er3=3.3, er2=3.5; 81=33=0.027, 2=0.008.

FIG. 12 illustrates an inset-fed triangular patch antenna
designed on the platform seen in FIG. 11. The impedance of
the antenna is matched to 50 ohms by adjusting the inset-
length and width. To increase the gain of the antenna, a slot is
created on the ground plane. The dimensions of the slot are
varied to increase the gain of the antenna. The surface area
occupied by this antenna is 15 cm?. In this embodiment,
FIGS. 12(a) and 12(b) represent patch and ground layouts of
the inset-fed triangular patch antenna, having the dimensions
H=5.54 cm, L=5.34 cm, F1=2.33 ¢m, Iw=0.15 cm, 11=1.07
cm, G1=6.09 cm, Gw=5.19 cm.

FIG. 13 illustrates an eleven-segment single arm
Archimedes spiral developed for the platform seenin FIG. 11.
The widths of the spiral arm are varied to match the antenna
to 50 ohms impedance. A slot is introduced in the ground
plane to increase the gain of the antenna. FIG. 13(a) shows the
design of the spiral patch antenna and FIG. 13(b) shows the
patch-aligned underlying ground layer. Example dimensions
for one embodiment of the spiral patch could be wl=1 mm;
w2=8 mm; w3=2 mm; w4=8 mm; w5=8 mm; w6=2 mm;
w7=7 mm; w8=8 mm; w9=8 mm (widths of the spiral arms
inward); H=6.0 cm, L=5.0 cm, G1=5.4 cm, Gw=5.7 cm. The
surface area occupied by this antenna is 30 cm?.

FIGS. 14(a) and 14(b) illustrate a Half-Sierpinski antenna
which is derived from the Sierpinski Monopole to capture the
multi-resonant properties of the Sierpinski monopole at a
smaller size than the parent version. The surface area occu-
pied by this example antenna is 9.5 cm®. The impedance of the
antenna is matched to 50 ohms by varying the widths of the
feed of the antenna and by introducing a stub which is
grounded at one end at the feed of the antenna. The stub is
grounded at one end to reduce the length of the stub that is to
be added to the antenna to match the impedance of the
antenna to 50 ohms. The width of the stub is 0.4 mm and the
length is about 2 mm. The gain of the antenna is increased by
modifying the slot size in the ground plane. Example embodi-
ments for one embodiment of the patch and ground layouts
(FIGS. 14(a) and 14(b)) are H=5.7 cm, L=3.3 cm, w1=0.25
cm, w2=0.35 w3=0.15 cm, w4=0.35 cm, w5=0.15 cm.

Although the above describes three antenna designs well
suited to RFID tags, many other antennas may be employed in
the present invention, nonlimiting examples of which include
Meander and Hilbert antennas such as seen in FIG. 15. More-
over, the present invention could include any other conven-
tional or future developed antennas fulfilling the required
functions of the RFID tags described above.

The present invention include many embodiments not nec-
essarily shown in the figures. Certain example embodiments
could include:
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Embodiment A: A chipless RFID tag comprising;:

a. a flexible substrate;

b. a first elongated conductive microstrip formed on the sub-
strate; and

c. a second elongated conductive microstrip formed on the
substrate, wherein the second microstrip has a meandering
path which is at least twice the length of the first microstrip.
Embodiment Al. The chipless RFID tag according to
embodiment A, wherein the first and second microstrips have
a common input port.

Embodiment A2. The chip less RFID tag according to
embodiment A, wherein the delay in the microstrips is sub-
stantially constant per unit length.

Embodiment A3. The chipless RFID tag according to
embodiment A, wherein the common port is connected to an
antenna.

Embodiment A4. The chipless RFID tag according to
embodiment A3, wherein the antenna is a micro-strip formed
on said flexible substrate.

Embodiment B. A chipless RFID tag system comprising:

a. a transmitter sending an input signal;

b. a tag substrate having at least first and second microstrips,
each of the microstrips having:

i. an impedance mismatch of at least about 80% at the micros-
trip’s termination, wherein said mismatch is determined by:

Z,-Zr
Z1+7Zr

where Z; and 7, are the impedance associated with the trans-
mission line and its termination, respectively.

and

ii. a different length from the other microstrip; and

c. a receiver detecting at least two primary reflections and at
least one secondary reflection of said input signal from said
microstrips and identifying relative time domain positions of
the reflections to one another.

Embodiment B1. The chipless RFID tag system according to
embodiment B, wherein the second microstrip is at least twice
as long as the first microstrip.

Embodiment B2. The chip less RFID tag system according to
embodiment B, wherein the microstrips are meandering.
Embodiment B3. The chipless RFID tag system according to
embodiment B, wherein the different lengths of the micros-
trips cause the signal reflections to have a sufficient time
period between the reflections to differentiate separate reflec-
tions.

Embodiment B4. The chipless RFID tag system according to
embodiment B3, wherein the different lengths of the micros-
trips cause the reflections to form a detectable on/off pattern
of at least four bits.

Embodiment B5. The chipless RFID tag system according to
embodiment B3, wherein the length of the first microstrip
(L1) and that of the second microstrip (L.2) are approximately
equal to:

L1=("~i)xTxI

L2=(i"~1)xTxI

where i and 1' are the position of the second and the third
pulses, respectively; I is the length of transmission line
required for 1 ns reflection delay, and T is the bit width.
Embodiment B6. The chipless RFID tag system according to
embodiment B, wherein said microstrips have either a sub-
stantially open or a substantially grounded termination.



US 8,179,231 B1

11

Embodiment B7. The chipless RFID tag system according to
embodiment B, wherein said receiver and said transmitter are
combined as a transceiver.

Embodiment C. A chipless RFID tag system comprising:

a. a transmitter sending an input signal;

b. atag substrate having at least one microstrip, the microstrip
having a first portion with a first impedance and a second
portion with a second impedance different from said first
impedance.

c. a receiver detecting at least two reflections from an inter-
face of the first and second impedances and identifying rela-
tive time domain positions of the reflections to one another.
Embodiment C1. The chipless RFID tag system according to
embodiment C, wherein there is an impedance mismatch
between the first and second line equal to:

ZI_ZZ|
Z+7Z,

where Z, and Z, are the impedance associated with the first
and second lines, respectively and the impedance mismatch
between the first and second lines is between about 20% and
about 40%.

Embodiment C2. The chipless RFID tag system according to
embodiment C, wherein said tag system includes a sensor
which selectively allows transmission of reflections based
upon the presence or absence of a activating condition.
Embodiment C3. The chipless RFID tag system according to
¢ embodiment C2, wherein said sensor is positioned between
said antenna and said microstrips.

Embodiment C4. The chipless RFID tag system according to
embodiment C2, wherein said sensor operates by changing at
least one of the dielectric, electrical, mechanical, chemical,
optical, or biological properties in response to said activating
condition.

Embodiment C5. The chipless RFID tag system according to
embodiment C2, wherein said activating condition is the
presence of an organic gas.

Embodiment D. A chipless RFID tag system comprising:

a. a transmitter sending an input signal;

b. atag substrate having at least one microstrip, the microstrip
having a phase discontinuity altering the phase of a signal
reflection at the discontinuity; and

c. areceiver detecting a change in phase between at least two
reflections from the input signal and identifying relative (time
domain?) positions of the reflections based upon said phase
change.

Embodiment E(35). A chipless RFID tag system comprising:
a. a transmitter sending an input signal

b. a tag substrate having at least first and second transmission
lines, each of transmission lines having:

1. either a substantially ground or substantially open termina-
tion

ii. different length from the other line

c. a receiver detecting at least two primary reflections and at
least one secondary reflection of said input signal from said
transmission lines and identifying the relative phase of the
reflections to one another.

Embodiment E1. The chipless RFID tag system according to
embodiment E, wherein there is at least 80% mismatch
between the line and the termination impedance.
Embodiment E2. The chipless RFID tag system according to
embodiment E, wherein the second transmission line is twice
as long as the first line.
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Embodiment E3. The chipless RFID tag system according to
embodiment E, wherein the transmission lines comprise
microstrip lines.

Embodiment E4. The chipless RFID tag system according to
embodiment E, wherein the transmission lines are mean-
dered.

Embodiment ES. The chipless RFID tag system according to
embodiment E, wherein one of the lines is substantially
ground terminated and another of the lines is substantially
open terminated.

Embodiment E6. The chipless RFID tag system according to
embodiment E, wherein the different lengths of transmission
lines cause the signal reflections to have sufficient time period
between the reflections to detect the phase change.
Embodiment E7. The chipless RFID tag system according to
embodiment E6, wherein the different termination of lines
causes to form a detectable phase modulated pattern of at least
two bits.

Embodiment F. A chipless RFID tag system comprising;:

a. a transmitter sending an input signal;

b. atag substrate having at least one microstrip, the microstrip
having at least two inductor/capacitor elements creating at
least two delays in transmission of the input signal; and

c. a receiver detecting the at least two delays from the induc-
tor/capacitor and identifying relative time domain positions
of the delayed signals to the input signal.

Still further embodiments include those shown in The Mas-
ters Thesis of Sireesha Ramisetti, entitled, “Design And
Development Of An ID Generation Circuit For Low-Cost
Passive RFID-Based Applications,” La Tech University,
November 2005, which is incorporated by reference herein in
its entirety.

We claim:

1. A chipless RFID tag system comprising:

a transmitter sending an input signal;

a chipless RFID tag comprising a tag substrate having a
first microstrip and a second microstrip, wherein the
second microstrip is at least twice as long as the first
microstrip and the first and second microstrips have
substantially uniform impedance along its length;

wherein said chipless RFID tag further comprises at least
one tap positioned between the first and second micros-
trips allowing one-way transmission of the input signal
from the second to the first microstrip;

wherein the first and second microstrips have a common
input port to receive said input signal;

wherein the first microstrip outputs a tag response signal
determined by said at least one tap.

2. The chipless RFID tag system according to claim 1,
wherein the tap is positioned such that a transmission delay in
the second microstrip is greater than a duration of the input
signal.

3. The chipless RFID tag system according to claim 2,
wherein the tap is positioned such that the transmission delay
is a multiple of the duration of the input signal.

4. The chipless RFID tag system according to claim 1,
wherein the second microstrip is terminated with a load
which is approximately equal to a characteristic impedance of
the second microstrip.

5. The chipless RFID tag system according to claim 1,
wherein multiple taps are positioned between said first and
second microstrips.

6. The chipless RFID tag system according to claim 1,
wherein the second microstrip runs along a meandering path.
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