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Low-Cost, Ubiquitous
RFID-Tag-Antenna-Based

Sensing

The authors of this paper propose a means for providing low-cost,

long-lifetime temperature-threshold sensing, displacement sensing,

and fluid level sensing for RFID systems.

By RAHUL BHATTACHARYYA, Student Member IEEE, CHRISTIAN FLOERKEMEIER, Member IEEE, AND

SANJAY SARMA, Member IEEE

ABSTRACT | Radio-frequency identification (RFID) has been
well established as an effective technology for track and trace
applications. In this paper, we go beyond the ID in RFID, and
discuss the potential for RFID tags to be used as low-cost
sensors by mapping a change in some physical parameter of
interest to a controlled change in RFID tag antenna electrical
properties. We will also show that it is possible to design the tag
antenna to suffer a permanent change in case of violation of a
critical threshold in the parameter of interest thereby creating
a low-cost threshold sensing mechanism. This can be achieved
by inducing controlled changes to the tag antenna geometry
parameters or to the antenna boundary conditions, in effect
creating a nonelectric memory to monitor state. After identi-
fying the application space for which this class of sensing is well
suited, we present details into the design and testing of three
different kinds of sensors based on this sensing paradigm. We
demonstrate how we use this concept to sense displacements,
temperature thresholds, and fluid levels. We will show that
RFID-tag-antenna-based sensing has the potential to revolu-
tionize application domains in which there is a need for low-
cost, long-lasting, ubiquitous sensors.
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I. INTRODUCTION TO SENSING IN RFID

Radio-frequency identification (RFID) is gaining a lot of
traction as an effective technique in track and trace appli-
cations [1], since it offers several advantages over well-
established optical technologies such as barcodes in terms
of range and non-line-of-sight operations [2]. There has
been much research into addressing the challenges to
RFID adoption such as lowering transponder cost [3],
standardizing RFID communication protocols [4], and im-
plementing security measures [5]. The net result of this
research is a mature standardized wireless communication
protocol for object identification.

An interesting research proposition is to extend this
well-developed infrastructure for applications that have a
need for low-cost, ubiquitous wireless sensing. Current
wireless sensing applications make use of battery-powered
sensors, but these sensors are at least two orders of mag-
nitude more expensive than their simpler passive counter-
parts, which limits the granularity of their deployment. For
example, it is not possible to sense the temperature of
every crate carrying a couple of $3 orange juice cartons
passing through the supply chain with a $20 temperature
sensor. Battery-powered sensors have limited battery life
[6] and conform to one of several communication stan-
dards available. Seamless communication can thus be
problematic in a multientity business model such as supply
chain logistics if there is no one standard which is agreed
upon and if one or more of the partners in the chain do not
have the infrastructure in place to interrogate these
sensing units.

In this paper, we propose a technique for using changes
in the response of an RFID tag antenna as a sensing
mechanism by correlating a change in some physical
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parameter of interest to a calibrated change in RFID tag
performance. Furthermore, we will show that it is possible
to build in nonelectric memory into these sensing devices
by having the tag antenna suffer some kind of permanent
change upon violation of a threshold, even if the event
occurs when the tag sensor was not in range of reader
interrogation equipment—which is useful when the ques-
tion of whether a threshold was violated is more important
than the precise time at which it was violated. The event of
critical threshold violation can then be detected the next
time the sensor is interrogated by an RFID reader unit.
This kind of sensing paradigm allows us to design sensors
that leverage low-cost RFID tags which are passive and
thus long lasting, which conform to a standardized com-
munication protocol and which have the potential for per-
vasive deployment. Of course, we do have tradeoffs in
terms of sensor range, lack of time history data storage,
and nonreal-time data communication.

A brief overview of wireless sensing is provided in
Section II and Section III describes the principle of RFID-
tag-antenna-based sensing. Section IV then describes the
construction and experimental results from three different
kinds of sensors that exploit these principles. Finally,
Section V summarizes the advantages of this sensing tech-
nique and scope for application while pointing out the
associated tradeoffs.

II. RELATED WORK IN
WIRELESS SENSING

Wireless sensors can be broadly classified into active and
passive depending upon whether there is an on-board bat-
tery supply. There are a host of instances of each of these
sensor classifications, each of which is catered towards a
particular class of applications and which comes with its
own set of tradeoffs in terms of functionality, life, and cost
[6]. Active sensor platforms come in many flavors such as
Berkeley Motes [7] or BTnodes [8]. In addition to the on-
board power supply, these sensors tend to have more so-
phisticated electronics for data processing and storage.
These kinds of sensor nodes typically tend to be rather
expensive and thus their application is best suited to mo-
nitor dedicated cost-intensive operations in which features
like time history of data, real-time updates, and alarm
triggering are of importance. The spatial granularity of
deployment is frequently governed by budget considera-
tions [9]. Being more power intensive, these sensing units
tend to have lower service life and research efforts con-
tinue in trying to optimize this [10].

Passive sensors on the other hand need an external
power source to power their on-board electronics. There is
a selection of passive wireless sensors commercially avail-
able such as surface acoustic wave (SAW)-based sensors
[11] that use power supplied from an external interrogation
unit or modules that work on the principle of piezoelectric
or vibration power scavenging [12], [13]. The on-board
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Passive
Wireless
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Fig. 1. Wireless sensing tradeoffs.

electronics thus tend to be more simplistic and have low-
power consumption. Sensors of this type are more limited
in terms of data storage and processing and data trans-
mission range. The advantage of these sensors, however, is
that they are lower cost and thus can be deployed at far
greater spatial granularity than active wireless sensing
units. In order for these sensors to be capable of ubiquitous
deployment, they have to be manufactured at high volumes
at minimal cost. Fig. 1 outlines the tradeoffs associated
with the different types of wireless sensing paradigms.

The mature low-cost passive RFID tag manufacturing
and standardized communication infrastructure presents
us with a perfect medium to design low-cost passive sen-
sors. Prior research efforts have looked into using RFID-
based sensing. For example, KSW Microtec (Germany) has
developed a battery-assisted temperature tag for use in
supply chain applications [14]. Similarly, the Intel WISP
(Seattle, WA) serves as a radio-frequency (RF) front end to
sensor electronics [15].Although these sensor alternatives
do drive down the cost of the sensor nodes significantly,
the presence of an on-board battery in the case of the KSW
tag and the discrete components of the Intel WISP do add a
cost overhead to the sensor unit.

As mentioned in Section I, the RFID infrastructure has
been well established as a low-cost, standardized commu-
nication infrastructure. RFID tags, which are mass pro-
duced today at a cost of $0.07-0.15 present an excellent
platform on which to fabricate sensors that are low cost
and which have the potential for pervasive deployment.
Sensors, which make minimalistic changes to the RFID tag
design itself, truly lower the cost envelope to the best
extent and thus lend themselves well to applications in
which there is a need for pervasive, low-cost sensing in
which the sensor response can be simplistic.

RFID sensors that calibrate a change in some physical
phenomenon of interest to a change in RFID tag antenna
electrical properties have been studied before. For
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instance, Marrocco et al. [16] present a multiport RFID
sensor that exploits this principle. Similarly, Siden et al.
[17] present a humidity sensor based on this technique
while Bhattacharyya et al. [18]-[20] present a displace-
ment, temperature threshold, and fluid level sensor.
Bhattacharyya et al. [19] also introduce the concept of
utilizing nonelectric memory to induce permanent
changes to the tag antenna electrical properties upon
violation of critical thresholds in the parameter of interest.

ITI. TAG ANTENNA SENSING PRINCIPLE

As mentioned in the previous section, RFID-tag-antenna-
based sensing works on the principle of relating a change
in some physical parameter of interest to a controlled
change in RFID tag electrical properties. There are two
different power parameters that can be leveraged for
sensing:

e  Reader threshold transmitted power: An RFID tag is
optimized for performance when the tag integrated
circuit (IC) impedance is complex conjugately
matched to the tag antenna impedance. In the tag
antenna sensing paradigm, a change in the physical
parameter of interest induces a mismatch and this
manifests itself in the reader requiring to transmit
additional power in order to just turn the tag IC on.
This difference in transmitted power can be used
as one sensing mechanism.

e Tag backscatter power: For a given transmitted
power, an induced mismatch causes less power to
be transmitted to the RFID tag IC for its operations
and this manifests itself as a reduced backscatter
power response of the tag when subject to reader
interrogation. Thus, differential backscatter power
can be used as a sensing mechanism as well.

In the following sections, we outline the details of how
each power parameter can be exploited as a sensing
mechanism.

A. Tag-Antenna-Based Sensing Principle

In this section, we outline the theoretical analysis
governing the use of reader threshold transmitted power
and tag differential backscatter power as a sensing
mechanism.

1) Threshold Transmitted Power as a Sensing Mechanism:
The reader transmitting antenna transmits a power of
Pirans and this results in a power density Wiang [21] of

Ptrans Greader (atrans ) ¢trans)
Wtrans(otrans, ¢trans) = 4md?

M

where Gyeader (Qtranss Gtrans) is the directional gain of the
reader transmitting antenna and d is the distance of the tag
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from the reader transmitting antenna. The RFID tag
antenna intercepts power given by the expression

n n ~ ~ 2
WtransGtag (etrans 9 qstrans))\2 |ptrans ptag
Ptag = 4r (2)

where Wians is the transmitted power density in (1), and
Otrans and g?)mns are polar measures in the tag’s coordinate
system. |/A)“.ansf)tag|2 is the polarization loss factor and A is
the wavelength of reader operations.

The amount of this power that is received by the RFID
chip Pyip depends upon the power reflection coefficient
I'4 and is given by [21]

Pchip = (]- - |Ftag Z)Ptag (3)

where I'¢ys is given by

Z.—Z*
Ftag = ﬁzﬂ (4)

where Z. is the RFID IC impedance and Z, is the RFID tag
antenna impedance.

For ease of representation, we now drop the polar
coordinate angular notation and manipulate (1)-(3) to give

2( A
4nd) -

)

Pchip = (]- - |Ftag|2)GtagGrcadchtrans‘ﬁtrans,/o\tag

This implies that

Pehip X (1 - |Ftag|2)GtagP‘crans (6)

all other factors being equal. A sensing mechanism can be
designed by inducing a calibrated relationship between the
change in the physical parameter of interest (A) and a
change in the antenna impedance. Due to this, a gradual
mismatch is induced between the microchip and tag
antenna impedance. This manifests itself as a increase in
the reflection coefficient I'i,e resulting in a reduction in
power available to the chip. The tag antenna gain Gy,
radiation pattern, and efficiency are also affected. Thus,
I'tag and Gyag are both nonlinear functions of the change in
the physical parameter of interest. Equation (6) can be
expressed as

2
Pthreshold X (]- - |Ftag(A)| )Gtag(A)PtranS~ (7)
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2) Use of RFID Tag Backscatter Power Strength as a Sens-
ing Mechanism: RFID tag-reader communication relies on
the tag modulating a signal response which is intercepted
by the reader. The tag IC is assumed to have two imped-
ance states Z; and Z,. The tag antenna is typically well
matched to state Z; resulting in a reflection coefficient I'y
close to zero where state Z; is typically a shorted state
where there is great impedance mismatch between the tag
antenna and IC impedance resulting in a higher reflection
coefficient I';. This differential power reflected from the
tag is what results in a signal modulation which the reader
can interpret as the tag response. Note that there are other
ways to choose Z; and Z, and thus I'; and I'; as outlined by
Karthaus et al. [22]. We now present the relevant mathe-
matical expressions required for the derivation of change
in backscatter power received at the reader as a function of
change in the physical parameter of interest (A). Note that
these mathematical models are idealized for a tag-reader
system in free space. The differential power backscattered
by the tag is directly proportional to the impedance
matching between the tag antenna and chip, given by the
power wave reflection coefficients I'1; [23]. Thus, the
differential tag radar cross section (RCS), which is directly
related to the backscatter power can be given by [23]

NG Ty — T,
o= ”"4—7T (8)

where Gy, is the tag antenna gain, A is the wavelength of
reader operations, and I'i_; ; is the power wave reflection
coefficient for chip impedance state i. Alternatively, in
terms of the power received at the reader, the RCS is given
by [23]

 8(Prec) (4m)’d?
60 N PtransGZ )\2 (9)

reader

where Py is the power received at the reader from the tag,
Pirans is the power transmitted by the reader, Gyeader is the
reader gain, and d is the distance to the tag.

Equating (8) and (9) the following result is obtained:

)\4G2 G2 Preader|F1 - 1—‘2|2

reader Jtag

6Pr > =
“ (4dm)?*

(10)

Now we note that both G, as well as I'; and I', are func-
tions of A. Thus, the above equation may be expressed as

42
6Prec _ A Greader

Gtag(A)ZPreadcr|Fl(A) - FZ(A) |2
(4dr)* '

(11)

It is thus possible to observe that a change in backscatter
power received at the reader can be related to a nonlinear
function of A.

B. Electromagnetic Modeling Techniques

RFID tag antenna impedance changes or changes in the
antenna gain and radiation pattern can be triggered by a
controlled change in the electrical properties of the back-
ground dielectric material surrounding the RFID tag
antenna. A tag-antenna-based sensor could be built by
placing an RFID tag on top of a system of dielectric layers,
one or more of which suffer a change in electrical pro-
perties with change in the physical parameter of interest.
Providing a theoretical interpretation of this phenomenon
is the focus of this section.

The net far field due to a dipole antenna on top of a
dielectric substrate and assuming transverse electric (TE)
radiation is due to the superposition of the electric field
directly radiated from the dipole E(f,r) and the compo-
nent of the electric field reflected by the dielectric sub-
strate RTPE(6, ). This superposition is given by

|Eet| = (14 |R™|)E(0,7) (12)

where RTF is the effective reflection coefficient due to a
system of dielectric layers and E(0,r) is the far electric
tield of the dipole antenna with no background dielectric
in free space.

As outlined in [24], and as shown in Fig. 2, the effective
reflection coefficient for an n-layered dielectric system is

Layer 4
Z=d3
Material 3 L2Yer3
Z=d2
Material 2 payer2
Z=d1
Material 1 Layerl
Z=d0
/\‘\5 Layer 0
Tag IC ~
z
a L y
a
~
RFID TX/RX

Reader Antenna

Fig. 2. RFID antenna on a three-layer dielectric medium.
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given by

R:lr:E = g(dia €ris :uiafv Vl) (13)

where d; is the depth of medium i from the antenna, €, is
the relative electrical permittivity of medium i, y; is the
magnetic permeability of medium i, and f is the operating
frequency. By having some of these layers undergo
changes in electrical properties that are triggered by a
change in the physical parameter of interest, it is possible
to change R; and thus RTE. Thus, the change in the re-
sultant electric field due to a change in the physical
parameter of interest (A) is given by

|6Eett (A)] = g(|AR™). (14)

This manifests itself as a change in Poynting power which
can be interpreted physically at the reader as change in
backscatter power signal strength received from the RFID
tag and in a change in threshold reader transmitted power
needed to power up the RFID tag.

IV. RESULTS

The principle of tag-antenna-based sensing is illustrated
via the construction of three different types of sensors. In
this section, we examine the design principle and
representative results from each of them in turn.

A. Temperature Threshold Sensing

Fluctuations in ambient temperature are known to
affect the quality of perishable produce [25], and with an
estimated 30% perishable goods spoiling in transit [26],
there is a dire need for improved supply chain visibility and
increased spatial temperature sensing granularity. The
principles of RFID-tag-antenna-based sensing are utilized
to design a low-cost temperature threshold sensor that
detects whether goods passing through the cold supply
chain were ever subject to temperatures above 0 °C for
unacceptably long periods of time.

Fig. 3 illustrates the design of the temperature sensor.
The apparatus consists of two RFID tags separated by a
small distance. The sensor is initialized by freezing a metal
plate in aqueous solution behind the tag A in Fig. 3 and
placing it on the item passing through the cold supply
chain. Thus, tag A is detuned due to the metal plate and
gives worse performance relative to tag B.

If the products are maintained at subzero temperatures
throughout the transportation process, the metal plate
remains frozen behind tag A. If, however, the products are
subjected to unacceptably high temperatures for more than
a tolerance interval, the ice melts and the plate descends
detuning tag B. The working of the temperature sensor is

Metal Plate Plastic Jacket

\

\

RFID Tags

Tag A /

Fluid Dielectric
Tag B

Fig. 3. Design of the temperature threshold sensor.

illustrated in Fig. 4. The violation of a temperature thresh-
old can be detected by noting an improvement of power
response of tag A relative to tag B. In this application,
change in tag backscatter power detected at the reader is
used as a state change indicator. Fig. 5 describes the re-
sponse of the sensor when it is subjected to a cold-hot
temperature cycle. The construction material of the sensor
and volume of water is chosen so that the tolerance in-
terval for which the sensor may be exposed to high tem-
peratures is set to be about 20 min. It is important to note
that the metal plate induces a nonelectrical memory effect.
Even if the goods to which the temperature sensor is
attached are refrozen, the tag remains frozen behind tag B.
Furthermore, it is possible to use relativistic measure-
ments from the two tags to eliminate the dependence on
reader-tag separation and effects such as fading in the
environment of deployment.

B. Displacement Sensing
Displacement is one of the most perceivable physical
parameters used to assess structural health [27]. In large

Tag A
= s W=

Liquid Phaseﬂ

Metal Plate
= as w=

\ TagB /

At higher temperatures, the fluid phase
changes from solid to liquid and the plate
sinks, detuning Tag B

Rise in Temperature

Fluid in Solid State
State Changes are recorded — Tag B
remains detuned even if the goods are put
back in the freezer after exposure to heat

Metal Plate
Tag B,

Record State Change

Fig. 4. Functional states of the temperature sensor.
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Plate Ice Refrozen Frozen : Metal
. Descends Completely behind Tag B
Eroey St Liquid : Metal \
“—| Ice Melts behind Tag B ==
40

ittt
B

L .
10 20 30 40 50 60 70 80
Time in minutes

Backscatter power in dBm
|
o
n

Fig. 5. Change in tag response with threshold violation for a
reader-tag separation of 0.5 m.

infrastructure projects such as bridges made up of
heterogeneous construction materials like concrete, fine
spatial sampling granularity is crucial to accurately assess
structural health. For this, it is important to design and
manufacture wireless sensors which are not only capable
of detecting instantaneous structural response and viola-
tion of design thresholds, but which are also low cost. In
this section, we present the design and functioning of a
low-cost displacement sensor.

The technique makes use of the fact that RFID tag
performance deteriorates in close proximity to metals. A
change in structural displacement manifests itself as a
change in RFID tag backscatter response and threshold
reader transmitted power required to power up the tag as
explained in Section III.

Fig. 6 highlights the design of the displacement sensor.
Fig. 7 illustrates how a change in the RFID tag threshold
transmitted power response can be used to measure a
change in the physical parameter of interest—in this case,
displacement. As we observe from Fig. 6 as the displace-

Metal Plate l Load Beam in Unloaded State
5\ ------- A
Beam in Loaded State R — i

N
N RFID Tag

N

IR

N

7N

Reader Antenna Set

R : Original Separation between tag and plate
A : Displacement under loading

Fig. 6. Displacement sensor design.

Transmitted power in dBm

0 0.5 1 1.5 2 25 3 35 4 45 5
Beam Midpoint Displacement in cm

Fig. 7. Displacement versus threshold TX power.

ment increases, the metal plate comes closer to the RFID
tag. Thus, the trend in Fig. 7 makes logical sense—as the
metal plate comes closer and closer to the tag, the reader
needs to put out more power in order to just turn on the
tag IC. It is important to note that obtaining relativistic
measurements from two RFID tags in close proximity to
one another, one which is subject to the metal plate
displacement and the other which is not, can eliminate the
dependence on reader position and the effects of fading.

C. RFID-Based Fluid Level Sensing

There is potential for using RFID in detecting empty
beverage glasses in need of a refill, by exploiting the fact
that RFID tag performance decreases in proximity to
fluids. As seen in Fig. 8(a), an RFID tag is pasted on the
bottom quarter of the glass. When the water in the glass is
above the quarter level mark, the water detunes the RFID
tag to the point where it can no longer be detected by
nearby reader antennas. When the water level falls below
this mark the background material to the tag is air and the
tag responds with a signal strength strong enough to be
detected by nearby reader antennas. The efficiency of this
technique is examined in a real-life restaurant-like scena-
rio as shown in Fig. 8(b) where there is ample scope for
multipath and absorption of RF radiation by human bodies.

(a) (b)

Fig. 8. Beverage refill experiments. (a) RFID enabled glass.
(b) Empty glass detection in a crowded environment.
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It was observed that the empty glasses were detected
with an accuracy of about 80%, which is very encouraging
considering that the experiment was run with off-the-shelf
RFID tags in real-life settings. Those glasses which were
not detected contained ice in the bottom quarter and failed
to be detected due to the change of the ice to water which
detuned the tag antenna to the point where it could be no
longer detected. It is possible to utilize this technique to
sense the level of fluids in plastic overhead tanks or in bars
for liquor inventory.

V. CONCLUSION

The tag-antenna-based sensing paradigm discussed in this
paper has several advantages including low cost, theoretic-
ally infinite lifetime, and is based on standardized commu-
nication protocols, all of which are very desirable
properties in applications requiring ubiquitous monitoring.
Instantaneous measurement values at the time of query can
be obtained, as in the case of the displacement sensor,
however, by inducing permanent physical changes, we can
potentially convert these sensors into reliable threshold
sensors that can even monitor their environment when not

REFERENCES
[1] M. Bhattacharya, C. H. Chu, and T. Mullen,

[10] V. Raghunathan, C. Schurgers, S. Park, and
M. B. Srivastava, “Energy efficient design

powered by an RFID reader as seen in the case of the
temperature sensor. Furthermore, by utilizing relativistic
measurements between two tags close to one another, one
which is influenced by changes in the physical parameter of
interest and one which is not, it is possible to eliminate
dependencies such as reader-sensor separation distance
and environment specific fading effects. Besides the case
examples of displacement, temperature, and liquid level
sensing, research efforts are currently underway to extend
this paradigm of sensing to different modalities.

Finally, while the prospects of this sensing paradigm
are exciting, it is important to realize that this technology
comes with its own set of limitations and we need to
recognize these tradeoffs. This sensing paradigm cannot
provide end users with real-time monitoring updates or
with a time history of data. Furthermore, since these sen-
sors are passive, the range over which they can be read is
limited. Tag-antenna-based sensing does not provide a
silver bullet solution to all sensing applications, but can
certainly be considered as a viable technology for those
application domains in which there is a need for low-cost,
ubiquitous sensing in which the sensor response can afford
to be simplistic. B

[18] R. Bhattacharyya, C. Floerkemeier, and
S. Sarma, “Towards tag antenna based

“A comparative analysis of RFID adoption in
retail and manufacturing sectors,” in Proc.

of wireless sensor nodes,” Wireless
Sensor Networks, C. S. Raghavendra,

sensing—An RFID displacement sensor,” in
Proc. IEEE Int. Conf. RFID, 2009, pp. 95-102.

K. M. Sivalingam, and T. Znati, Eds. 19] R. Bhattacharyya, C. Floerkemeier, and
TERE nt ?unf. REID’ 2008, pp. 241-249. Norwell, MA: Kluwer, pp. 51-69, 2004. 1l S. Sarma, “RFYI}IID tag antenna based
(2] SDé Iiodggze;-Sllva, Fél.]SGonZ:?lllez-Ii?ai:tano, [11] F. Schmidt and G. Scholl, “Wireless SAW temperature sensing,” in Proc. IEEE Int.
R' GOS ?sl OS ré%uez, J. d Rurgul o-ial, identification and sensor systems,” Int. J. High Conf. RFID, 2010, pp. 8-15.
“.Qu:rrlltilt:t’ive. asgjsza:;lzgt of.tht:oli?lefits Speed Electron. Syst., vol. 10, pp. 1143-1191, [20] R. Bhattacharyya, C. Floerkemeier, and
of RFID technology for libraries: A 2000. S. Sarma, “RFID tag antenna based sensing:
trans-European study,” in Proc. IEEE [12] M. Ferrari, V. F. D. Marioli, and A. Taroni, Does your beverage glass need a refill?” in
Workshop Autom. Identif. Adv. Technol., “{\utonomgus sensor modul'e with Proc. IEEE Int. Conf. RFID, 2010, pp. 126-133.
Jun. 2007, pp. 128-133. piezoelectric power harvesting and RF [21] C. H. Loo, K. Elmahgoub, F. Yang,
[3] S. Sarma, “Towards the 5c tag,” MIT Auto ;’ransr}usswn o{/[meas;re}rln e;ltcs 1g)r(1alzsbogn A. Elsherbeni, D. Kajfez, A. Kishk,
: . i 0 ; roc. Instrum. Meas. Technol. Conf., > T. Elsherbeni, L. Ukkonen, L. Sydanheimo,
{)]Zp(ejinter, Cambridge, MA, 2001, White pp. 1663-1667. M. Kivikoski, $. Merilamp, andy
. [13] P. Mitcheson, E. Y. G. Rao, A. Holmes, and P. Ruuskanen, “Chip impedance matching
(4] EPCI (Slobal, gla:s lngrer;tlfin ZOU?F T. Green, “Energy harvesting from human for UHF RFID tag antenna design,” Progr.
o erface Protocol Standard. [4 nline]. and machine motion for wireless electronic Electromagn. Res., vol. 81, pp. 359-370,
Avalcli‘*bge:/h}t]tfp’l”;"”w'ePCgl"bahnC'Org/ devices,” Proc. IEEE, vol. 96, no. 9, 2008.
standards/uhtc
51 A 1 “RFIDg ity and pri . pp- 1457-1486, Sep. 2006. [22] U. Karthaus and M. Fischer, “Fully integrated
(5] A. Juels, h sei:’uI%EyEan Splrl\;aCY- [14] F. Kriebel and T. Seidowski, “Smart passive UHF RFID transponder IC with
C researc szmg;y, 5 J- ;él r;gz labels-high volume applications using 16.7p W minimum RF input power,” IEEE
OmmUM., VOl. &%, NO. 2, Pp. 3617554, adhesive flip-chip-technologies,” in J. Solid State Circuits, vol. 38, no. 10,
Feb. 2006 pcup S
o o e, Proc. 1st Int. IEEE Conf. Polymers pp- 1602-1608, Oct. 2003.
(6] D. Puccinelli and M. Haepggl, Wireless Adhesives Microelectron. Photon., 2001, [23] P. V. Nikitin, K. V. S. Rao, and
sensor networks: Applications and challenges pp- 304-308. R. D. Martinez, “Differential RCS of RFID
lovfublquitogls sen;mg, 1I§E§9Cl£88;s Syst. [15] A. P. Sample, D. J. Yeager, P. S. Powledge, tag,” Electron. Lett., vol. 43, no. 8, 2007.
98 VO 2> 1O % PP THE ’ A. V. Mamishev, and J. R. Smith, “Design [24] J. A. Kong, Electromagnetic Wave Theory.
[7] N. Kurata, B. F.“Spencer, J'r., ?nd o of an RFID-based battery-free programmable New York: Wiley, 1987.
M. R. Sandoval, “Risk monitoring of buildings sensing platform,” IEEE Trans. Instrum. 551 S, EstradaFl A ) ;
with wireless sensor networks,” Struct. Meas., vol. 57, no. 11, pp. 2608-2615, [25] s. st;a F' ores, d CAOUSIUC measurement o
Control Health Monitor., vol. 12, pp. 315-327, Nov. 2008. :;;)rcaage? ElEfI::teﬁ stlctrrlangge toe‘;;zf;f;zizﬂffn
2005. ‘ ) [16] G. Marrocco, L. Mattioni, and C. Calabrese, Proc. Int. Conf. Quality Chains: An Inte:grated
(8] J. Begtel, M. lzyer, M. Hinz, L. Meier, aﬁd “Multiport sensor RFIDs for wireless View on Fruit and Vegetable Quality, 2003,
M. Ringwald, Next;generatlon prototyping passive sensing of objects—Basic theory pp- 323-329.
of sensor networks,” in Proc. 2nd Int. Conf. and early results,” IEEE Trans. Antennas 261 A. Dad d F. Thi The I
Embedded Netw. Sensor Syst., New York, Propag., vol. 56, no. 8, pp. 2691-2702, [26] Tl:ll'Yl;S aS:? Le.ctur;els\?(e);es ien gi)er;n;ltltg
2004, pp. 291-292. 5 .
PP . . Aug. 2008. Science. Berlin, Germany: Springer-Verlag,
[9] Y. B. Turkogullari, N. Aras, I. Kuban Altinel, [17] 7. Siden, X. Zeng, T. Unander, A. Koptyug, 2008.
and C. Ersoy, “Optimal placement and activity and H. E. Nilsson, “Remote moisture q .
scheduling to maximize coverage lifetime [27] X. Hou, X. Yang, and Q. Huang, “Using

in wireless sensor networks,” Proc. 22nd
Int. Symp. Comput. Inf. Sci., pp. 1-6,
Nov. 7-9, 2007.

sensing utilizing ordinary RFID tags,” in
IEEE Sensors Conf., Oct. 2007, pp. 308-311.

inclinometers to measure bridge deflections,”
J. Bridge Eng., vol. 10, no. 5, pp. 564-569,
2005.

Vol. 98, No. 9, September 2010 | PROCEEDINGS OF THE IEEE 1599



Bhattacharyya et al.: Low-Cost, Ubiquitous RFID-Tag-Antenna-Based Sensing

ABOUT THE AUTHORS

Rahul Bhattacharyya (Student Member, IEEE)
received the B.Tech. and M.Tech. integrated dual
degree in civil engineering from the Indian Insti-
tute of Technology, Bombay, India, in 2006. He is
currently working towards the Ph.D. degree in civil
and environmental systems engineering at the
Auto ID Center, Massachusetts Institute of Tech-
nology (MIT), Cambridge.

His research interests include the development
of low-cost sensors which can be pervasively de-
ployed in applications requiring ubiquitous sensor nodes such as infra-
structure asset management and cold supply chain monitoring. He is
particularly interested in exploiting the low-cost, standardized passive
UHF-RFID infrastructure to design innovative sensing applications.

Mr. Bhattacharyya was the Poster Session Chair for the 2010
International Conference on RFID and is a student member of the
International Society for Structural Health Monitoring of Intelligent
Infrastructure.

Christian Floerkemeier (Member, IEEE) received
the B.A. and M.Eng. degrees in electrical and
information science from Cambridge University,
Cambridge, U.K., both in 1999 and the Ph.D.
degree in computer science from ETH Zurich,
Zurich, Switzerland, in 2006.

He has been involved in the RFID standardiza-
tion effort of the Auto-ID Center and EPCglobal
since he joined the Auto ID Center, Massachusetts -
Institute of Technology (MIT), Cambridge, in 2001. il
He is currently Associate Director of the Auto-ID Lab. Before joining the
Auto-ID Labh, he was Associate Director of the Swiss Auto-ID Lab, ETH
Zurich. From 1999 to 2001, he worked as Head of Software Development
for Ubiworks, an Amsterdam-based software company. He is the
cofounder of the open source RFID project Fosstrak, maintains the
LLRP Toolkit Java library, and has published numerous papers on RFID
and pervasive computing.

Dr. Floerkemeier was the Technical Program Chair of the 2008
“Internet of Things” Conference and the 2009 IEEE International
Conference on RFID.

Sanjay Sarma (Member, IEEE) received the
B.Tech. degree in mechanical engineering from
the Indian Institute of Technology, Bombay, India,
in 1989, the M.S. degree in mechanical engineer-
ing from Carnegie Mellon University, Pittsburgh,
PA, in 1992, and the Ph.D. degree in mechanical
engineering from the University of California at
Berkeley, Berkeley, in 1995.

He is an Associate Professor of Mechanical A
Engineering at the Massachusetts Institute of y
Technology (MIT), Cambridge. He founded the MIT Auto-ID Center and
developed many of the key technologies behind the EPC suite of RFID
standards now used worldwide. He was also the founder and CTO of
OATSystems, which was acquired by Checkpoint Systems (NYSE: CKP) in
2008. He sits on the boards of GS1, EPCglobal and several startup
companies. He worked at Schlumberger Oilfield Services, Aberdeen, U.K.,
and at the Lawrence Berkeley Laboratories, Berkeley, CA. He has
authored over 50 academic papers in computational geometry, sensing,
RFID, automation, and computer-aided design (CAD). He advises several
national governments and global companies.

Dr. Sarma is the recipient of numerous awards for teaching and
research including the MacVicar Fellowship, the Business Week eBiz
Award, and Informationweek’s Innovators and Influencers Award.

1600 PROCEEDINGS OF THE IEEE | Vol. 98, No. 9, September 2010




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


