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Abstract—The Radio Frequency Identification (RFID) technol-
ogy has been widely applied to labeling moving objects. In some
RFID application scenarios, e.g., product checking on conveyor
belt, the tags labeled on the products need to be identified and
accessed before moving out of the reader’s probing range. Due to
the uncertainty of ALOHA protocol and unreliability of wireless
links, passing tags will suffer from collisions and link failures,
and then move away without successful response. One important
requirement for RFID systems is to reliably identify and access all
the tags. There is naturally a tradeoff between system throughput
and reliability, e.g., tag may have no chance to successfully
respond in high moving speed and system throughput drops in
low tag moving speed. In this paper, we introduce an integrated
software system Reliable Splitting Aware ALOHA (RSAA), which
is used to improve system throughput while maintaining a
threshold of tag loss probability. Given a tag loss probability,
RSAA is able to approach to the optimal system throughput.
We implement RSAA on our NI EPC Class 1 Generation 2
UHF RFID Reader Emulator to read and access commercial
tags. Experiments in indoor and outdoor scenarios are conducted
to demonstrate the efficiency of RSAA. Compared with moving
unaware schemes, RSAA can reliably enhance the throughput
by 50%~100%. We further use trace-driven simulation to show
that RSAA is able to support diverse tag density and large-scale
UHF RFID systems.

Index Terms—RFID; ALOHA; RSAA

I. INTRODUCTION

Radio Frequency Identification (RFID) is an emerging wire-
less technology used in everyday scenarios, such as supply
chain control, object tracking and asset management[2, 16,
17]. The key driver behind this widespread adoption is the
simplicity of RFID tag. There are three kinds of tags: passive
tags, semi-active tags, and active tags. The passive tags are
usually powered up by the consecutive probing signal from
the reader, and then transmits the data stored in its memory
[15]. Semi-active tags are powered by the reader in the same
way, but they can drive other on-board circuitry by their own
power source. Smart active tags have their own CPU, memory
and power source, e.g., a wireless sensor node. Today’s large-
scale UHF RFID systems generally involve passive tags.

To read or write some information in or to a tag’s memory
is usually conducted during the procedure of tag identification.
ALOHA-based algorithm, used by EPC Global Class 1 Gener-
ation 2 (C1G2) UHF RFID protocol [15], is widely placed in
the off-the-shelf RFID products. The ALOHA algorithm works

as follows: the reader probes tags with a () value, each tag in
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the probing range randomly picks one time slot in the interval
[0,29 — 1]. Each tag responds the reader in one randomly
selected time slot. A collision occurs when two or more tags
respond the reader in the same time slot. Only when one single
tag picks one slot, this tag can be identified. If one tag has
been identified, the reader will choose to read or write the
current identified tag or move to next time slot. Another tag
identification method is called query tree (QT) [9, 26], which
was defined by Class 1 Generation 1 UHF RFID protocol [14].

Most RFID application scenarios [16, 17] consist of tags
that are arriving and leaving frequently. That may be caused
by the moving tags/readers and the limited probing range
of reader, such as products checking on conveyor belt and
warehouse stock taking by a mobile reader. The properties of
such applications are access time constraint and identification
entireness, e.g., tags have limited life time in the probing range
but tag loss is undesired. An important question is whether
the existing protocols or algorithms can work efficiently with
passing tags.

We start with a common application (rewrite the EPC
number of the tag) built in the commercial reader CSL CS-
461 [29]. First, we continuously write 10 randomly selected
tags to see the performance difference between different tags.
As illustrated in Fig. 1, the worst tag can only achieve 20%
of average throughput and 10% of the best one. According
to the “Bucket Effects”, the overall tag access performance
will be restricted by the worst one. In dynamic environment,
the poor performance tags will waste the channel resource
and drop the overall performance. To see how the overall
performance is affected by poor tags and tag arriving speed,
we let the reader write multiple tags passing the reader’s power
range. The result is shown in Fig. 2 and we can see the big
gap between our expectation and experimental results. That is
because the tags, especially the tags with poor performance,
suffer from collisions and link failures, and then leave without
successfully responding the reader. To avoid tag loss, we must
lower the arriving speed of tags, which will dramatically drop
the throughput of the system. In our work, we want to enhance
the tag reading/writing speed in dynamic environment and
bridge the gap between the static and dynamic curves.

In this paper, we design a software system called Reliable
Splitting Aware ALOHA (RSAA) to enhance the throughput
and reliability in mobile RFID systems. The RSAA mainly
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Fig. 1. Different Tags’ Writing Speeds.
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Fig. 2. The Gap Between Expected and Experimental Results.

consists of four components. First, with practical optimal
frame length, the RFID reader can reach optimal throughput
in single query round. Second, it provides a First Come
First Serve (FCFS) work mode under the random access
nature of ALOHA-based algorithms, which can avoid tag
loss (especially the tags with poor performance) in under
load situation and approach to the optimal throughput in the
dynamic environment. Third, it estimates the tag arriving speed
and calculate the optimal frame length based on it in dynamic
environment. Fourth, it maintains the identified tags’ states
when cutting down the probing signal and discontinuously
probe the tags to save the energy usage of the reader. The
RSAA is fully compatible with the most widely used EPC
Class 1 Generation 2 UHF RFID protocol. We implement
RSAA in a UHF RFID reader emulator. The extensive eval-
uations demonstrate that the emulator installed with RSAA
can outperform fine grained configured commercial readers
and moving unaware schemes in terms of reliability and
throughput. To our best knowledge, this is the first work to
study tag loss problem and implement a software system
to reliably enhance the system throughput under real
experiments for the limited life time of tags. We further
simulate RSAA to demonstrate its efficiency in large-scale
RFID systems.

The rest of this paper is organized as follows. The related
work is discussed in Section II. In Section III, we build the

system model and define the tag loss problem. The main
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components of RSAA are presented in Section IV. We present
the detail design and implementation in Section V. In section
VI we compare implemented RSAA with the other schemes
and conduct simulations to further demonstrate the advantages
of RSAA. We make a conclusion and discuss the future work
in Section VIL

II. RELATED WORK

RFID tag identification is a very attractive topic and many
excellent arbitration mechanisms [6—12, 26, 34] have been
proposed in the past decades. They are generally classified into
two categories: ALOHA-based algorithm and Query Tree(QT)
based algorithm. The framed ALOHA protocol can get the
maximum throughput when the frame length is set to be the
number of tags [2, 10]. Some estimation schemes [1, 4] are
also designed to count the number of tags in a very short time
interval. The query tree (QT) scheme [9] takes the advantage
of tag ID to match binary string with the prefix of it. The
performance of QT depends on the distribution of tags’ ID.
A smart trend traverse (STT) protocol [12] is proposed to
tolerate different ID distributions. In [26], IQT (Intelligent
Query Tree) is proposed to identify RFID tags more efficiently
in the scenarios where tags IDs have some common prefix. The
DFS (depth first search) liked binary tree [6, 8] iteratively
split the collided tags into multiple tag subsets until only
one tag make response. This process continues until no tag
make response. However, these protocols are designed only for
static tags and cannot efficiently identify moving tags. Also, L.
Kang etc. propose a CSMA-based tag identification protocol
to enhance RFID system throughput, but the protocol is not
fully compatible with current EPC C1G2 UHF RFID protocol
and has not been evaluated in dynamic environment.

Toward the localization and movement of tags, the LAND-
MARC system [5] can be an attractive alternative for indoor
object localization. In the scenario of object tracking and
management, several much efficient methods proposed in [3],
which take the advantage of current stored tags information
to facility the identification of new arriving tags. Though,
they did not consider how to deal with the tag loss problem.
A similar mobile scenario is discussed in [18], which is
to maximize the number of identified tags by adjusting the
arriving speed of conveyor belt. Their work focuses on the
speed adjustment of the conveyor belt, but we think that
adjusting the reader to the environment is more practical.
L. Xie [30] design a probabilistic model to discussion the
influence on passing tag identification by real conditions, e.g.,
path loss and multi-path effect, but the tag loss problem is not
discussed. Our scheme can be friendly compatible with the
current proposed protocol without any change of reader and
tag. W. Luo etc. [34] propose to detect missing active tags
in the perspective of energy, but we focus on passive tag as
UHF RFID passive tags have mature standard and more broad
applications.

Our work falls in the field of multiple accesses in a time
limited situation [19]. But [19] only focus on the TDMA as
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Fig. 3. The EPC C1G2 UHF RFID Protocol.

a time limited communication protocol. The scheduling of
packets in time critical environments is investigated in [22],
which prove a variety of results that establish the optimality of
the STE (shortest time to extinction) policy, which cannot be
used in RFID systems as tag can only work in listen before talk
mode. Another class of related works is queuing system with
impatient costumers [20, 21, 25]. In [20], the different service
disciplines (FCFS, first come first served, and SIRO, serve in
random order) are discussed and compared in the presence
of impatient customers. Scheduling policy optimization for
a class of queues with customer deadlines is analyzed in
[21], which only focus on the FCFS service disciple only.
The traditional queuing theory mainly focus on the FCFS
discipline, which is unsuitable for the ALOHA related system,
as ALOHA is naturally random and impossible to implement
strict FCFS.

III. SYSTEM MODEL

In this section, we present the overview of EPC C1G2 UHF
RFID protocol and formally define the tag loss problem. Some
important metrics for our analysis and evaluation are also
given.

A. Reader to Tag Communication

As shown in Fig. 3, the reader starts Query Rounds by
“Select” and “Query” commands to identify or access RFID
tags. The “Select” command is used to set or change the state
information of the passive tags (we will explain the detail
in Section IV). In one Query Round, the reader broadcasts a
“Query” command (or () value) to the tags. Each tag randomly
picks one time slot from 0 to 29 — 1, the tag picked zero
will transmit a “RN16” (16 bits Random Number) to the
reader. If the reader fails to receive a RN16, collision or
empty slot happens. If only one tag respond the reader, a
single “RN16” will be received by the reader and we call
this slot is a singulation slot. In a singulation slot, the reader
transmits a “ACK” command to enable the tag respond its EPC
number (tag ID). If one tag’s EPC number can be successfully
received by the reader, the reader can choose to write this tag
or enter the next slot. After one slot is over, the reader sends
a “QRep”(Query Repeat) command to move to next time slot.
The slot number picked by the tag will be decreased by one for
each received “QRep” command. The RFID reader can also
define and modify the state flag of the tag in the field, e.g., the

tag’s flag will be switched from A to B after identification.
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B. Problem Description

The RFID system considered in this paper consists of one
reader and many tags. The tags are coming and leaving. As
shown in Fig. 4, the range covered by the reader signal is
called probing range, which is L when the tags comes in a
stream. This range is decided by the power of the reader and
the distance D between the antennas to the tags. We treat it
as a straight line for simplicity. The moving speed of the tags
is v, so the life time of the tags is t. = L/v. Suppose the
average arriving interval between two tags is 1/, the arriving
speed of tags can be represented by A. In some application
scenarios, such as conveyor system, the average density of
tags can be known as d, and the arriving speed of the tag can
be represented by A = v x d. We will mainly discuss three
system parameters: the probing range L, the distance D and
the arriving speed of tags A.

The arriving of tags can be under load or overload. The
under load situation happens when the arriving speed of the
tags is below the capacity of the system in a static environ-
ment. For example, the capacity of framed ALOHA in a static
environment is 10 tag/s, hence, if A <10 tag/s, the arriving
speed is an under load speed. The overload situation means
that the arriving speed of the tags is beyond the capacity of the
system. Therefore, the tag loss is inevitable for single reader.
We focus on under load situation and single reader setting in
this paper, and leave other combinations, e.g. multiple readers
in under load situation and overload situation for future work.

Let 6 denotes the threshold of tag loss probability (or loss
rate). Suppose the probability of a tag can be identified in one
Query Round is p(t), the loss probability then is 1—p(¢), so the
probability that the tag will move out of the transmission range
before successfully respond the reader is P(t) = [h=, (1 -
p(t))?, where m is the number of Query Rounds that the tag
is involved in the time constraint, and we want to achieve
P(t) <6.

We can find similar observations as in [19] from the above
equations: Given a fixed arriving speed, the larger the imposed
time constraint, the smaller the loss rate. Given a fixed loss
rate, the larger the arriving speed, the larger the time constraint
needed to realize this fixed loss rate. Given a fixed time
constraint, the larger the arriving speed, the larger the loss
rate. The problem solved in this paper can be easily described
as: in a listen-before-talk system (such as RFID system, tags



listen to the reader and then talk back), given a fixed loss
probability (or loss rate), what is the largest throughput we
can achieve.

IV. RELIABLE SPLITTING AWARE ALOHA

We present the big picture and detail design of RSAA in
this section. RFID tag has very simple hardware and limited
functionalities. Here we mix the component design principle
and protocol detail to show that the proposed algorithm is truly
feasible in today’s RFID systems.

A. How RASS Works

The efficiency of ALOHA-based protocol depends to the
offered load, which is the number of tags over the frame
length. In other words, the framed ALOHA can get the optimal
capacity when the frame length is equal to the number of
tags[10]. The assumption therein is that the frame length can
be arbitrary integer value, which is not the case in RFID
systems. The the frame length in current RFID systems can
only be 29, or the power of 2, e.g., 2, 4, 8 etc. In this case,
we need to find the optimal () value first.

Also, for the coming stream of tags, an ideal protocol should
identify or write the tag with shortest expected life time. This
is, however, not exactly achievable in today’s RFID systems.
It is difficult to estimate the link quality and rest life time of a
particular RFID tag. Therefore, in RSAA, we split the arriving
tags into groups. For the current (say 10) tags in the range,
we focus on accessing the 10 tags first. During this process,
new tags may come in, but we simply ignore them. After we
finish these 10 tags, we switch to the new coming ones. This
is, what we call, a first come first serve approach.

Besides, we need to estimate tag arriving speed (or the
number of new coming tags by the time the identification
starts) to enhance the capacity of the ALOHA algorithm.
Because the system capacity of RFID system depends on the
ratio of frame length to the number of tags. The frame length
is configurable, so the number of tags is crucial to the system
capacity. In some scenarios, the general tag arriving speed is
far below the system capacity, we can periodically turn off the
reader to save energy while maintaining the states of identified
tags under the condition of no power supply.

B. Optimal Frame Length

For the simplicity of tag design, the current RFID system
use () value to control the frame length and the frame length
must be the power of 2[21]. We want to find an optimal )
value when the number of tags is given. Let n denotes the
number of tags and f denotes the frame length. The system
performance can be calculated by 7 x (1 — %)”’1, which refer
to the probability that only one tag respond the reader in one
time slot. Toward f = 2@, the optimal @) value for a given n
need to meet the following conditions.

l o l n—1 g o 2 n—1
a-dyrs Lo Ly
A A VAT
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Given the number of tags n, the corresponding optimal @
value can be calculated as

or
For a given @ value, and f = 29, the number of tags it can
optimally serve is in the interval

19,0 12,]

min’ - max
where
Q _ 1

min 1 + 1 and I’r%a:r = 12f*l + 1

10g2(§:2 10g2(2f,2)

Further, the duration of each time slot depends on the
operations on the tag, e.g., read or write. We assume that the
time cost of empty slot and collision slot is #y. The slot only
one tag make response will cost ¢;, which could involve in
the time cost for identification or further operation. The total
time cost is ¢ty = f X to+mn1 X t1, where 1/f is the contention
probability of each tag, ny is the expected number of tags that
successfully make response in one round. We can know that
np=nx(1-— %)”’1, where n is the number of tags in the
probing range. The throughput of one Query Round is ’“t—jtl
, which is the proportion of time cost that used for tag access.
The throughput of one normal Query Round is 772705

To achieve the optimal capacity, we should estimate the
number of tags in the range. To this end, after we finish
one Query Cycle and start to access the new coming tags,
we estimate the arriving speed of tags by the number of
unidentified tags. During a Query Cycle, we can easily know
the number of remaining tags by the number of identified
tags in previous Query Rounds. We adopt the tag number
estimation methods proposed in [1].

C. First Come First Serve

We propose a First Come First Serve (FCFS) scheme to
access the tags with less life time. In the very beginning, we
set the tags in the range to be the first group and all new
coming tags fall into the second group. We start to access the
tags in the second group only after all the tags in the first group
have been accessed. So, all the tags in the range are divided
into two different groups. The reader will focus on the group
with less expected life time and simply ignore another group.
After finish one group, the reader then move to the previously
ignored group (there may be new incoming tags for this group
during the identification or access process of previous group).

In current passive RFID tag, there is a SL value in each
tag. The reader can assert or deassert a tag population to set
its SL value as SL or ~SL by the “Select” command. The
reader can also send several “Select” commands to participate
the tags into different tag populations by the SL value. The
reader can query the asserted (with SL) or deasserted (with
~SL) or both tag populations to perform identification by the
“Query” command.

The RSAA uses SL value to split the tags. The reader first
asserts the currently unidentified tags as SL, so that the tags



are logically separated from the new arriving tags which store
~SL. In the coming Query Rounds, the reader only identifies
the tag population with SL. If there is no collision from the
SL value tag population (the identified tags will not respond
the reader) or after a pre-assigned time limit, the reader sends
another “Select” command to reverse the SL value of the tags
in the probing range. The reader again starts to query the
tags with SL. The interval between two consecution reverse
commands is called a Query Cycle. As the staying tags and
the new arriving tags are stored different SL values, the reader
can split them and focus on the query of the tag population
with less life time.

The capacity of each Query Round is nearly the same and
independent to the number of tags (by changing the frame
length adaptively). Suppose there are Ny tags in the probing
range, the remaining life time of them is ¢, = t. — Ng/\. We
see the Ny tags as whole and the life time of them depends
on the one with the least life time. We will adaptively change
the frame length so that the time cost of each Query Round
could be No(ﬁo +p X Ifl),NQ(l — p)(to +p X f,l),...,No(l —
p)*~1(to + p x t1), where p refers to the probability that one
tag can be identified in one Query Round and % is the number
of Query Rounds in one Query Cycle. Meanwhile, the loss
probability of each tag is § = (1 — p)*~!. We assume a fixed
loss probability value in each Query Round here.

We can easily find three constraints in our system
model. First, suppose there are k£ Query Rounds in one
Query Cycle, the time cost of this Query Cycle should
be less or equal to the remaining life time of the tags,
No(to +p x t1) x ¢ " = (1= p)? < t,. Second, we want
the loss probability of any tag therein to be less than or equal
to . We should guarantee that (1 — p)* < 6. Third, after the
identification of the Nj tags, the number of new arriving tags
should be less or equal to Ny, i.e. A(to+p x t1) < 1, so that
we can still finish the identification or maintain a desirable
loss probability in the next Cycle.

D. Arriving Speed Estimation

The estimation of the tag arriving speed is important. Based
on the estimation, we can know the number of tags in the
probing range. Meanwhile, we can compare the estimated
arriving speed with the capacity of the RFID system to see
if the arriving speed is overload speed. Firstly the reader
records a start time ¢, when identifying all the tags in the
range with the value of SL. After all the tags in the range are
identified, the reader reverses the SL value of all the tags to
estimate the number of new arriving tags N(SL) and record
the current time ¢.. The estimated arriving speed of tags is
simply v = N(SL)/(t. — ts). We renew the estimated v by
average all the currently estimated values.

E. Energy Efficiency

We preserve the energy of the reader by discontinuously
probing the tags in low speed situations. To this end, we

choose the session S2 to conduct identification and calculate
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a probing interval. In current RFID protocol [15], each tag
has four Sessions S0, S1, S2, and S3. Each Session has a
flag value to indicate if the tags have been identified in that
Session. The flag is default A and will be turned to B after
identification. We choose S2 because the inventoried flag will
be maintained more than 2 second even no continuous RF
wave (CW) received [15].

In the low speed situations, the first arriving tags are the
first choice of identification. However, when we probe the new
arriving tags, there could be no tags come in the current Query
Cycle. The redundant probes will cost extra energy so that
the energy efficiency drops. If we stop probing and the state
information of tags will change, the old tags will be identified
again in next probing period. To avoid the cost on redundant
identification, we choose Session S2 as the flag value in
this Session will keep more than 2s even no signal received.
Sometimes, we should keep the probing speed in a low level
to tolerate the varied tag density in the realistic deployment.
We need a probing interval to discontinuity initialize each
Query Cycle. If we wait too long (less than 2s), the arriving
tags become too many to be identified in the range, the loss
probability will increase. The interval can be calculated as
No/ .

V. IMPLEMENTATION

We implement RSAA on the NI VISN RFID test software
(or an EPC Gen2 Reader Emulator) [26]. This RFID test
software has built in capability to make the user generate
self demand RFID signal of global requirement, ISO/IEC
18000-6C (EPC Global Class 1 Gen 2) [15]. It supports
the National Instruments vector RF modules, including the
2.7GHz Upconverter PXI-5610, the 2.7 GHz Downconverter
PXI-5600 and FPGA-Based RF Transceiver PCI-5640R. The
implementation of RSAA focuses on the protocol layer and
invokes the reader to tag commands by graphical language
Labview. We do not choose the commercial readers, e.g. CSL
CS-461, as which encapsulate the most command parameters
and only open scanty APIs to the users. We use the 3000794
Dual Dipole “Frog” tags produced by UPM Raflatac [27],
which show best performance among all kind of tags we have.

A. Antenna Setting

The NI emulator has two antenna ports, one for transmitting
and the other for receiving. Two antenna setting will decrease
the efficiency of the system compared to the commercial
reader’s single antenna setting. If the orientations of the two
antennas (about 60° directional) are parallel, the probing range
will be quite small, and the passing tags will have very limited
life time. If we enlarge the overlap of their work range, the
transmitter will produce extra noise (The work mode of RFID
system is receiving when probing) to obstruct the receiver’s
receiving and decoding. This influence can be reduced by
increasing the distance of tag and antenna. To eliminate the
influence of the antenna setting, we fix the orientation of the
two antennas to be parallel. Other settings may show different
performance on tag identification or tag access. However, the



TABLE I
EXPERIMENT SETTING

d(tag/m) | D(m) L(m) Power(dBm)
Indoor 12.5 0.3 0.32~0.56 16~20
Chamber 12.5 0.3~1 0.32~1 18~24

discussion about attenna orientation is out of the scope of this
paper.

B. Driver Constraints

We implement RSAA as a two stage tag access scheme.
RSAA only requires to modify the tag identification parame-
ters in each reader command. The NI emulator opens all the
parameter settings but the driver of which is encapsulates.
The time gap between a “Select” command and a “Query”
command is less than one microsecond [15], so it is impossible
to implement these two successive commands by advanced
programming language, e.g., Labview. The NI emulator has
a self-contained multiple tag identification and single tag
identification. The normal process of one tag access can be
finished in one Query Round as long as it can be identified,
but we cannot interrupt the multiple tag query process of the
NI emulator.

The only thing we can do is to firstly identify the tags and
then access each by its EPC number. This will cause extra
one Query Round for each tag access. The modified RSAA
works as follows. The RFID reader firstly collect all the EPC
numbers of the RFID tags in the field. For each collected RFID
tag EPC number, the RFID reader uses another Query Round
to identify and access the tag with known EPC number. We
implement RSAA in the way described here. The real RSAA
could perform 10~100 percent better in different access mode.

VI. PERFORMANCE EVALUATION

Our evaluation consists of two parts, emulation part and
simulation part. In the emulation evaluation part, we compare
implemented RSAA with CSL commercial reader and other
moving unaware schemes implemented on NI emulator to
demonstrate its feasibility and efficiency. In the simulation
evaluation part, we test the performance of RSAA in the high
speed and large scale RFID systems.

We compare RSAA with ALOHA with Frame Estimation
(AFE), Real and Simulated Commercial Reader (CR and SCR)
and Smart Trend-Traversal (STT) [12]. The RSAA and AEF
use the same frame estimation algorithm [1]. We assume the
commercial reader always know the number of tags, so it
represent the best access approach in static environment. STT
is a tree-based algorithm and simulated by its default settings
[12]. AFE and STT represent the best approaches of ALOHA-
based algorithm and tree-based schemes we can find. The tree-
based protocol usually has low throughput as it requires the
reader to send long “Select” command for each Query Round.
To select a group of tags, the reader needs embed the ID prefix
into the “Select” command, which will waste the bandwidth

especially under low reader rate conditions.
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A. Evaluation Results

We evaluate the RSAA by rewriting the EPC number (or
ID) of the tags, which is a quite general application as we need
to rewrite the EPC number of the tag before or after labeling
it on the corresponding products. It should be noted that the
writing will cost a little more time than just reading the EPC
number and cost less time than writing extra information on
the other memory bank of the tags. Therefore, our evaluation
is representative enough to all the applications related to the
tag reading and writing. The CSL CS-461 EPC C1G2 RFID
Fixed Reader has a build-in demo that rewrite the EPC number
of the tags.

There are 20 tags attached on a board (see Fig. ??), which
is carried by a conveyor belt. The conveyor belt is controlled
by the “high speed carrier”, the speed of which range from
100mm/s to Sm/s. We will compare the performance RSAA
implemented in NI emulator and the demo program in the
commercial reader (CR) in indoor environment and chamber.
The power level of the reader is range from 10~24dBm and
the probing range is usually range from 320mm~1m. The tag
density is 12.5 tag/m, i.e. the “frog” tag is size of 80mmx80
mm. The power levels in the indoor environment and chamber
are different because the chamber is wide and the distance
between the tags and antennas can be adjusted from 0.3m to
Im.

1) Varying the Moving Speed: We conduct the experi-
ment in a narrow corridor (indoor environment), the distance
between the antenna and the tags are constrained (by the
environment) in half meter. We fix the probing range L and
distance D of the CR and the RSAA implemented on NI
emulator to compare the loss probability in different moving
speed of tags. In the identical setting, the distance between
the antenna and tag is 0.3m and probing range is 0.4m, we
test the maximum tolerated single tag moving speed of the
CR and emulator. The CR can tolerate the speed of 1.8m/s to
rewrite the EPC number of singe tag and RSAA can tolerate
that of 1.7 m/s.

We run the process of rewrite the 20 tags 10 times for
each speed, and set the reliability is to be the proportion
of lost tags. In general, the reliability is one when no tag
loss and zero even only one tag loss. The RSAA installed in
the NI emulator can outperform the commercial reader in the
similar environment parameter configuration. In a conveyer
belt system, the throughput depends to the arriving speed of
products. The RSAA can reliably enhance the throughput by
2x compared to the commercial reader (see Fig. 5). STT
performs not good as the reader need to start a new Round
(send “Select” command) after each Query, the cost of Round
initialization is very high (“Query” command must follow a
“Select” command). We conduct the similar experiment in the
chamber and get similar results.

2) Varying the Probing Range: To better understand the
performance of RSAA in a clear environment, we further test
it in a chamber, which is like an open field that can eliminate
the influence of the physical environment. We vary the probing
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range and the distance between the antenna and the tags to
compare RSAA with other moving unaware schemes. The
throughput is measured as the number of written tags per
second, which is measured when the reliability is equal to
one. As shown in Fig. 6, the RSAA can generally increase
the throughput by 1.5~2x with the same reliability. Four
tags can be successfully written per second on the conveyor
belt. Generally, the longer the distance, the link will be more
unreliable. The RSAA can still be quite reliable because the
reader writes the tags also roughly in first come first serve
order.

3) Varying the Distance: Another parameter of interest
is the distance between the antenna and the tags. With the
increase of the distance, the probing range of the reader
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increase correspondingly, which may be not good for tag
identification or access, thought. The results are shown in Fig.
7, the throughput of RSAA decrease slightly when the distance
reach to Im, as the link quality drops with the increase of the
distance. When the distance increases, the cover range of the
RFID reader on the tags increase, but the tags in the range
will have less power supply, which may potentially reduce the
link quality of the RFID tags. The CR does not show the same
trend as the sensitive distance of single antenna is longer than
our experiment setting.

B. Simulation Results

To evaluate the performance of RSAA in large scale and
high speed RFID systems, we build a simulator to see how



efficient RSAA can be after built in the driver. The parameter
settings of our simulator are based on the EPC protocol [15].
In our system, the tags are coming and leaving in a given
arriving speed. The tags may come set by set, and each set
contains one or several tags. In some applications, there could
be some tags arrange in a container that comes to the reader.
The time interval between two coming tag sets can follow
uniform distribution or Poisson distribution. Each tag will
stay fixed time duration in the probing range of the reader.
This setting is representative enough for the most today’s
applications. For simplicity, we use the probing range only
to replace the combination of reader power and the distance
in our simulator.

1) Performance Overview: We simulate 1000 tags coming
and leaving in an even speed, the reader can probe 10 tags
at most in the probing range. The reliability is measured as
one minus the loss rate of the tags. We run the four methods
in each moving speed of the tags only once. The results are
shown in Fig. 8. RSAA can outperform AFE by the speed
estimation and the FCFS work mode. Meanwhile, the frame
estimation algorithm of AFE shows the similar performance
compared to that of SCR. STT is worse than other methods as
the cost on the reader selection process. The energy efficiency
is measured as the time used on the tag access operation over
the total time the reader operated. As shown in Fig. 9, RSAA
can maintain much higher energy efficiency in each value of
the arriving speed than other methods. The energy efficiency
gain comes from the discontinuous probing of the reader when
no tags make response to it in the probing range. The reader
will power down and wait for the tags. The logical stay tags
will maintain their states even no CW received as it chooses
the Session S2.

We evaluate the throughput and the energy efficiency when
varying the probing range in this section. The probing range is
measured by the number of tags. In our system, the throughput
is related to the tolerated arriving speed and bounded by the
capability of ALOHA protocol. The throughput gain of RSAA
is from the frame length estimation algorithm and first come
first served work mode. In Fig. 11, the throughput is measured
when the reliability of the system is equal to one, as we
believe the throughput of the system is meaningless in a low
reliability situation. As shown in Fig. 12, the energy efficiency
of each method is roughly proportional to its throughput. A
high throughput means that the work (e.g. write 1000 tags) can
be finished in a relative short time, so as the energy efficiency.
Other methods should keep probing the passing tags, so that
most of energy is wasted.

2) Link Failures: The link failure means the signal trans-
mitted from the tag (up link) is not successfully received by the
reader or the tag fails to rewrite its EPC number. There are two
possible reasons. First, the energized tag (power is insufficient)
is shut down when writing, which will waste one slot and cause
possible collision. Second, the reader successfully receives
the packets but cannot decode due to a lower SNR. We

vary the link failure probability in our simulator. The link
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failure probability is 20~40 percent for the CSL commercial
reader (varying from different power level). One common link
failure is that the tag has insufficient power to rewrite the
EPC number. We evaluate the several methods in different
link failure settings. The throughput ratio is the ratio of the
throughput of other methods to that of the AFE. The reason
we select AFE as the baseline is that the frame adaptation
algorithm in a normal Query Round is the same as the RSAA.
As shown in Fig. 10, the performance of RSAA increases
as the increase of link failure probability, which indicate that
RSAA is reliable to link failures.

3) Complex Environment. In a complex application en-
vironment, the arriving interval between two tags generally
follows a Poison distribution. Meanwhile, several tags may
enter the probing range at the same time, as they are packed
in the same container. The evaluation results in a complex
application environment are shown in Fig. 13. The Normal
curve represents a result in a uniform arriving interval distri-
bution and tag comes one by one environment. The Set curve
represents a result in an environment that tags comes set by
set, and each set contain 4 tags. The Poisson curve represents a
result that the time interval between two arriving tags follows a
Poisson distribution. The Set+Poisson curve represents a result
in an environment that combines those in Set and Poisson. The
tags come set by set turns out to be better than that come one
by one. It shows that RSAA is reliable to the application that
tags come in a container. Poisson arriving tags make a little
influence on RSAA, as the Poisson arriving affects the speed
estimation method of RSAA. The RSAA works in a complex
application environment shows better results than that other
methods even work in a simple environment.

VII. CONCLUSION AND FUTURE WORK

In this paper, we present a novel software system called
reliable splitting aware ALOHA (RSAA) to capture the pass-
ing tags in UHF RFID systems. As far as we know, this
is the first system work to deal with the limited life time
tags. The RSAA is fully compatible with widely used EPC
C1G2 UHF RFID protocol. The RSAA provides a first come
first serve work mode to avoid tag loss (especially the tags
with poor performance). Through extensively experiments and
simulations, the RSAA can tolerate higher arriving speed of
the tags in the under load situation by working in a FCFS work
mode and taking the speed element into the calculation of the
frame length. We believe that the techniques proposed in this
paper can work effective in many application scenarios. Our
ongoing research is focused on capturing arriving tag streams
by multiple readers in the high arriving speed environment.

VIII. ACKNOWLEDGEMENT

This research was supported in part by Hong Kong
RGC Grant HKUST617811, China NSFC Grants 60933011
and 61027009, and the Science and Technology Planning
Project of Guangdong Province, China, under Grant No.
2011A011302001.



REFERENCES

[1] M. Kodialam and T. Nandagopal. “Fast and Reliable
Estimation Schemes in RFID Systems”, In Proceedings
of ACM Mobicom 2006,pp.322-333, Los Angeles, CA.

[2] M. Buettner and D. Wetherall. “An Empirical Study
of UHF RFID Performance”, In Proc. ACM Interna-
tional Conference on Mobile Computing and Network-
ing(Mobicom) 2008.

[3] J. Myung and W. Lee, “Adaptive Splitting Protocols for
RFID Tag Collision Arbitration”, in Proceeding of ACM
MobiHoc 2006.

[4] C. Qian, H. L. Ngan, and Y. Liu, “Cardinality Estimation
for Large-scale RFID Systems”, in Proceeding of IEEE
PerCom 2008.

[S] L. M. Ni, Y. Liu, Y. C. Lau, and A. Patil, “LAND-
MARC: Indoor Location Sensing Using Active RFID”,in
Proceeding of IEEE PerCom 2003.

[6] V. Namboodiri and L. Gao, “Energy-Aware Tag Anti-
Collision Protocols for RFID Systems”, in Proceeding
of IEEE PerCom 2007.

[7] J. I. Capetanakis, “Tree algorithms for packet broadcast
channels”, IEEE Transactions on Information Theory, I'T-
25(5):505-415, Sept. 1979.

[8] D.R. Hush and C. Wood, “Analysis of tree algorithm for
RFID arbitration”, in Proc. IEEE International Sympo-
sium on Information Theory, p.107, 1998.

[9] C. Law, K. Lee, and K.-Y. Siu, “Efficient Memoryless

Protocol for Tag Identification”, in Proceedings of Int’l

Workshop on Disc. Alg. and Meth. for Mobile Comp. and

Comm., Aug. 2000, pp. 75-84.

F. Schoute, “Dynamic Frame Length ALOHA”, IEEE

Transactions on Communications, vol. 31, no. 4, pp. 565-

568, Apr. 1983.

V. Anantharam, “The Stability Region of the Finite-user

Slotted ALOHA Protocol”, IEEE Trans. Inf. Theory, vol.

37, no. 3, pp. 535 - 540, May 1991.

L. Pan and H. Wu,“Smart Trend-Traversal: A Low Delay

and Energy Tag Arbitration Protocol for Large RFID

Systems”, In Proc. IEEE Infocom, 2009.

Wen-Tzu CHEN,“Performance Comparison of Binary

Search Tree and Framed ALOHA Algorithms for RFID

Anti-Collision”, [EICE TRANS. COMMUN., VOL.E91-B,

NO.4 APRIL 2008.

A.-1. Center. “860mhz-930mhz class 1 radio frequency

identification tag radio frequency and logical commu-

nication interface specification candidate recommenda-

tion”, version 1.0.1, 2004.

EPCglobal, “Epc radio-frequency identity protocols

classl generation2 uhf rfid protocol for communications

at 860 mhz-960 mhz”, version 1.2.0, 2008.

[16] Venture research Inco.,“RFID Conveyor

[12]

[13]

[15]

Tunnels”.

http://www.ventureresearch.com/PDF/ConveyorTunnels.pdf

[17] Daily Stocktaking with RFID in Fashion Shop.
http://www.blackbay.com/fileadmin/newsletter.

[18] L. Simon, P. Saengudomlert, and U. Ketpro. “Speed
46

Adjustment Algorithm for an RFID Reader and Con-
veyor Belt System Performing Dynamic Framed Slotted
Aloha”. IEEE International Conference on RFID, 2008.

[19] J. F Kuraose, M. Schwartz, and Y. Yemini. “Multiple-
Access Protocols and Time-Constrained Communica-
tion”, Computing Surveys, March 1984.

[20] Pla V, Casares-Giner V, Matinez J. “On a multiserver fi-
nite buffer queue with impatient customers”, Proceedings
of ITC specialist seminar, Antwerp, 2004.

[21] Shivendra S. Panwar.“Optimal Scheduling Policies for
a Class of Queues with Customer Deadlines to the
Beginning of Service”, ACM Journal of the Association
for Computing Machinery, 1988.

[22] P. P. Bhattacharya and A. Ephremides.“Optimal Schedul-
ing with Strict Deadlines”, IEEE Transactions on Auto-
matic Control, 1989.

[23] C. Woo Lee, H. CHO, and S. Woo KIM. “An Adap-
tive RFID Anti-Collision Algorithm Based on Dynamic
Framed ALOHA”, IEICE Transactions on Communica-
toin, 2008.

[24] Alien Technology Corporation. “EPCglobal Class 1 Gen
2 RFID Specification”, Whitepaper 2005.

[25] F. Baccelli, P. Boyer, G. Hebuterne. “Single Server
Queues with Impatient Customers”, Advances in Applied
Probability, Vol. 16, No. 4, pp. 887-905, Dec. 1984.

[26] A. Sahoo, S. Iyer and N. Bhandari. “Improving RFID
System to Read Tags Efficiently”, Technical Report, 2006

[27] NI VISN 100 RFID Tester , Shanghai China.
http://sine.ni.com/apps/utf8/niaa.ind_pro_view?p_all_
1d=2365&p_display_all_id=14621

[28] UPM Raflatac tag products.

http://www.upmraflatac.com/northamerica/eng/RFIDProducts/.

[29] The CSL CS461 EPC C1G2 RFID Fixed Reader.
http://www.rfidsolutionsonline.com/product.mvc.

[30] L. Xie, B. Sheng, C. C. Tan, H. Han, Q. Li and D. Chen.
“Efficient Tag Identification in Mobile RFID Systems”.
Infocom 2010.

[31] D. Zanetti, B. Danev and S. Capkun. “Physical layer

Identification of UHF RFID Tags ”. Mobicom 2010.

C. Qian, Y. Liu, H. Ngan and Lionel M. Ni.

“ASAP:Scalable Identification and Counting for Contact-

less RFID Systems”. ICDCS 2010.

T. Li, S. Chen and Y. Ling. “Identifying the Missing Tags

in a Large RFID System . Mobihoc 2010.

W. Luo, S. G. Chen, T. Li and S. P. Chen. “Energy-

Time Tradeoff in Missing Tag Detection ”. in Proc.

of IEEE INFOCOM?2011, mini-conference, Shanghai,

China, April, 2011.

S. Tang, J. Yuan, X. Li, G. Chen, Y. Liu, and J.

Zhao,“RASPberry: A Stable Reader Activation Schedul-

ing Protocol in Multi-Reader RFID Systems ”. IEEE

ICNP 2009, Princeton, New Jersey, USA, October 13-

16, 2009.

[32]

[33]

[34]

[35]



