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(57) ABSTRACT

A radio-frequency identification (RFID) tag with improved
sensitivity includes an antenna that receives a radio-fre-
quency (RF) signal and wireless power from an RFID
reader. The RFID tag further includes a circuit that varies a
reflection coefficient of the antenna to transmit a reflected
signal to the reader, the reflected signal having periods of
high reflectance when a relatively high amount of the RF
signal is reflected, and low reflectance periods when a
relatively low amount of the RF signal is reflected. The
reflectance of the antenna is sufficiently low during the high
reflectance periods to enable wireless power reception dur-
ing the high reflectance periods.
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1
METHOD TO INCREASE RFID TAG
SENSITIVITY

BACKGROUND

Passive Radio-Frequency Identification (RFID) tags typi-
cally consist of an integrated circuit (IC) connected to an
antenna. The IC is often a low power device, powered purely
by RF energy harvested from the reader signal. The tag
responds to the reader by varying its input impedance (and
reflectance) and thus modulating the backscattered signal.

In RFID systems, both forward (reader-to-tag) and
reverse (tag-to-reader) links are important. Current passive
CMOS RFID ICs are approaching the fundamental limits of
their turn-on sensitivity, dictated by diode-based voltage
multiplier limits of RF-to-DC power conversion. The best
ICs currently have sensitivity of about -20 dBm which has
been reached for several years and no further sensitivity
improvement is expected.

Often the overall system performance is limited by the tag
sensitivity; in other words, the tag is the weakest link in the
communication system. For many applications, such as for
tag reading in indoor multi-tag multipath scenarios, or AVI
tolling applications, better passive tag sensitivity is desired.
Every dB of improvement in tag sensitivity results in
measurable system performance improvement, e.g. in the
useable range of the tag.

In the past, improvements to tag sensitivity and range
have been attempted. One such solution proposes a tag
which can combine voltages from two ports of orthogonal
dipole antennas to gain more tag sensitivity but requires a
large cross-dipole tag and the presence of circularly polar-
ized reader signal in order to extract power from both
polarizations. Another solution is to eschew a passive tag
design for a powered tag design, or to sacrifice bandwidth.
These solutions increase the size of the tag and/or require
battery replacement, often rendering them unsuitable for
their target applications. Sacrificing bandwidth is also unac-
ceptable in many applications.

Traditionally, the tag transmission performance has been
viewed as paramount. The prevailing belief is that a reduc-
tion in tag transmission performance would reduce the range
of the tag. Thus, solutions that improve tag range by
sacrificing tag transmission performance have not been
explored.

SUMMARY

A radio-frequency identification (RFID) tag includes a
main antenna that receives a radio-frequency (RF) signal
from an RFID reader and wirelessly harvests power from the
RF signal. The tag further includes a switch connected to the
main antenna and a separate length of antenna. The tag
further includes a circuit connected to a different portion of
the main antenna than the switch. The circuit is configured
to vary a reflection coefficient of the main antenna to
transmit a reflected signal to the RFID reader, the reflected
signal having high reflectance periods when an amount of
reflectance by the main antenna of the RF signal is greater
than a predetermined amount, and low reflectance periods
when an amount of reflectance by the main antenna of the
RF signal is lower than the predetermined amount. The
circuit is further configured to reduce the reflectance of the
main antenna below a predefined amount during the high
reflectance periods to enable wireless power reception dur-
ing the high reflectance periods by changing a resonant
frequency of the main antenna to generate the high reflec-
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tance periods and low reflectance periods. The circuit is
further configured to change the resonant frequency by
controlling the switch to intermittently connect the separate
length of antenna to the main antenna.

A radio-frequency identification (RFID) tag includes a
main antenna that receives a radio-frequency (RF) signal
from an RFID reader and wirelessly harvests power from the
RF signal. The tag further includes a circuit that is config-
ured to vary a reflection coefficient of the main antenna to
transmit a reflected signal to the RFID reader, the reflected
signal having high reflectance periods when an amount of
reflectance by the main antenna of the RF signal is greater
than a predetermined amount, and low reflectance periods
when an amount of reflectance by the main antenna of the
RF signal is lower than the predetermined amount. The
circuit increases a duty cycle of the low reflectance periods
and decreases a duty cycle of the high reflectance periods to
increase a time period of wireless power transmission.

A radio-frequency identification (RFID) tag includes a
main antenna that receives a radio-frequency (RF) signal
from an RFID reader and wirelessly harvests power from the
RF signal. The tag further includes a circuit that is config-
ured to vary a reflection coefficient of the main antenna to
transmit a reflected signal to the RFID reader, the reflected
signal having first reflectance periods, and second reflec-
tance periods when an amount of reflectance by the main
antenna of the RF signal is different than during the first
reflectance periods. The main antenna continuously harvests
power while transmitting the reflected signal to the RFID
reader.

In some embodiments, the circuit changes a resonant
frequency of the antenna to generate the high reflectance
periods and low reflectance periods. In some embodiments,
the circuit changes a resonant frequency of the antenna to
generate the first reflectance periods and second reflectance
periods. In some embodiments, the circuit adds a separate
length of antenna to the antenna during the high reflectance
periods. In some embodiments, the circuit adds a separate
length of antenna to the antenna during the first reflectance
periods. In some embodiments, the RFID tag further
includes a switch that adds the length of antenna by con-
necting the length of antenna to the antenna during the high
reflectance periods, the switch being located on a different
portion of the antenna than the circuit. In some embodi-
ments, the RFID tag further includes a switch that adds the
length of antenna by connecting the length of antenna to the
antenna during the first reflectance periods, the switch being
located on a different portion of the antenna than the circuit.
In some embodiments, the antenna includes a first antenna
for receiving the RF signal, and a second antenna for
receiving power, and the second antenna continues to absorb
aportion of the RF signal during the high reflectance periods
to generate a sufficiently low reflectance to enable wireless
power harvesting during the high reflectance periods. In
some embodiments, the antenna includes a first antenna for
receiving the RF signal, and a second antenna for receiving
power, and the second antenna continues to absorb a portion
of the RF signal during the first and second reflectance
periods to generate a sufficiently low reflectance to enable
wireless power harvesting during both the first and second
reflectance periods. In some embodiments, the RFID tag
further includes a switch controlled by the circuit that
connects an RF impedance to the antenna during the high
reflectance periods. In some embodiments, the RFID tag
further includes a switch controlled by the circuit that
connects an RF impedance to the antenna during the first
reflectance periods. In some embodiments, the antenna has
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a reflection coefficient magnitude of 0.5 during the high
reflectance periods, and a reflection coefficient of zero
during the low reflectance periods. In some embodiments,
the predetermined amount is a reflection coefficient magni-
tude of between 0 and 0.5. In some embodiments, the
amount of reflectance by the main antenna of the RF signal
is greater than a predetermined amount during the first
reflectance periods, the amount of reflectance by the main
antenna of the RF signal is lower than the predetermined
amount during the second reflectance periods, and the circuit
reduces the reflectance of the main antenna below a pre-
defined amount during the first reflectance periods to enable
wireless power reception during the first reflectance periods.
In some embodiments, the amount of reflectance of by the
main antenna of the RF signal during the first reflectance
periods is of equal magnitude but opposite polarity to the
amount of reflectance of by the main antenna of the RF
signal during the second reflectance periods. In some
embodiments, the circuit is an application-specific inte-
grated circuit (ASIC). In some embodiments, the antenna is
a linearly polarized antenna. In some embodiments, the
circuit increases the duty cycle of the low reflectance period
to greater than 50%.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of an RFID tag according to one
embodiment and communicating with an RFID reader.

FIG. 2 is a waveform of a signal transmitted from the
RFID tag according to one embodiment to the reader.

FIG. 3 is a waveform of a signal transmitted from the
RFID tag according to one embodiment to the reader.

FIG. 4 is a schematic of the RFID tag according to one
embodiment.

FIG. 5 is a schematic of the RFID tag according to one
embodiment.

FIG. 6 is a schematic of the RFID tag according to one
embodiment.

FIG. 7 is a schematic of the RFID tag according to one
embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

The RFID tag 100 according to some embodiments com-
municates with the reader 110 by backscattering a reader
signal 112 to produce a reflected signal 102 (the signal
transmitted from RFID tag 100 to reader 110) using its
antenna 104. RFID tag 100 simultaneously communicates
with reader 110 and receives power transmission from the
reader signal 112. When an RFID tag 100 backscatters (talks
to the reader 110), it switches between two reflectance states.
One reflectance state is power harvesting. Another reflec-
tance state is close to a short-circuit, in order to provide
maximum backscattered signal to the reader 110. In this
embodiment, z, is an integrated circuit controlling a switch
to selectively connect impedance z, to antenna 104 and vary
the antenna impedance to generate reflected signal 102. As
discussed in the Background, this signal is designed to have
the maximum strength to maximize the range of the tag 100.

As a result, the tag shorts (or approximately shorts) its
antenna port (and hence its RF power supply) approximately
50% of the time (duty cycle of a typical tag-to-reader data
signal), thus losing up to 3 dB of the incoming RF power
(the tag IC cannot harvest RF power when the input termi-
nals are shorted). FIG. 2 shows waveforms of reader signal
112 and backscatter signal 102. As shown in FIG. 2, the duty
cycle of the backscatter signal 102 is approximately 50%. In
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other words t,=t,, wheret, is the length of the OFF time (low
reflectance period) for each period of the signal and t, is the
length of ON time (high reflectance period) for each period.
In some embodiments the length of t, could be shortened and
the length of t; lengthened by altering the duty cycle. This
increases the power reception of the RFID tag by increasing
the portion of the communication time where power is
received.

Modern RFID tags still follow this backscattering
scheme, even though modern RFID readers are much more
sensitive than they used to be and can successfully detect
and decode weak tag signals. The result is that at the fringes
of the tag range, the tag will intermittently lose power while
attempting to communicate with the reader. This results in
failed communication with the reader and shrinks the use-
able range of tag transmission.

The inventors have determined several embodiments that
counter the basic assumptions in the art and sacrifice tag
transmission performance in order to increase its range.
Accordingly, several embodiments described herein sacri-
fice backscatter signal strength in order to provide additional
received power to the tag 100. FIG. 3 shows how the
amplitude a, or depth of backscatter 102 is reduced to a, in
order to increase charging of the RFID tag 100. This allows
for steady transmission of a (weakened) signal 102' at the
fringes of the tag range, which modern readers are able to
read. Instead of the antenna 104 reflecting substantially all
of the signal and substantially none of the signal during
different transmission periods, antenna 104 has periods of
relatively high reflectance and relatively low reflectance. In
other words, in the periods of high reflectance, the antenna
has reflectance higher than a predetermined amount, and in
the periods of low reflectance, the antenna has reflectance
lower than a predetermined amount. In several embodiments
the predetermined amount is a reflection coefficient magni-
tude of 0 to 0.5. This results from some of signal 102 being
absorbed during the (relatively high reflectance) period
when substantially all of the signal 102 would normally be
reflected. The relatively low reflectance period has a lower
reflectance than the high reflectance period, and the alter-
nation between these two different periods generates signal
102'. In other embodiments, there are first and second
reflectance periods with equal amounts of reflectance and
opposite polarities. In those embodiments, power is still
harvested during both periods.

This expands the useable range of the tag, by allowing the
antenna to continuously harvest power while transmitting
the reflected signal 102'. Several embodiments use existing
CMOS integrated circuits, and can nevertheless have sig-
nificant sensitivity improvement (e.g. 3 dB). A 3 dB
improvement in tag sensitivity corresponds to 40% more tag
range in free space. According to several embodiments of
the tag, backscattered signal strength is sacrificed in order to
gain more power efficiency during tag modulation and hence
more tag sensitivity and more tag range.

As a result, when such tag 100 backscatters, it will not be
fully shorting its receiving antenna port and thus will have
additional received RF power available (e.g. 3 dB more). For
example, when signal strength is sacrificed by 6 dB in
certain embodiments, 2.43 dB of tag sensitivity is gained, as
explained in the following equations (1)-(4) and Table 1. The
reflection coefficient p is described according to equation

).

M

P2z (Z-2.%),

where 7z, is the antenna impedance.
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Each state also has power coefficient t,, defined by:
T =1-lp;? )
Power efficiency of the tag can be described by:

P =Yt x5,

3

where the signal duty ratio is 50%.
Modulation depth of the backscattered signal can be

described by:
K=Yalp=p,l *

Equation 5 defines o, which is between zero and 1

a=lp,! %)
TABLE 1

a K T P,

0 0 1 1 (0 dB)

Ya Y16 (-12 dB) Ya 0.875 (-0.56 dB)

1 Ya 0 Y5 (-3 dB)

In Table 1, the antenna with =0 is impractical because it
has zero backscatter. The antenna with o=1 is a conventional
antenna. The antenna with a=Y% is an antenna according to
one embodiment. In this antenna, P, is improved by 2.33 dB
and has a 30% increase in range. K is reduced by 6 dB.

The tags described herein can take the sensitivity of
passive RFID tags beyond what current CMOS integrated
circuits are capable of and thus be important for many
practical RFID applications, such as automotive vehicle
identification and tolling applications. One of the significant
advantages of several embodiments is that they work with
linearly polarized reader signals and linearly polarized tags,
prevailing on RFID market.

The RFID tag 100 can be implemented in several different
ways, including:

1. Physical—reduced backscatter signal strength and
increased tag power efficiency are achieved via spatial
separation of receiving 904 and backscattering 900 ports/
points on the tag antenna using control line 406. A shared
antenna 104 can have a modulator A that only slightly
changes antenna resonant frequency (by engaging/disengag-
ing extra antenna length 104'), allowing one to maintain a
high received power efficiency during tag modulation cycle,
but still providing a detectable differential backscattered
signal to the reader, as illustrated in FIG. 4. Another imple-
mentation of this method can be two separate antennas 104,
504 that are used for receiving power and backscattering as
shown in FIG. 5.

2. FElectrical—reduced backscatter signal strength and
increased tag power efficiency are achieved and controlled
via choosing a different modulating impedance within tag
circuitry. These embodiments are shown in FIGS. 6 and 7.
In these embodiments, an ASIC or processor 600 controls
one or more switches 610 to add or subtract one or more
impedances 620 from antenna 104. This changes the reso-
nant frequency and reflectance properties without shorting
the antenna 104. As a result, a measureable signal 102' is
sent from tag 100 to reader 110, and power reception is
maintained throughout transmission.

According to the embodiments shown in FIGS. 4 and 6,
the antenna 104 is linearly polarized. Antenna 104 in these
embodiments has a separate receive port 904 and backscatter
port 900. An RFID integrated circuit (IC; an ASIC or
processor in some embodiments) A, 600 is connected to the
receive port 904, and a switch B, 610 (a MOSFET is some
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embodiments) is attached to backscatter port 900. The RFID
integrated circuit A, 600 controls the switch B, 610 to add or
subtract a portion 104' of antenna 104 in order to generate
the reduced backscatter signal 102'. By adding and subtract-
ing portion 104", the resonant frequency of the antenna 104
is not changed too drastically, and the antenna 104 receives
power in both the on and off portions of the duty cycle (i.e.
high reflectance and low reflectance periods or vice versa).
In this embodiment, RFID integrated circuit A, 600 and
switch B, 610 share the same antenna 104 and have common
electrical ground (portion of the antenna between the ASIC
and the modulator). In some embodiments, switch B, 610 is
implemented using a PIN diode. Many more frequency
reconfigurable antennas (such as slot antennas) could be
used to achieve a similar effect.

Although the invention has been described with reference
to embodiments herein, those embodiments do not limit the
scope of the invention. Modifications to those embodiments
or different embodiments may fall within the scope of the
invention.

What is claimed is:

1. A radio-frequency identification (RFID) tag compris-
ing:

a main antenna that receives a radio-frequency (RF)
signal from an RFID reader and wirelessly harvests
power from the RF signal;

a switch connected to a first portion of the main antenna
and a separate length of antenna; and

a circuit connected to a second portion of the main
antenna, wherein the second portion of the main
antenna is different than the first portion of the main
antenna, the circuit being configured to:

vary a reflection coefficient of the main antenna to trans-
mit a reflected signal to the RFID reader, the reflected
signal having high reflectance periods when an amount
of reflectance by the main antenna of the RF signal is
greater than a predetermined amount, and low reflec-
tance periods when an amount of reflectance by the
main antenna of the RF signal is lower than the
predetermined amount;

control the switch to intermittently connect the separate
length of antenna to the main antenna;

change a resonant frequency of the main antenna, based
on the controlled switching, to generate a high reflec-
tance period and a low reflectance period; and

reduce a reflectance of the main antenna below a pre-
defined amount during the high reflectance period
without shorting the main antenna to enable the main
antenna for continuous wireless power harvesting
while transmitting the reflected signal to the RFID
reader, wherein the reflectance of the main antenna
during the high reflectance period is reduced based on
the change in the resonant frequency of the main
antenna.

2. The RFID tag of claim 1, wherein the predetermined
amount is a reflection coefficient magnitude of between 0
and 0.5.

3. The RFID tag of claim 1, wherein the predefined
amount is a reflection coefficient magnitude of 0.5.

4. The RFID tag of claim 1, wherein the circuit is an
application-specific integrated circuit (ASIC).

5. The RFID tag of claim 1, wherein the main antenna is
a linearly polarized antenna.

6. A radio-frequency identification (RFID) tag compris-
ing:
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a main antenna that receives a radio-frequency (RF)
signal from an RFID reader and wirelessly harvests
power from the RF signal; and

a circuit that is configured to vary a reflection coeflicient
of the main antenna to transmit a reflected signal to the
RFID reader, the reflected signal having a high reflec-
tance period when an amount of reflectance by the main
antenna of the RF signal is greater than a predetermined
amount, and a low reflectance period when an amount
of reflectance by the main antenna of the RF signal is
lower than the predetermined amount,

wherein a reflectance of the main antenna is reduced
below a predefined amount during the high reflectance
period without shorting the main antenna to enable the
main antenna for continuous wireless power harvesting
while transmitting the reflected signal to the RFID
reader, wherein the reflectance of the main antenna
during the high reflectance period is reduced based on
a change in a resonant frequency of the main antenna,

wherein the circuit increases a duty cycle of the low
reflectance periods and decreases a duty cycle of the
high reflectance periods to increase a time period of
wireless power transmission.

7. The RFID tag of claim 6, wherein the predetermined
amount is a reflection coefficient magnitude of between 0
and 1.

8. The RFID tag of claim 6, wherein the circuit increases
the duty cycle of the low reflectance periods to greater than
50%.

9. The RFID tag of claim 6, wherein the circuit is an
application-specific integrated circuit (ASIC).

10. The RFID tag of claim 6, wherein the main antenna is
a linearly polarized antenna.

11. A radio-frequency identification (RFID) tag compris-
ing:

a main antenna that receives a radio-frequency (RF)
signal from an RFID reader and wirelessly harvests
power from the RF signal; and

a circuit that is configured to vary a reflection coeflicient
of the main antenna to transmit a reflected signal to the
RFID reader, the reflected signal having a first reflec-
tance period and a second reflectance period when an
amount of reflectance by the main antenna of the RF
signal is different than during the first reflectance
period,

wherein a reflectance of the main antenna is reduced
below a predefined amount during the first reflectance
period without shorting the main antenna to enable the
main antenna to continuously harvest power while
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transmitting the reflected signal to the RFID reader,
wherein the reflectance of the main antenna is reduced
based on a change in a resonant frequency of the main
antenna.

12. The RFID tag of claim 11, wherein the circuit changes
the resonant frequency of the main antenna to generate the
first and second reflectance period.

13. The RFID tag of claim 12, wherein the circuit adds a
separate length of antenna to the main antenna during the
first reflectance period.

14. The RFID tag of claim 13, further comprising:

a switch that adds the separate length of antenna by
connecting the separate length of antenna to the main
antenna during the first reflectance period, the switch
being located on a first portion of the main antenna and
the circuit being located on a second portion of the
main antenna, wherein the first portion of the main
antenna is different than the second portion of the main
antenna.

15. The RFID tag of claim 11,

wherein the main antenna includes a first antenna for
receiving the RF signal, and a second antenna for
receiving power, and

the second antenna continues to absorb a portion of the RF
signal during the first reflectance period and the second
reflectance period to generate a low reflectance to
enable wireless power harvesting during both the first
reflectance period and the second reflectance period.

16. The RFID tag of claim 11, further comprising:

a switch controlled by the circuit that connects an RF
impedance to the main antenna during the first reflec-
tance period.

17. The RFID tag of claim 11, wherein the amount of
reflectance by the main antenna of the RF signal is greater
than the predetermined amount during the first reflectance
period, and

the amount of reflectance by the main antenna of the RF
signal is lower than the predetermined amount during
the second reflectance period.

18. The RFID tag of claim 11, wherein the amount of
reflectance of the main antenna of the RF signal during the
first reflectance period is of greater magnitude to the amount
of reflectance of the main antenna of the RF signal during
the second reflectance period.

19. The RFID tag of claim 11, wherein the circuit is an
application-specific integrated circuit (ASIC).

20. The RFID tag of claim 11, wherein the main antenna
is a linearly polarized antenna.
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