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Abstract- Radio frequency~identification (RFIDW is a technol-
ogy where a reader device can "sense" the presence of a close-
by object by reading a tag device attached to the object. To
improve coverage, multiple RFID readers can be deployed in the
given region. In this paper, we consider the problem of slotted
scheduled access of RFID tags in a multiple reader environment.
In particular, we develop centralized algorithms in a slotted time
model to read all the tags using near-optimal number ot time
slots. We consider two scenarios - one wherein the tag distribu-
tion in the physical space is unknown, and the other where tag
distribution is known or can be estimated a priori. For each ot
these scenarios, we consider two cases depending on whether a
single channel or multiple channels are available. All the above
version of the problem are NP-hard. We design approximation
algorithms for the single channel and heuristic algorithms for the
multiple channel cases. Through extensive simulations, we show
that for the single channel case, our heuristics perform close
to the approximation algorithms. In general, our simulations
show that our algorithms significantly outperform Colorwave,
an existing algorithm for similar problems.

I. Introduction
RFID is an identification system that consists of readers and

tags [1] A tag has an ID (a bit string) stored in its memory.
The reader is able to read the IDs of the tags in the vicinity by
running a simple link-layer protocol over the wireless channel.
In a typical RFID application, tags are attached to objects of
interest, and the reader detects presence of an object by using
an available mapping of IDs to objects. RFID tags can be
active or passive depending on whether they are powered by
battery. We focus on passive tags in this work. Passive tags are
prevalent in supply chain management as they do not need a
battery to operate. This makes their lifetime unlimited and cost
negligible (only few US cents per tag). Tbe power needed for
passive tags to transmit their IDs to the reader is "supplied"
by the reader itself.
An important performance metric of RFID systems is read

throughput (number of tags read per time slot). Higb read
throughput is critical when tags are exposed to readers only
briefly. This happens wshen tags are mobile, as is o~ften the
case in supply chain management or manufacturing environ-
ments. So far, the research community has addressed the
read throughput problem for a single reader only. However,
large-scale RFID deployments in future will hardly involve
a single reader. This is because each RFID reader has a
limited interrogation region within which it can communicate
witb a tag. The interrogation region of a reader depends on
many factors including antenna, presence of obstacles, tag
cbaracteristics, etc. It is not uncommon tbat a single reader
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isunahle to~cover the entire regioin o~f interest. This motivates
tbe use of multiple RFID readers -geographically dispersed
and networked in some fashion (in an ad hoc network, e.g.)-
performing tag reading concurrently. Use of multiple readers
not only improves coverage, but also improves read throughput
by virtue of concurrent operation.

However, several collision problems might occur when
multiple readers are used within close vicinity. This makes
deployment of multiple readers a very different problem than
a traditional sensor cover problem [8]. The collisions are not
easy to handle either. Unlike traditional wireless networking,
in RFID we deal with two different entities -readers and
tags. The collision can happen in either of these two entities
giving rise to newer issues. Collisions at tags are particularly
problematic as tags have almost zero computing power. This
makes carrier sense-based collision resolution either hard or
overly conservative [13]. In this paper, we take a very different
approach. We use a notion of slotted time and scheduled read
operations similar to STDMA (Spatial Time Division Multiple
Access) protocols [19] for collision resolution. However, due
to the different nature of collisions, the traditional STDMA
protocols are insufficient in our context.

To determine reading schedules, we take advantage of the
fact that in multi-reader deployments, REID readers are static
and often carefully deployed in a planned fashion. They also
typically have a wired backhaul which can be used for time
synchronization. Planned deployment makes it possible to
perform RE site surveys to measure the readers' locations and
their interference patterns that are inputs to the scheduling
algorithms developed here. The algorithms are centralized anid
need to run only once after the survey. Thus, their run-time is
thus not a critical factor so long as they are reasonable. Like
many STDMA scheduling problems in wireless networks, we
will show that the scheduling in the REID context is also NP-
hard, thus, approiximatioin algorithms are desired.

In this paper we will address both single channel and multi-
channel scheduling algorithms for multiple REID readers. Eor
single channel cases, we are able to develop approximation
algorithms. But for multiple channel cases. we develop only
heuristics. We evaluate all solutions via extensive simulations.
A key advantage of our approach is that the scheduling works
as an overlay on the link-layer. Existing link-layers used in
single reader context can still be used with our algorithms.
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Fig. I Collisions in RFID systems.
(a) Tag-Tag collision -Tags x£ y and
zrespond to reader A simultaneously,

causing collision at A. (b) Reader-Tag
collision -Response from tag x to
reader B is "drowned" by the signal
from reader A. (c) Reader-Reader colli-
sion: Signal/quenies from reader A and
B collide at tag x£
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II. Backgrounid on RFID Systeims

Interrogation and Interference Regions. Each RFID reader
is associated with a three-dimension interrogation region and
a three-dimensional interference region. The interrogation
region is the region around a reader where a tag can he
successfully read in the absence of any collisions. The in-
terference region is the region around a reader where the
signal from the reader reaches with sufficient intensity so as to
interfere with a tag response. No relationship between these
regions is assumed. We also do not make any. assumptions
about the shapes of these regions. However, these regions
must be known. This can be done by a RF site survey using
a localization device and radio signal strength measurement
device. We assume that the RFID reader deployment is planned
so that such surveys are practical.

Given a set of readers, we use the term region monitored by
the readers to mean the union of the interrogation regions of
the readers. We also assume that depending on the application
and environment, there may be multiple orthogonal channels
available to a reader for communication.
Collisions in Multi-Reader Systems. Simultaneous transmis-
sions in RFID systems lead to collisions. In particular, there
are three types of collisions.

1) Tag-tag collision. This occurs when multiple tags are
present in the interrogation region of a reader and
transmit IDs at the same time. See Figure 1(a). To
schedule the tag responses in a collision-free manner, we
need an appropriate link-layer protocol such as framed
Aloha [17] or tree-splitting [12], [15]. We describe these
protocols in Section III.

2) Reader-tag collision. This happens when a reader is in
the interference region of another reader. In Figure I1(b),
interference from A can "drown' the signal from tag x
targeted for B. Reader-tag collision can be avoided by
assigning different channels to near-by readers [7], or by
scheduling the near-by readers to be active at different
times.

3) Reader-reader collision:- This happens when two readers
with overlapping interrogation regions are active at the
same time. In such a case, the tags in the overlapped
region can not differentiate between the two signals

1However, for the running lime of our approximation algorithms to be
polynomial, the area of the interference region should have a known lower
hound (see Equation 1).

froii the two readers. See Figure I(c). Interestingly, this
collision cannot be avoided by operating the readers in
different channels. The only way to avoid this collision
is to not activate the interfering readers at the same time.

In this paper, we focus on alleviating reader-tag and reader-
ieader collision probleiis iii a imultiple-ieader eiiviiontimeiit
by using an STDMA style single-channel or multi-channel
scheduling. The basic idea is to use synchronized slots on
the readers and activate appropriate readers in appropriate
channels in appropriate time slots. The tag-tag collisions are
resolved using an independent link layer protocol (such as
framed-Aloha based [17] or a tree-splitting protocol [15]).
Thus, no fundamental change in the link layer is needed.

III. Related Work
Recently, several approaches have appeared in literature to

avoid collisions in RFID systems. Below, we classify them into
two groups depending on the type of collisions they address.
Avoiding Tag-Tag Collisions. Recently, several papers [5],
[12], [15], [17] have designed link layer protocols to avoid tag-
fag coisio~wns. In particular, [12fl [15] propose a free-splitting
protocol, where the reader organizes the entire ID space of
tags into a binary tag tree with each tag ID mapped to a leaf.
The reader then traverses the tree in a depth-first order. At
each tree node, it broadcasts a query message with the bit
string corresponding to the tag tree node. A tag, on receiving
a query message, responds iff the bit string in the message is
the prefix of its own ID. If multiple tags respond, the response
messages collide and the reader continues with the depth-first
traversal of the tree. No collisions at an interior node tu means
that there are no more tags remaining in the subtree rooted at
u, and thus, the subtree is not traversed further. In a recent
work, [16] proposes optimizations to tree traversal.

In Framed Aloha [17] (based on slotted Aloha protocol [3]),
a query frame is chosen with a sufficiently large number of
time slots and each tag chooses a random time slot to send a
response. The reader sends confirmation when it hears a tag
response correctly. If collision happens, the colliding tags must
choose another random slot to send a response. The reader
adjusts the frame size (number of time slots) according to the
number of collisions detected in the previous frame.
Avoiding Reader-Reader or Reader-Tag Collisions. Color-
wave [18] is the one of the first works to address reader-
reader collisions. It only considers a single available channel.
In particular, it tries to randomly color the readers such that
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