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ABSTRACT

We consider RFID-based sensing applications enabled by passive
or semi-passive tags and mobile devices equipped with readers. We
experimentally investigate the feasibility of such RFID-based mo-
bile sensor data gathering applications, focusing on UHF RFID de-
vices and indoor scenarios. We examine the impact of various fac-
tors, including reader mobility, multiple closely located tags and
other key related metrics. Our measurement results suggest the
feasibility of using RFID for such applications.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks]: Network Archi-
tecture and Design—wireless communication

General Terms

Experimentation, Measurement, Performance, Reliability

Keywords

Mobile sensor data gathering, Smart phones, RFID-enabled mobile
devices, RFID sensors.

1. INTRODUCTION

Radio Frequency IDentification (RFID) [1, 2] is a wireless com-
munication technology intended as an alternative to bar-codes for
automatic identification of objects. Although not as cheap as bar-
codes, RFID tags offer several powerful capabilities that make them
more flexible and widely applicable. Unlike bar-codes, RFID tags
provide a larger set of unique IDs and allow fast identification of
multiple co-located tagged objects from a distance without requir-
ing line of sight. Moreover, RFID tags can have embedded com-
puting capabilities, store much more additional data beyond the ID
information and can also be interfaced with environmental sensors
and digital data sources. The lowering costs and increasing so-
phistication of RFID tags coupled with the emergence of standards
(e.g., EPCglobal Class 1 Gen 2 standard [3] and the associated ISO
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18000-6C) have led to significant and renewed interest in this tech-
nology with a plethora of applications in diverse domains, includ-
ing supply chain, retail, transportation and healthcare for tracking,
access control and wireless commerce.

We consider an important and emerging class of RFID applica-
tions — the use of RFID in sensing applications [4, 5]. Of par-
ticular interest in this context are passive and semi-passive tags
equipped with sensing capabilities as they can potentially last a
very long time while still being fairly cheap. Passive sensor tags
like ordinary passive tags are powered by readers, so can sense only
in the presence of a reader. Semi-passive tags like passive tags de-
pend on power from reader for communication, but use a battery
for continuous sensing. Several instances of integrating sensing
capabilities into passive and semi-passive RFID tags exist, both
commercially and as research prototypes. Examples on the com-
mercial side include VarioSens temperature logger tag from KSW-
Microtec [6] and temperature logger UHF semi-passive tag from
CAEN RFID [7]. Notable research prototypes include bacterial
sensor tags from Auburn University mentioned in [4] and WISP
battery-less passive tags from Intel [8].

Leveraging the emerging trends toward mobile handheld devices
equipped with compact, power-efficient and low cost RFID read-
ers, we consider a mobile sensor data gathering paradigm based on
RFID technology for low cost sensing in indoor environments (in-
cluding offices, homes and hotspots). It essentially involves gath-
ering data from densely deployed static sensor tags using mobile
devices carried by people (e.g., cell phones, handhelds, PDAs) that
are equipped with RFID readers [9]. Compared to other alternative
approaches for indoor sensing applications, this paradigm offers
significant advantages in terms of cost and long-lived operation.
This paradigm (Figure 1 illustrates the corresponding three-tier ar-
chitecture), though similar to the data MULE approach [10, 11], al-
lows for denser tag deployments in comparison. The underlying us-
age model also differs from other RFID-based sensing approaches
such as in the WISP project [8].

We experimentally investigate the feasibility of RFID-based mo-
bile sensor data gathering applications by focusing on UHF RFID
devices and conducting a detailed characterization study in an in-
door environment. We examine the impact of various factors, in-
cluding reader mobility, multiple closely located tags and related
key metrics. Our results show that read ranges around 1-2m are
feasible at walking speeds with careful planning, thus suggesting
the feasibility of the considered class of applications. They also
provide insights for optimizing read performance. For example,
tag aggregation is proposed as an effective way to compensate for
shorter read range.

Our work differs from the past experimental RFID read charac-
terization studies [12, 13, 14, 15] in that we consider mobile reader
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Figure 1: Three-tier architecture for RFID-based mobile sen-
sor data gathering.

scenarios and look at reader-tag communication in the context of a
specific class of applications, i.e., RFID-based mobile sensor data
gathering applications.

2. EXPERIMENTAL CHARACTERIZATION

OF UHF RFID READ PROPERTIES IN
INDOOR ENVIRONMENTS

2.1 Goals and Metrics

In this section, we experimentally study read characteristics of
state-of-the-art UHF RFID hardware in order to assess the feasibil-
ity of the RFID-based mobile sensor data gathering paradigm [9].
For this purpose, we evaluate the impact of a wide range of factors
that could potentially affect read performance, including: relative
reader-tag orientation, impact of multiple closely spaced tags and
reader mobility. We use the following set of metrics to quantify
read performance in our experiments:

e Read range, defined as the range at which at least % of the
read attempts are successful (z set to 10 in our experiments).
This metric helps to conservatively estimate the read range
by accounting for variations over time (due to multipath fad-
ing, for example).

® Reads per tag, defined as the average number of successful
reads per tag in scenarios with multiple closely spaced tags.

Besides the above metrics, we also report measured read speed
(i.e., reads per second)' results from our experiments.
2.2 Experiment Settings

For determining the feasibility of RFID-based mobile sensor data
gathering applications, we focus on reader-tag communication, the

"Note that read speed is referred to as read rate in [12].

core component of such applications, and carry out experimental
characterization of read performance with the state-of-the-art RFID
technology. Specifically, we consider RFID devices that commu-
nicate via far-field coupling and operate in the UHF bands (860-
960MHz) as they not only can provide larger read range, but also
are more effective in supporting scenarios with multiple closely
spaced tags as well as transfer of larger amounts of data.

The UHF hardware used in our characterization study is compli-
ant with the EPC Class1 Gen2 standard [3]. We use A528 compact
reader from Caen RFID [7], an Italian supplier of UHF hardware.
This reader is based on the new Impinj Indy R1000 reader chip [16],
which combines multiple components into an integrated RFID cir-
cuit, enabling digital signal processing and analog data processing
on the same chip. The result is smaller reader size (42 x 60 x 6.3
mm3), making it suitable for use with handheld devices. Moreover,
it complies with and can operate in both European (ETSI EN 302
208) and US (FCC part 15) regulatory environments. Although we
have experimented with different antenna and tag types (see [9]), in
this paper we only discuss results for one antenna type and one tag
type due to space limitations. Specifically, we consider a 3dBi lin-
ear polarized Planar Inverted-F (PIFA) antenna for the reader. We
use a simple UHF label tag from UPM Raflatac [17]; this tag is a
printed circuit enclosed in thin flexible plastic with a sticky back.

In our experimental setup, the A528 reader mounted on AS28DAT
service board (providing power, USB and RS232 connections) is
connected to a laptop over USB; it communicates with nearby tags
via the antenna mentioned above. Note that we do not consider
sensor or semi-passive tags, but it does not reduce the value of our
study in assessing the feasibility of RFID-based mobile sensor data
gathering applications because of two reasons. First, EPC Class1
Gen?2 standard establishes a single UHF specification that can be
easily extended to incorporate higher class tags while not conflict-
ing with the operation of deployed tags. Note that semi-passive
tags belong to class 3, whereas label tags used in our study belong
to class 1. Second, our study using passive tags in essence indi-
cates worst-case read performance because higher class tags with
built-in batteries typically have a larger read range because of their
battery-assisted backscatter capability. We also do not consider the
reader-AP communication as it is relatively less challenging; com-
munication over WiFi in indoor scenarios with pedestrian mobility
has been well studied with a number of performance optimizations.

Most of our experiments were carried out in a laboratory envi-
ronment, a typical indoor scenario. The size of the lab is approx-
imately 6.25m x 7m. It has side benches against the walls all the
way round the room with several computers on them and a large
table in the middle of the room; some of the benches have under-
neath them cupboards as well as two metal cabinets in one corner.
We used two functions provided by the software supplied with the
reader to calculate the metrics (see Section 3.1) for our experimen-
tal characterization: (1) single inventory, which attempts to read a
tag in range around 60 times; and (2) start inventory, which contin-
uously reads nearby tags until stopped.

2.3 Results

2.3.1 Baseline Scenario and Impact of Tag Orienta-
tion

We begin our experimental characterization of UHF read prop-
erties by considering a baseline scenario. Specifically, we look at
the communication between reader with 3dBi linear polarized PIFA
antenna (which is the default antenna that came as part of A528
reader development kit) and a simple label tag in free space. In this
scenario, the reader antenna is placed flat on the table in the middle



Tag Orientation | Read Range (cm)

Vertical 200
Horizontal 120

Table 1: Read range results for the baseline scenario — reader
with 3dBi linear polarized PIFA antenna communicating with
a label tag in free space.

of the lab and one tag is also placed on the same table such that it
is standing either vertically or horizontally propped up from behind
by a folded piece of paper also standing on the table. The separa-
tion distance between the reader antenna and the tag on the table
is varied to determine the read range. Table 1 shows the results,
which clearly show the impact of tag orientation on read range —
the read range when the tag is standing vertically and aligned with
the electric field of the antenna is greater by more than 65% com-
pared to the case the tag is standing horizontally. We also observed
a steep fall effect — read success rate quickly drops to zero when
the tag is moved further away from the reader antenna by a few
centimeters.

2.3.2  Multiple Tags in Close Proximity

Results for the baseline scenario in the previous subsection sug-
gest that read ranges in the order 1-2m are feasible, but that may
not be acceptable for some sensing applications. One straightfor-
ward approach to supporting such applications is to lower the spa-
tial resolution of sensing by requiring multiple closely located tags
together to provide a sample rather than every individual tag. While
this can be done relatively inexpensively due to the lower cost of
tags, it also increases the likelihood of collisions between responses
from tags that are close to each other in turn reducing the effective
read range. We have carried out experiments to assess the impact
of tag proximity on read range. Our experimental setup is similar
to the baseline scenario involving reader with PIFA antenna and
label tags in free space, but now we have multiple (5) tags stand-
ing besides each other in a row; we vary the separation between
adjacent tags from Ocm to 30cm. As can be seen from Figure 2,
30cm separation results in a range similar to the single tag sce-
nario (see previous subsection), whereas no spacing between tags
brings down the range by more than half. On the positive side,
from the viewpoint of RFID-based mobile sensor data gathering
applications, 30cm inter-tag spacing is low enough that it would be
acceptable for most applications.

We have also considered the impact of number of tags and found
that increasing the number of tags for a given inter-tag spacing has
the effect of reducing the read range. For instance, we found the
read range with 10 tags and Scm spacing between adjacent tags to
be 88cm, compared to 127cm with 5 tags and Scm spacing shown in
Figure 2. We also experimented with tags placed in a grid-like man-
ner. The results from these experiments are qualitatively similar to
the above where tags are placed in a row (linear arrangement). An-
other important observation from these experiments is that the read
speed measured in our setting is around 150 reads/second, about
one-third of the maximum read speed (450 reads/second) possible
with the EPC Class 1 Gen 2 standard.

2.3.3 Mobility

In this subsection, we investigate a key issue for enabling RFID-
based mobile sensor data gathering applications — the ability to
read stationary tags from a distance using mobile readers carried
by people moving at typical walking speeds (1m/s) in indoor sce-
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Figure 2: Impact of multiple closely spaced tags on read range.
In this scenario, reader with 3dBi linear polarized PIFA an-
tenna is communicating with 5 vertically standing label tags
separated from each other by different distances.

narios. In our experimental setup, 5 label tags are placed vertically
30cm apart (based on the results from the last subsection) and the
bottom end of each tag is stuck to the side bench such that much of
the tag is visible from all sides (as if the tag was in free space). The
experiment involved a person carrying the reader with 3dBi linear
PIFA antenna walking on a line parallel to the side bench and sep-
arated by a distance d. We experimented with different values of
d. A start inventory operation is begun at one end of the walk and
it is stopped at a point where none of the tags could be read; this
took around 2-3 single inventory cycles. Figure 3 shows the aver-
age number of reads per tag obtained from our measurements for
distances that ensured at least 5 reads per each tag; each data point
in the figure is an average over all 5 tags and 10 different walks. As
expected, the number of reads per tag drops considerably as the dis-
tance d is increased. We also observed that the number of reads for
different tags varies widely as d is increased. But more importantly,
the tags can be reliably read while walking from a distance of up to
180cm, which is only 10% lower than the read range in a scenario
with stationary reader and single tag (see results from baseline sce-
nario). This is an encouraging result for RFID-based mobile sensor
data gathering. In order to look at the impact of speed, we carried
out some experiments with slower (faster) walking and found that it
increases (reduces) readable distance compared to normal walking
experiment as one would expect.

Though not discussed in this paper, we have also conducted sev-
eral other experiments to study the impact of presence of people,
reader antenna and tag types, different types of obstacles (e.g., plas-
terboard wall, brick wall), material surfaces (e.g., wood, metal) and
height difference between readers and tags [9].

3. CONCLUSIONS

In this paper, we have looked into the feasibility of indoor RFID-
based mobile sensor data gathering applications via a detailed ex-
perimental characterization study involving UHF RFID devices.
Our results show that it is possible to obtain read range between
1-2m at walking speeds with current technology through careful
planning, especially in terms of relative orientation of reader an-
tennas and tags. Aggregating multiple tags into a single high-level
tag from the application viewpoint has the dual benefit of compen-
sating for shorter read ranges as well as dealing with tag disorien-
tation. Overall, from the viewpoint of RFID-based mobile sensor
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Figure 3: Read performance with a mobile reader with 3dBi
linear PIFA antenna and label tags placed vertically in free
space on a line parallel to the reader’s path at walking speeds.

data gathering, our results show feasibility of such applications as
seen from the observed read ranges relative to typical width of cor-
ridors (2m). Our future work will focus on multi-reader scenarios
and studying the behavior of end-to-end latency and data delivery
reliability metrics.
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