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Abstract: As one of the key techniques used in the perception layer of the Industrial Internet of
Things (IIoT), radio frequency identification (RFID) has been widely applied for object tracing, smart
warehouse management, product line monitoring, etc. In most applications, conveyor belts are
prevalently implemented to accelerate the sorting efficiency for goods management. However, in
such a system, tags quickly go through the reader’s reading range resulting in constant changing of
the tag set and limited participating time of moving tags. As a result, it poses more challenges to the
tag identification problem in mobile systems than in traditional static applications. In this work, a
novel admission-control-based dynamic query tree (ACDQT) protocol is proposed for fast-moving
tag identification. In ACDQT, two main strategies are developed, i.e., multi-round admission control
(MRAC) and dynamic query tree recognition (DQTR). In MRAC, the reading process of multiple
rounds is analyzed, and the number of admitted tags in each round is optimized. Thus, the tag lost
ratio is guaranteed, and the identification process can be effectively accelerated. In DQTR, colliding
tags are grouped into multiple subsets with the help of consecutive colliding bits in tag responses.
By constructing a dynamic query tree, the number of collision slots is greatly reduced, and the
identification efficiency in a single round is improved significantly. With MRAC and DQTR, ACDQT
can support higher tag flow rate in mobile systems than existing works. Both theoretical analyses
and simulation results are presented to demonstrate the effectiveness of ACDQT.

Keywords: IIoT; Industry 4.0; mobile RFID system; conveyor belt; tag identification; anti-collision

1. Introduction

Industry 4.0, which is triggered by the Industrial Internet of Things (IIoT) , has become
the current trend of automation and data exchange in manufacturing technologies [1].
Thanks to the automatic identification techniques, such as radio frequency identification
(RFID) and wireless sensors, used in the perception layer of the IIoT [2], the efficiency of
modern manufacturing is greatly improved. As a non-contact identification technology,
RFID has been widely used in various applications, such as object tracking, smart ware-
house management, product line monitoring, etc. A typical RFID system usually consists
of readers, tags and a back-end server. Each tag is identified by a unique identifier and
sends data information by backscattering the reader’s signal. The back-end server is used
to store tag information for further processing and analyses.

In RFID systems, the reader usually needs to recognize a large number of unknown
tags within its reading range. When multiple tags reply simultaneously, a collision occurs
where the reader cannot successfully decode the received message [3]. Unknown tag
identification has always been one of the most critical techniques to enable object tracing
and goods management in RFID systems. In recent research, lots of RFID tag identification
protocols have been proposed. Among them, tree-based ones that make use of bit tracking
technology [4,5] exhibit better performance, e.g., higher system efficiency and shorter
identification delay. In such protocols, the reader usually divides colliding tags into
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multiple subsets with tree splitting. Thanks to the position information of colliding bits
in the received message, the splitting process is more efficient. The most representative
tree-based protocols are collision tree (CT) [4], collision window tree (CwT) [5] and M-
ary collision tree (MCT) [6]. These algorithms use one or more colliding bits to split
colliding tags into multiple subsets to accelerate the identification process. Recently, Su et
al. proposed some tree-based algorithms, e.g, the dual prefix probing (DPPS) [7] and group-
based tree splitting (GBSA) [8] to quickly identify tags. However, existing works make
little use of the collision information. There is still room for improvement in bit-tracking-
based tree splitting algorithms. Moreover, these works only consider the identification
efficiency of a single reading round in static environments. The impact of tag mobility on
the identification process lacks intensive study.

In most applications, conveyor belts are widely used to accelerate the sorting efficiency
for goods management [9–11]. For example, more and more airports have used RFID
technology to place luggage on conveyor belts for fast identification, and other applications
have also identified tagged goods on conveyor belts, such as the traditional retail giant
Walmart [9]. In such systems, one or more RFID readers are mounted above or beside the
conveyor belt in some fixed positions. Objects attached with RFID tags move with the
conveyor belt. Readers are responsible for collecting the ID information of all passing tags.
Usually, tags’ IDs are unknown, and all tags send messages to the reader only when they
receive the reader’s query request. Without any prior information, the reader cannot aim
at any specific tag in its query request. One common strategy is carrying a query prefix
in the reader’s query request. If a tag matches with the received prefix, it replies to the
reader. When more than one tag replies simultaneously, a collision occurs which increases
the identification delay.

The identification task is more challenging in mobile systems where tags quickly go
through the reader’s reading range. Tags have a very limited time to participate in the
identification process. Therefore, a tag may be unrecognized after it moves out of the
reader’s reading range, i.e., becomes a lost tag [12]. With higher moving speed, the tag
lost probability is larger. In the literature, some works try to reduce the tag lost ratio in
mobile systems with either mathematic modeling or group scheduling strategies. For
example, Aloson et al. analyzed the tag lost ratio with a Markov chain model [12]. Gotfryd
et al modeled a dynamic RFID system for an optimal configuration [13]. In [14,15], some
two-phase identification protocols are proposed. However, the tag lost ratio of existing
works is large, especially when the tag’s moving speed increases.

In this work, we improve the identification efficiency of mobile RFID systems in two
aspects, i.e., controlling the participating tags and accelerating the recognition process in
each reading round. In general, we propose a novel admission-control-based dynamic
query tree (ACDQT) protocol for mobile RFID tag identification. The main contributions
are as follows,

• The identification process in mobile systems is analyzed, and a new multi-round
admission control (MRAC) algorithm is developed to optimize the number of tags
admitted in each reading round. With MRAC, the tag lost ratio is guaranteed, and the
identification efficiency in each round is effectively improved;

• A dynamic query tree recognition (DQTR) algorithm is proposed to reduce the identi-
fication delay in each reading round. With DQTR, colliding tags are divided into more
subsets based on the number of consecutive colliding bits; thus, the tag recognition
efficiency is improved;

• Theoretic analysis is conducted to analyze the performance of DQTR in a single
reading round. Moreover, numerous simulation results are presented to demonstrate
the effectiveness of the proposed algorithm. Compared with existing benchmark
works, the proposed ACDQT is proven to support higher tag flow rate with a lower
tag lost ratio.

The remainder of this work is organized as follows: Section 2 introduces some rep-
resentative tag identification protocols in both static and mobile systems. In Section 3, a
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fast-moving RFID tag identification system model is exhibited, and the frame structure
and commands are described. Next, in Section 4, the proposed ACDQT protocol including
the admission control and recognition strategies is described in detail. Then, theoreti-
cal analysis is conducted to obtain the identification delay of a single reading round in
Section 5. The simulation results are illustrated in Section 6. Finally, Section 7 gives some
conclusion remarks.

2. Related Works

In this section, we review some representative tag identification protocols for both
static and mobile RFID systems.

In static systems, the tag set is assumed unchanged during the identification process.
In such systems, the key problem is to reduce tag collisions, especially when the number
of tags is large. In general, tag identification protocols mainly consist of two categories,
i.e., the aloha-based, and the tree-based ones. In the first category, the reader identifies
tags with a frame-slotted manner, and a tag replies to the reader with a randomly selected
slot in each frame. However, using a random response manner, aloha-based protocols are
of low efficiency. To improve the performance, some tag number estimation and frame
adjustment strategies are proposed based on the statistical information of tag responses.
For example, the Q-algorithm dynamically adjusts frame length with the feedback of slot
status [16]. The maximum likelihood estimation algorithm estimates the number of tags
with the Bayes method to optimize frame length settings in a dynamic frame-slotted aloha
protocol [17]. In the second category, the reader identifies tags with a tree splitting method
by grouping colliding tags into smaller subsets, such as query tree (QT) [18], binary tree
splitting (BTS) [19], collision tree (CT) [4], etc. The identification process of these protocols
follows a tree splitting structure in which each non-leaf vertex in the tree corresponds to a
collision slot, and each leaf vertex refers to a successful or idle slot.

With a bit tracking technique, identification efficiency of tree-based protocols is ef-
ficiently improved. In the collision tree (CT) protocol [4], the reader splits colliding tags
into two subsets based on the position of the first colliding bit without generating any idle
slots. However, the splitting process is slow, and many collision slots are generated. Next,
Landaluce et al. proposed a collision window tree (CwT) protocol [5] that uses a heuristic
bit window strategy in the collision tree splitting process in order to reduce identification
time and tags’ communication overhead. In CwT, the number of total slots are increased,
and the reader has to transmit more query messages to identify all tags. To further reduce
collision slots, Su et al. proposed a dual prefix probing (DPPS) protocol [7] that makes use
of the first two consecutive colliding bits to split colliding tags into more subsets. In [6],
Zhang et al. proposed an M-ary collision tree (MCT) protocol to further accelerate the
splitting process by making use of more colliding bits information. Recently, Su et al. also
proposed a modified dual prefixes matching (MDPM) algorithm [20] that makes a bit query
strategy in the M-ary query tree. Liu et al. designed a multi-bit identification collision tree
(MICT) algorithm [21] and Hailemariam et al. developed a knowledge-based query tree
algorithm [22]. However, these works only consider a static situation. In mobile systems,
the tag set changes dynamically and tag participating time is very limited. These works
cannot effectively identify tags in such situations.

In mobile situations, when the reader begins a new reading round, tags that have been
recognized in preceding rounds may still be in the reader’s reading range which results
in duplicate recognition. Meanwhile, some newly arrived tags may join the identification
process which further aggravates the tag collision situation. How to effectively control
participating tags and quickly identify moving tags is very challenging. In the past decade,
some works considered the moving tag identification problem. In [23], Saranga et al.
first proposed an aloha-based framework for both static and mobile environments. Next,
Alonso et al. analyzed the tag lost ratio in dynamic RFID systems and gave optimal configu-
rations of frame-slotted aloha algorithms [24–26]. Later on, Kang et al. developed a reliable
splitting strategy in an aloha algorithm to accelerate the identification process of moving
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tags [27]. Gotfryd also modeled the dynamic RFID system in [13]. However, these works
only consider a basic aloha-based algorithm in which the identification efficiency is low.
In [28], Zhu et al. developed a schedule-based RFID anti-collision protocol to maximize tag
moving speed. They considered the identification deadlines of moving tags and scheduled
an optimal number of tags to compete for the channel accordingly. With a schedule strategy,
the identification efficiency is greatly improved.

In recent research, some new strategies have been developed for mobile RFID systems.
In [14], Liu et al. proposed a blocking collision tracking tree algorithm to divide the
identification process into two phases, one for staying tags and one for arriving tags.
Making use of bit tracking to split tags into appropriate subsets, the identification efficiency
is increased. In [6], Zhang et al. further improved the tag identification efficiency with a bit
tracking technique. They developed an efficient bit-detecting (EBD) algorithm to quickly
recognize unknown tags in each reading round. Thus, the proposed algorithm can support
a much higher tag flow rate in mobile systems. Later on, Jia proposed a dynamic collision
tree protocol to deal with arriving tags [29]. Yu et al. developed a dynamic tag population
estimation algorithm with a Kalman filter [30]. In [31], Liu et al. designed a rate-adaptive
algorithm to revisit the reading rate with mobility. Chen et al. also proposed a collision
avoidance algorithm for mobile RFID devices [32]. However, the control strategies and
reading methods of these works need further improvement to support higher tag moving
speeds. To sum up, Table 1 compares different RFID tag identification protocols in static
and moving situations.

Table 1. Comparison of different RFID tag identification protocols in static and moving situations.

Static Situation Moving Situation

ALOHA-Based Tree-Based Frame Adjustment Tree Enhancement Scheduled

features
tags reply to the
reader in randomly
selected slots

tags are
continuously
split into smaller
groups

frame length in each
reading round is
dynamically adjusted

tree splitting process
is enhanced in each
reading round

using
rate-adaptive or
schedule
strategies in
each round

advantages

easy to implement,
tags only need
random number
generator and
counter

tags are
identified deter-
ministically
with good
performance

taking advantage of
tag number
estimation in
preceding rounds,
slot utilization is
improved

with adaptive
splitting or bit
tracking, the
identification process
is accelerated in each
round

identification
process is
scheduled with
the information of
ongoing rounds

efficiency low → high low → high

complexity simple → complex simple → complex

3. System Model

In this work, we consider the widely used conveyor belt applications and present a
fast-moving RFID tag identification system model in this section. Then, the frame structure
and some commands used in the tag identification process are described.

3.1. A Fast Moving RFID Tag Identification System

Among massive RFID applications, conveyor belt systems with RFID readers and tags
are popular in various industries. In these applications, objects with RFID tags attached
are placed on a conveyor belt. One or more RFID readers are usually mounted in a fixed
position above (or beside) the conveyor belt. As the conveyor belt quickly moves, tags
continuously move into and out of the reader’s reading range. As is demonstrated in
Figure 1, a general conveyor belt system is considered. Assume that each object has one
tag attached that has a 96-bit unique identifier. The objects are denoted by their attached
tags hereafter. In the model, tags are placed on the conveyor belt in series, and the distance
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between two adjacent tags is d m. The moving speed of the conveyor belt is v m/s. For
simplicity, a single reader that is mounted above the conveyor belt is considered, and its
coverage range is L m.

............

Newly arriving tags

Reader

Recognized tags

Lost tagsvd

L

Active tags

left right

Figure 1. Conveyor-belt-oriented fast-moving RFID system model.

Tags first enter from the left side of the reader’s reading range, then pass through a
limited signal area and finally leave from the right side of the reading range. Affected by
the moving speed and limited reading range, there may be situations where some tags
pass through the reader’s coverage area without been recognized. We define this type
of tags as lost tags, and the tag lost ratio α is defined as the ratio of the number of tags
passing through the reader’s coverage area without being identified to the total number of
tags passing through the reader’s reading range within a certain time. The identification
efficiency is defined as the average number of tags successfully identified per second. The
goal of this work is to increase tag identification efficiency while minimizing the tag lost
ratio in fast-moving RFID systems.

Compared with traditional static RFID systems, tag identification in mobile RFID
systems is more challenging. The main reasons are twofold, as in the following.

• Limited participating time: RFID tags stay in the reader’s reading range for a limited
time, especially in high mobility situations. They enter from the left side of the reading
range and leave from the right side. Tags will receive commands sent by the reader
only when they are within the reader’s reading range. With collision signals, the
probability that a tag’s response signal can be successfully recognized by the reader is
low. For traditional static RFID systems, tags are always within the coverage range of
the reader and can repeatedly contend to send response signals until being recognized
since there is no participating time limitation.

• Random access manner: In each reading round, tags with various positions in the
reading range will not have different priorities to access the channel. All tags within
the reading range have the same chance, i.e., the same identification possibility. This
random access property will lead the reader to identify newly arrived tags and earlier
entered ones within the range in the same reading round. Thus, tags entering at
the early stage may not be identified after they leave the reading range, which will
aggravate the tag lost situation.

To facilitate the identification process, tags are limited to being recognized at most
one time. When a tag is recognized by the reader, it will keep silent and not participate in
subsequent identification processes until it leaves the reading range. Thus, the recognized
tags will not affect the identification process of other participating tags.

3.2. Transmission Model

In this work, we use a frame-slotted model similar to the de facto standard EPC Global
C1G2 [16]. In the model, time is divided into multiple frames, and each frame consists of
several synchronized slots. The interaction between the reader and tags in each frame is
shown in Figure 2, where three types of frames are illustrated, i.e., frames with two, four
and eight slots. Here, the number of time slots in a frame is determined by the frame length
parameter f l contained in the Query command.
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Tag1

Query Qrep

Tag2

CW

Query CW

Tag1

Query CW

Tag1 Tag2

Tag2,3

CW CW

Qrep

Qrep Qrep

CW

CW

t1

t2t2

t2 t2

t2 t2

t1

t1

t1
t1

t1 t3

…

…

2 slots (fl=1)

4 slots (fl=2)

8 slots (fl=3)

t1

(a)

(b)

(c)

Figure 2. Frame slot structure: (a) when f l = 1, the frame consists of two slots; (b) when f l = 2, the
frame consists of four slots; (c) when f l = 3, the frame consists of eight slots.

As shown in Figure 2, each frame begins with the reader’s Query command and
is followed with k consecutive slots, and each slot starts with the short Qrep command
except for the first slot of a frame. This is because the first slot starts automatically right
after the Query command. Each slot has three states, i.e., collision, idle and successful. A
collision slot means that two or more tags reply simultaneously in the same slot. In such
slots, the reader cannot effectively decode the received signal. In a successful slot, there
is only one tag response so that the reader can successfully recognize this tag. Note that
we do not consider capture effect as most works in the literature [3–7] since it has a similar
effect on comparable protocols. Finally, an idle slot means that there is no tag response.
In each frame, it takes the reader tQ and tR time to transmit Query and Qrep commands,
respectively. The time for tag response message transmission is tT . According to [16], t1
is the time taken from the reader transmission to the tag response, t2 is the interrogator
response time required if a tag is demodulating the interrogator signal, and t3 is the time a
reader waits after t1 if there is no tag response.

Moreover, the structures of commands and tag response messages are given in Table 2.
The Query command consists of five components, i.e., head information, length of matching
prefix Lpre, matching prefix pre, number of consecutive colliding bits cbit and CRC-16. The
head segment contains the command, address, mask and other information as defined
in [16]. The pre and cbit inform tags with the common prefix of the attending tags and
the number of slots in the current frame, respectively; Lpre informs tags with the length
of pre, which guarantees that tags can correctly obtain pre in the Query command. Qrep
only contains command information. In the tag response, a 9-bit preamble accompanied
by the remaining tag ID is transmitted. Note that we do not use CRC in the tag’s response
message because the Manchester coding used in tag-to-reader message transmission has
the ability to check errors in a bit-wise manner.

Table 2. Command and data frame structure.

Query command
Head Lpre pre cbit CRC-16

37 bits 8 bits Var. 2 bits 16 bits

Qrep command
Command

Tag’s response
Preamble Data

4 bits 9 bits Var.

4. Admission-Control-Based Dynamic Query Tree Protocol for Fast Moving
Tag Identification

In this section, a novel admission-control-based dynamic query tree (ACDQT) protocol
is developed to effectively identify fast-moving tags while maintain a minimum tag lost
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ratio. In conveyor belt systems, the tag set constantly changes during the identification
process. For easy implementation, the reader divides the identification process into multiple
reading rounds. In each round, there may be three types of tags in the reader’s coverage
area, that is, deactivated tags that were recognized in preceding rounds, active tags that are
participating in the recognition of the current round and newly arrived tags that are not
participating in the recognition of this round as illustrated in Figure 1.

The main idea of ACDQT is to restrict the number of participating tags with admission
control and recognize them with a high-efficiency dynamic query tree protocol in each
reading round. In general, the reader first performs three rounds to estimate the tag flow
rate. Next, it controls the number of admitted tags based on the estimation and system
requirement. Each subsequent round only needs to control a similar number of incoming
tags to ensure that the entire system meets the minimum tag lost ratio requirement. When
there are enough tags entering the reader’s reading range, a new round begins. In each
round, a dynamic query tree protocol is designed to quickly identify tags. When collision
occurs, the reader first checks the position of the first colliding bit k and the number of
consecutive colliding bits after that position. Then, it divides these tags into smaller groups
according to the number of consecutive collision bits. Compared with existing bit tracking
protocols, the number of subsets of ACDQT is more flexible and appropriate. Thus, the
proposed protocol can significantly reduce the number of collision slots and speed up the
identification process. Before describing the proposed ACDQT protocol, Table 3 defines
some symbols, functions and commands used in the paper.

Table 3. Symbol definitions.

Symbol Definition

ID Tag’s unique identifier, di refers to the ith bit position

pre Matching prefix transmitted by the reader at the beginning of each round, qi denotes the ith bit, and Lpre is the length of pre

Q Query queue maintained by the reader to record (pre, k) of each frame

TC Slot index

Query() Frame start command broadcast by the reader to start each frame and to inform tags of the frame parameters.

Qrep Slot start command broadcast by the reader to start each slot within a frame

PUSH(a, Q) Push a into Q with first-in-first-out manner

POP(Q) Obtain the first item and delete it from Q

bin2dec(a) Convert binary string a to decimal number

dec2bin(n, m) Convert decimal number n to an m-bit binary string

4.1. Multi-Round Admission Control Algorithm

In conveyor belt systems, tags continuously move through the reader’s reading range.
The participating time of a tag greatly affects the identification efficiency. In traditional
methods, a newly arriving tag directly joins the current round or waits to participate in the
subsequent round. If tag flow rate and identification efficiency differ widely, the identifica-
tion process will be inefficient with much idle time or collisions. In this work, a multi-round
admission control (MRAC) algorithm is proposed to improve the identification efficiency.

The identification process of MRAC is abstracted in Figure 3, where n is the number of
tags participating in each round, and T is the time interval of two consecutive rounds. At
the beginning, there is no tag in the reading range. With the conveyor belt moving for T0 s,
there are n1 tags arrived, and the reader starts the first round immediately. Suppose after
T1 s, the reader recognized all n1 tags and starts the second round. During this time, the
number of newly arrived tags is n2. Similarly, if the second round takes T2 s, the number of
newly arrived tags in this round is n3, and the recognition time in round 3 is T3. Suppose
the conveyor belt keeps moving at a constant speed, the tag flow rate rt is obtained by

rt = n2/T1 = n3/T2 (tags/s) (1)
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n1
n2

n3

n n n...

TT
T1 T2

1
st
 round 2

nd
 round 3

rd
 round 4
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 round 5

th
 round m

th
 round

right left

Figure 3. Multi-round tag recognition for conveyor belt systems.

The average time needed to identify one tag in the first three rounds is

Tave = (T1 + T2)/(n2 + n3) (2)

With the estimation results and system requirement, the number of tags admitted to
participate in the subsequent round can be calculated. In what follows, we analyze the
influence of participating tag number n on the tag lost ratio α in one round. As given in
Figure 4, the identification process in a single round is considered in three cases, i.e., n > N,
n = N and n < N, where N is the maximum number of tags that the reader can recognize
in a normal situation. In Figure 4, the shadowed rectangles give the number of participating
tags, the white rectangles represent the number of slots used to identify tags, and L is the
reader’s coverage range.

n<N

n=N

n>N

...

...

... ...

1

1

1

2

2

2 m

n

n

n

L

L

L

Figure 4. Recognition process in a single round.

When n < N, the reader can recognize all participating tags before they move out of
its reading range. There is some time left before the reader starts the next round. Thus, the
system does not reach its optimal situation. When n = N, the reader completely recognizes
all participating tags and makes full use of time in such a reading round. There is no slot
waste, and the tag lost ratio α = 0. However, when n > N, the time needed to recognize all
n tags is greater than the maximum staying time of these tags. Therefore, some of them
may become lost. To balance the tag lost ratio and identification efficiency, the number of
admitted tags in each round is critical.

When n > N, the number of tags that can be successfully recognized by the reader
is m, m < N. Since more tags will worsen the collision situation, the actual number of
recognized tags is smaller than the maximum value that a reader can recognize in a normal
situation. In different positions of the reading range, the tag lost possibility varies. The first
entering tag in a reading round will move for l1 = L− n · d distance to leave the reading
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range. During this time, the average number of tags that can be identified by the reader is
given by

S1 =
l1

Tave · rt
=

L− n · d
Tave · rt

. (3)

Since all tags will move into this position and experience a similar identification
process, for a tag in the first position, its lost probability is given by

p1 =
n− S1

n
(4)

Therefore, the average number of lost tags in the first position is n1
lost = 1 · p1. Similarly,

in the ith position of the tag line, the tag will move for li = L− n · d + (i− 1)d distance to
leave the reading range. Then, the average number of tags identified during this time is

Si =
li

Tave · rt
=

L− (n− i + 1) · d
Tave · rt

. (5)

Then, when a tag is in the ith position, the probability of being unrecognized after it
moves out of the reader’s reading range is given by

pi =

n− (i− 1) +
[
(i− 1)−

i−1
∑

j=1
nj

lost

]
− Si

n− (i− 1)
=

n−
i−1
∑

j=1
nj

lost − Si

n− (i− 1)
(6)

Note that A = (i− 1)−
i−1
∑

j=1
nj

lost is the number of lost tags prior to the ith position.

The number of tags that will participate in the identification process of the ith position can
be calculated by n− (i − 1)−A. The average number of lost tags in the ith position is
ni

lost = 1 · pi. Then, the tag lost ratio is

α =

n−m
∑

i=1
ni

lost

n
. (7)

Substituting (5) and (6) into (7), the tag lost ratio of a single reading round is obtained.
By solving (7), the number of tags participating in each round is determined to meet the
system requirement on the tag lost ratio. With MRAC, the reader waits for a short time to
allow enough tags to enter the reading range and starts the identification process in each
subsequent round.

4.2. Dynamic Query Tree Recognition Algorithm

In this section, we propose a dynamic query tree recognition (DQTR) algorithm to
effectively identify tags in each round. DQTR follows the query tree recognition process
with multiple branches. In general, the reader divides tags in each colliding slot with
the help of consecutive colliding bits in the tags’ responses. When the reader detects a
collision, it first checks the position of the first colliding bit p and the number of consecutive
collision bits k after this position. Then, it divides colliding tags into 2k subsets to accelerate
the identification process. Compared with existing bit tracking protocols, DQTR solves
colliding tags with a more flexible and appropriate manner which significantly reduces
time costs. The detailed algorithm is given as follows.

At the beginning of a reading round, the reader initializes queue Q = {(ε, 0)}. Then, it
obtains (pre, k) = Queueout(Q) and broadcasts Query(pre, k) to start the first frame. Note
that Queueout(Q) is to obtain the first item and delete it from queue Q.
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On receiving the reader’s Query command, tags execute matching, indexing and
replying operations in sequence as shown in Figure 5.

• Matching: A tag first compares its ID with the matching prefix pre. If it matches, the tag
transits to the transmission state and will participate in the current frame. Otherwise,
it waits for the next Query command.

• Indexing: If a tag is in the transmission state, it checks the slot index from p + 1 to p + k
bits in its ID and converts into a decimal number g, i.e.,

g = bin2dec(dp+1, dp+2, · · · , dp+k) (8)

• Replying: If g = 0, the tag replies its remaining ID, i.e., (dp+k+1, dp+k+2,· · · , dL), to the
reader. Otherwise, it waits for the reader’s Qrep command, and reduces g byone after
receiving this command until zero.

k
Matching

g=bin2dec(dp+1…dp+k)

Tag response in  g time slot

Tag’ response

Not 
matching

Tag-side

Do not participate 
in this frame

Query

Reader -side
ID

dp+1…dp+k

dp+1…dp+k dp+k+1…dLd1…dp
q1…qp

==

q1…qp

d1…dp

dp+k+1…dL

Indexing

Replying

Figure 5. Tag’s operation after receiving the reader’s Query command.

After receiving tags’ responses in each slot, the reader determines the state of the
current slot and identifies tags. In summary, there are four types of slots to appear.

• Singleton slot: If there is only one tag reply, the received message can be successfully
decoded. Then, the reader identifies the tag and recovers its ID with

pre || dec2bin(g, k) || (dp+k+1, dp+k+2, · · · , dL) (9)

where ‖ is the concatenating operation.
• Two readable slot: There are replies from two tags in the slot, and the received message

contains only one colliding bit. Since the tag’s ID is unique, the reader can recognize
the two tags in one slot. For example, the message received by the reader is “10x101",
where “x” is the colliding bit. The two tag IDs to be identified are

ID = pre||dec2bin(g, k)||{101101
100101 (10)

• Idle slot: If the reader receives no message at the slot, it is an idle slot.
• Collision slot: When more than two tags reply simultaneously in the slot, a collision

slot occurs since the reader cannot recover any ID information. In this slot, the reader
checks the position of the first colliding bit and the number of consecutive colliding
bits after this position. Next, it obtains the parameters for subsequent frames. For
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example, if the decoded message is ”1xx01”, the frame parameters are obtained by
calculating

pre′ = pre||+ dec2bin(g, k)||1, k′ = 2. (11)

Then, the reader pushes (pre′, k′) to Q.

After executing all slots in the current frame, the reader checks whether Q is empty.
If Q is empty, it terminates the identification of this round since all the tags are identified.
Otherwise, it obtains frame parameters (pre, k) by Queueout(Q) and sends Query(pre, k)
command to start the next frame. More specifically, Algorithms 1 and 2 give the pseudo-
codes of the reader’s and tags’ operations in DQTR, respectively. The whole identification
process of ACDQT is also given in Figure 6.

Algorithm 1: Reader’s Operations

1 initiate Q = {(ε, 0)};
2 while Q is not empty do
3 Obtains (pre, k) = Queueout(Q), and broadcasts Query(pre, k);
4 for s = 0 : 2k − 1 do
5 Waits for tag responses and checks state of the slot;
6 if Singleton slot then
7 identifies the tag with (9) ;
8 else if Two readable slot then
9 identifies the tags with (10);

10 else if Collision slot then
11 obtains (pre′, k′) with (11) and Queuein((pre′, k′), Q);
12 end
13 Send Qrep;
14 end
15 end

Algorithm 2: Tags’ Operations

1 After receiving Query(pre, k);
2 if (d1, d2, · · · , dp) == pre then
3 g = bin2dec(dp+1, dp+2, . . . , dp+k);
4 if g = 0 then
5 Reply(dp+k+1, dp+k+2, · · · , dL);
6 else if receive Qrep then
7 g = g− 1;
8 end
9 else

10 wait for the next Query() command;
11 end
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Figure 6. Flowchart of the proposed ACDQT algorithm: (a) the admission control phase with MRAC;
(b) the identification phase in each round with DQTR.

An Example

To clearly show the DQTR algorithm, Figure 7 illustrates an example of the identifica-
tion process for 10 tags, and the tag IDs are given in Table 4. In Figure 7, Fi refers to the ith
frame, and the queue Q of each frame is also given in the right side.

At the beginning, the reader initializes queue Q = {(ε, 0)}. In the first frame F1, it
obtains parameters from Q and broadcasts Query(ε, 0). Note that the initial frame consists
of only one collision slot, since all tags will match with prefix ε. After receiving tags’
responses, the decoded message is ”xxxxxxxxxx”. For the sake of simplicity, we use the
first three constitutive colliding bits. Then, the reader sets pre = ε, k = 3, and pushes them
into Q. In F2, all tags will participate in this frame. After checking the first three bits of
their ID, they obtain slot indices and reply in the corresponding slots. In this frame, Tag1
and Tag2 are identified in the two readable slots, i.e., the second slot, Tag6 and Tag10 are
identified in two singleton slots, i.e., the fifth and seventh slots, respectively. The fourth
and sixth slots are two collision slots with k = 2 and k = 1, respectively. At the end of
F2, Q becomes {(011, 2), (101, 1)}. The reader goes through the subsequent frames until Q
is empty.

Tag1~10

Tag1,2 Tag6Tag3,4,5 Tag7,8,9 Tag10

Tag4 Tag5 Tag3 Tag7 Tag8,9

Idle slot Successful slot Collision slot

Query(ԑ,3)

Query(011,2) Query(101,1)

F1

F2

F3 F4

F0:Q={(ԑ,0)}

F1:Q={(ԑ,3)}

F2:Q={(011,2),(101,1)}

F3:Q={(101,1)}

F4:Q={NULL}

Figure 7. Example of DQTR recognition process.
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Table 4. Tags’ ID information.

Tag ID Tag ID Tag ID Tag ID

Tag1 0011000111 Tag2 0011100111 Tag3 0111101101 Tag4 0110001010

Tag5 0110100111 Tag6 1000011010 Tag7 1010100010 Tag8 1011111010

Tag9 1011111000 Tag10 1101100111

At the end of frame F2, Q = {(011, 2), (101, 1)}, which includes two frame parameters.
Next, the reader takes (011, 2) from Q and broadcasts Query(011, 2) to start the third frame
F3. There are four time slots in F3, of which the first, second and fourth time slots have
only one tag response, and the third time slot is an idle slot. The reader identifies Tag4,
Tag5 and Tag3 in these three singleton slots, separately. Then, it continues to take frame
parameters (101, 1) from Q. In frame F4 , two slots are executed. The first slot has only one
tag response, and the reader can directly identify Tag7. The message reply in the second
slot is “1110x0", so the reader recognizes Tag8 and Tag9 in this two-readable slot. At the
end of F4, Q becomes empty. The reader terminates this reading round.

The identification performance of DQTR is compared with two benchmark works,
i.e., CT [4] and DPPS [7]. Table 5 lists the number of transmitted message bits on both
the reader and tag sides as well as the total identification time. As can be observed, the
proposed DQTR algorithm transmits the least number of message bits on both the reader
and tag sides, and it also takes the least time to identify all tags.

Table 5. Compared with CT and DPPS.

Message
Transmitted

Message
Transmitted Total Identification

by Reader (bit) by Each Tag (bit) Time (s)

CT 1028 191 0.0201

DPPS 585 152 0.0143

DQTR 425 131 0.0124
The bold values are the least cost in each column.

5. Performance Analysis

In mobile systems, ACDQT performs two key strategies, i.e., multi-round admission
control (MRAC) and dynamic query tree recognition (DQTR), to accelerate the identification
efficiency. In MRAC, the number of admitted tags is controlled to facilitate the identification
of each round. Therefore, the overall system efficiency highly depends on the identification
process in each round. In this section, we analyze the performance of DQTR in each round
based on probability theory and classical tree analysis methods [33–35].

In DQTR, all tags will reply in the initial slot. As demonstrated in Figure 7, if there is
more than one tag replying simultaneously, a collision slot occurs. The colliding tags will
be split into small subsets according to the number of consecutive colliding bits after the
maximum common prefix, i.e., they will attend a new frame in the next layer of the tree.
Let Pbc(i, k) be the probability that there are k consecutive colliding bits after the maximum
common prefix when i tags reply in the slot. Then, the number of slots needed to identify n
tags using DQTR in each round is given by

S(n) = 1 +
L−p

∑
k=1

Pbc(n, k) · Sk(n, k), (12)

where L and p are the lengths of the tag ID and the maximum common prefix of colliding
tags, respectively. Sk(n, k) is the number of slots needed to identify n colliding tags when
the number of consecutive collision bits in tag responses is k.
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Assume that i tags reply in the same slot. There should be at least one colliding bit
in the received message. In a specific bit position, if the corresponding bit of all response
messages are the same, i.e., all zeroes or ones, this bit position is not colliding. Thus, the
probability that a specific bit position is colliding can be expressed as

Pb = 1− 1
2i · 2 = 1− 1

2(i−1)
. (13)

In a collision slot, there is at least one colliding bit. Thus, the probability of the first
colliding bit in tag responses in a collision slot with i tags is Pbc(i, 1) = 1, i > 1. If the
number of consecutive colliding bits k is greater than one, that means the 2nd to kth bits
are all colliding bits. Therefore, in a collision slot with i attending tags, the probability that
k consecutive colliding bits exist after the maximum common prefix is obtained by

Pbc(i, k) = pk−1
b · (1− pb) =

(
1− 1

2i−1

)k−1

· 1
2i−1 , k > 1. (14)

Note that in a collision slot, there should be at least one colliding bit, i.e., the colliding bit
after the maximum common prefix.

In a collision slot with k consecutive colliding bits after the maximum common prefix,
the tags will be split into 2k sets and will attend 2k slots in the subsequent frame. Assume
the event that a tag assigned to a specific slot follows the binomial distribution as most
previous works [5–7,15]. The probability that i tags are assigned into one slot in a frame
with 2k slots is given by

P(i, 2k) = Ci
n

(
1
2k

)i(
1− 1

2k

)n−i

. (15)

Since all collision slots will split in the same way, the number of slots in subsequent frames
can be calculated with the following iterative function:

Sk(n, k) = 2k
{

P(0, 2k) + P(1, 2k) +
n

∑
i=2

P(i, 2k)
L−p′

∑
j=1

Pbc(i, j)Sk(i, j)
}

(16)

where p′ is the length of maximum common prefix of the colliding tags and it varies in
different slots, and 2k is the frame length of the stretched frame when the number of
consecutive colliding bits is k. Note that Sk(2, k) ≤ 2. Substituting (14), (15) and (16) to (12),
the number of slots needed to identify n tags by DQTR in each round is obtained. Then,
the slot efficiency is given by n/S(n).

Since different types of slots will occupy various time intervals (for example, a collision
slot takes much longer time than an idle slot), the slot efficiency cannot effectively evaluate
the performance of a practical RFID system. So, we also consider the average identification
time to recognize one tag as follows,

Tave =
Ssucc(n)Tsucc + Sidle(n)Tidle + Scoll(n)Tcoll

n
, (17)

where Ssucc(n) is the number of singleton and two-readable slots, and Sidle(n) and Scoll(n)
are the numbers of idle and collision slots, respectively. In a deterministic algorithm, all
tags will be recognized. We have Ssucc(n) ≤ n. The values of Scoll and Sidle can also be
calculated with similar analysis of S(n).

As shown in Figure 7, the number of collision slots needed to identify n tags consists of
the initial collision slot on top of the tree and the collision slots in subsequent frames in each
layer of the tree. The second layer consists of only one frame, and its frame length depends
on the number of consecutive colliding bits after the maximum common prefix in the
initial slot. Participating tags in this slot are assigned to a stretched frame (i.e., tree branch)
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according to their slot indexes obtained from their IDs. Let Sk
coll(n, k) be the number of

collision slots needed to identify n colliding tags when the number of consecutive colliding
bits after the maximum common prefix is k. The total number of collision slots is given by

Scoll(n) = 1 +
L−p

∑
k=1

Pbc(n, k)Sk
coll(n, k), (18)

In each frame, the attending tags are randomly assigned to each slot. If more than one
tag is grouped into the same slot, these tags will repeat this process in a new frame in lower
layers of the tree. Then, we can obtain

Sk
coll(n, k) = 2k

n

∑
i=2

P(i, 2k)
L−p′

∑
j=1

Pbc(i, j)Sk
coll(i, j), (19)

where 2k is the number of slots in the frame. If two tags reply in the same slot, there should
be a collision or a two-readable slot. If it is a two-readable slot, the two tags can be identified
directly. Otherwise, they will be split into two subsets according to the position of the
first colliding bit and be recognized in two singleton slots. Then, we have Sk

coll(2, j) = 1.
Resolving (19) with an iterative method and substituting the results into (18), the number
of collision slots is obtained.

Next, as shown in Figure 7, idle slots will occur if no tags are assigned. Thus, the
number of idle slots in the second layer, i.e., the frame stretched from the initial collision
slot, is given by

Sidle =
L−p

∑
k=1

Pbc(n, k)Sk
idle(n, k). (20)

In each subsequent frame, the probability that an idle slot occurs is P(0, 2k) and that of a
collision slot is P(i, 2k), i ≥ 2. Each collision slot will stretch a new branch (i.e., frame).
Therefore, the number of idle slots generated in subsequent frames is given by

Sk
idle(n, k) = 2k

{
P(0, 2k) +

n

∑
i=2

P(i, 2k)
L−p′

∑
j=1

Pbc(i, j)Sk
idle(i, j)

}
(21)

Since a collision slot with two tags will be identified as a two-readable slot or two singleton
slots in the next layer, there should be no idle slots in sucha situation, that is, Sk

idle(2, j) = 0.
Similarly, with iterative resolving, the number of idle slots is obtained. Substituting (18),
(19) and (20) and (21) to (17), the average identification time is obtained.

6. Simulation Results

In this section, we first evaluate the performance of ACDQT in a single reading
round and compare it with the three most related benchmark works, i.e., the collision
window tree (CwT) [5], M-ary collision tree (MCT) [6] and dual prefix probing (DPPS) [7]
algorithms. In the literature, CwT, MCT and DPPS are the most recent works that use bit
tracking technology. In what follows, we also give the simulation results in conveyor belt
systems. The throughput and tag lost ratio of ACDQT are evaluated and compared with the
three most related benchmark works that solve the moving tag identification problem, i.e.,
efficient bit detecting (EBD) [15], dynamic collision tree (DCT) [29] and basic frame-slotted
ALOHA (BFSA) [26]. The simulation is conducted based on the system model introduced in
Section 3 where a single reader is mount above the conveyor belt. Tags are assumed equally
spaced in the conveyor belt and move at a constant speed. Each tag has a 96-bit unique
identifier, and the tag IDs are uniformly distributed. Moreover, similar to most works in
the literature [29–32], we do not consider transmission errors and capture effect during the
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identification process since they have a similar impact on the comparable protocols. We
use MATLAB R2019a to perform the simulation, and each simulation result is averaged
from 100 tests. Table 6 lists the values of some parameters used in the simulation. Note that
Lcmd is the length of the Query command, which varies in different algorithms.

Table 6. Parameters used in simulation.

Parameter Value Parameter Value

L 96 bits Data rate D 160 kbps

t1, t2 25 us t3 12.5 us

tQ Lcmd/D tR 4/D

6.1. Single Round Identification

In this subsection, we simulate the identification process in a single round in a static
situation. In the evaluation, we first give the numbers of collision and idle slots to identify
all tags, respectively. Next, the number of message bits transmitted by the reader and tags
are given separately. Then, the average identification time for one tag identification and
time efficiency of the comparable algorithms are also exhibited.

6.1.1. Number of Slots

Firstly, Figure 8 gives the numbers of collision and idle slots needed to identify tags. It
should be noted that in DPPS, each slot consists of two consecutive tag responses, which is
actually one frame with two slots, and there is no Qrep command in the second slot. For a
fair comparison, we consider this as two slots, and the state of each slot is related to the
number of simultaneous tag responses. In CwT, the go-on slot takes such a very short time
that they are compared with idle ones.

0 500 1000 1500 2000
Number of tags

0

500

1000

1500

2000

N
um

be
r 

of
 c

ol
lis

io
n 

sl
ot

s

ACDQT
MCT
DPPS
CwT

(a)

0 500 1000 1500 2000
Number of tags

0

500

1000

1500

2000

2500

N
um

be
r 

of
 id

le
 (

or
 g

o-
on

) 
sl

ot
s

ACDQT
MCT
DPPS
CwT(go-on)

(b)

Figure 8. Number of slots needed to identify tags: (a) collision slots; (b) idle (or go-on) slots.

As can be observed from Figure 8a, the proposed ACDQT algorithm takes the least
number of collision slots to identify tags, while DPPS and MCT take more collision slots
than ACDQT. CwT takes the most number of collision slots. This is because DPPS only
splits colliding tags into two or four subsets. MCT splits tags into a fixed number of subsets,
whereas the proposed ACDQT algorithm splits colliding tags into various numbers of
subsets which is based on the number of consecutive colliding bits. Dynamically splitting
colliding tags into smaller subsets, the number of collision slots is significantly reduced.
Moreover, one can also observe that CwT takes much more collision slots than comparable
algorithms. The main reason is that CwT always splits colliding tags into two subsets based
on the first colliding bit position. The splitting process is slow, especially when the number
of colliding tags is large. Therefore, CwT takes much more collision slots than others, and
the gap becomes larger with the increase of tag number.
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Figure 8b illustrates the number of idle slots needed to identify tags. As shown,
ACDQT takes more idle slots than other protocols. In MCT, DPPS and ACDQT, colliding
tags are divided into more subsets according to the number of consecutive colliding bits.
Each subset corresponds to a slot in the new frame. One can not sense the number of
tags in each subset. So, there are some idle slots, and the number of idle slots increases
with larger frame length. In CwT, there are no idle slots, but the number of go-on slots is
large. Although ACDQT takes more idle slots than comparable algorithms, it takes the least
number of collision slots. As known, a collision slot takes much more time than an idle (or
go-on) slots. Therefore, ACDQT will take a shorter time to identify tags than comparable
protocols.

6.1.2. Number of Transmitted Message Bits

In the comparable algorithms, the frame structure and messages transmitted in each
slot are different. Only the number of collisions and idle slots are not enough to evaluate
the overall performance of these algorithms. The communication overhead of the RFID
tag identification protocol refers to the number of message bits sent and received by the
reader and tags during the identification process. The reader side overhead refers to the
total number of message bits sent by the reader, and the tag side overhead refers to the total
number of message bits in tag replies to the reader. In the simulation, a tag uses a 96-bit ID,
and the reader needs to send two necessary commands during the identification process,
i.e., the Query and Qrep commands. Since the identification time highly depends on the
number of transmitted message bits, we give the comparison results of these algorithms in
Figure 9.
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Figure 9. Average number of message bits needed for one tag identification: (a) on the the reader
side; (b) on the tag side.

The average number of command bits transmitted by the reader for one tag identi-
fication (i.e., communication overhead on the reader side) is shown in Figure 9a. It can
be observed that ACDQT and MCT transmit smaller numbers of command bits on the
reader side, and the communication overheads are stable at around 42 and 45 bits, respec-
tively. This is because ACDQT and MCT both use a multi-branch tree structure. Compared
with 180 bits of CwT and 68 bits of DPPS, communication overhead of ACDQT on the
reader side is reduced by about 75% and 33.8%, respectively. This is because the proposed
ACDQT protocol uses the number of consecutive collision bits to divide colliding tags into
different groups in a new frame. In each frame, only one Query command and several
Qrep commands are sent. This greatly saves the amount of command bits needed to send.
Although the DPPS algorithm uses a Query command in each frame with two consecutive
slots, the amount of command bits transmitted in each frame is small, but DPPS requires
more frames to identify tags than ACDQT does. Thus, communication overhead on the
reader side of DPPS is higher than that of ACDQT. In CwT, each slot comes with a Query
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command. With more slots, CwT transmits more command bits on the reader side than
comparable algorithms.

Figure 9b illustrates the average number of message bits transmitted by the tag for
one tag identification (i.e., communication overhead at each tag). As shown, a tag transmits
fewer message bits in ACDQT and CwT than in the MCT and DPPS algorithms. This
is because ACDQT takes the least number of collision slots. Thus, the response time
for each tag is reduced accordingly. Secondly, a tag only needs to reply part of the ID
information in each slot, which greatly reduces the number of message bits transmitted.
Therefore, the communication overhead of each tag by implementing ACDQT is much
lower than comparable algorithms. In CwT, a tag replies short messages in each slot.
Therefore, although CwT takes more slots, the number of message bits transmitted by each
tag is small.

6.1.3. Time Performance

Finally, Figure 10 demonstrates the average time needed to identify one tag and the
time efficiency. It should be noted that time efficiency is defined as the ratio of the time cost
of a singleton slot to the average time needed to identify one tag. As one can observe in
Figure 10a, the proposed ACDQT takes about 1.2 ms to identify a tag on average, whereas,
MCT, DPPS and CwT take about 1.25 ms, 1.43 ms and 1.95 ms for one tag identification,
respectively. Compared with MCT, DPPS and CwT, the time gain of ACDQT is around
4.2%, 19.2% and 62.5%, respectively. It also demonstrates that although ACDQT takes more
idle slots than other algorithms, the time saved by the smaller number of collision slots
greatly improves the identification performance. Therefore, ACDQT takes much less time
than the comparable algorithms. Moreover, in Figure 10b, one can also observe that the
proposed ACDQT algorithm always has the highest time efficiency, which is about 50%.
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Figure 10. Time performance: (a) average time for one tag identification; (b) time efficiency.

To sum up, in single-round identification (i.e., a static situation), the proposed ACDQT
algorithm is superior to comparable algorithms in terms of fewer number of collision slots,
lower communication overhead and shorter identification delay.

6.2. Fast-Moving Tag Identification

To evaluate tag recognition performance in a conveyor belt system, we measured
from two metrics: throughput and tag lost ratio. Throughput refers to the number of tags
recognized per unit of time, and the tag lost ratio is the ratio of tags that are not recognized
(lost tags) after they move out of the reader’s reading range to the total number of tags
passing through. The moving speed of the incoming tag flow of the system (termed tag flow
rate) ranges from 0 to 800 tags/s, and the distances between tags are evenly distributed.
The performance of ACDQT is compared with the three most related works dealing with
moving tag situations, i.e., DCT [29], BFSA [26] and EBD [15]. Simulation results are
illustrated in Figure 11.
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Figure 11. Identification performance for fast-moving tags: (a) throughput; (b) tag lost ratio.

As can be observed from Figure 11a, the proposed ACDQT algorithm achieves much
higher throughput than comparable algorithms, and the highest throughput is about
510 tags/s. Compared with EBD, BFSA and DCT, the throughput is improved by 20%,
85% and 140%, respectively. When tag flow rate is greater than 510, the throughput of
ACDQT basically tends to be stable. However, when tag flow rate of BFSA is greater than
160, the fluctuation of throughput is relatively large, and it changes around 150. Since
DCT directly repeats the identification process for fast-moving tags, it is limited by the
performance of the tree splitting process. When new tags enter the reader’s reading range,
they join the identification process immediately, which may collide with other participating
tags. This greatly lowers the throughput in mobile systems. In EBD, newly arrived tags
will participate in the identification process in the next round which relieves the collision
situation. It also uses a new bit tracking strategy to accelerate the identification process in
each round. Thus, its throughput is higher than DCT and BFSA but lower than ACDQT.

In Figure 11b, the tag lost ratio of ACDQT is 0 when tag flow moves slower than
470 tags/s, while in DCT, BFSA and EBD, the values are 120, 170 and 290, respectively.
After these points, the tag lost ratio increases with the tag flow rate. This is because with
the tag flow rate increasing, the reader does not have enough time to identify all tags in
the current round before they move out of reading range. In this situation, some tags may
leave unrecognized after they move out of the reader’s reading range, resulting in a lost tag.
With larger tag flow rate, the lost tag situation becomes worse. Nevertheless, the proposed
ACDQT has much higher throughput and a lower tag lost ratio than comparable algorithms,
which is more suitable to be implemented in fast-moving RFID systems. Finally, Table 7 lists
the overall results of the comparable algorithms in single round and fast-moving situations.
Note that the bold values refer to the best performance in each group, and the results are in
accordance with these in Figures 8–10.
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Table 7. Simulation results of the comparable algorithms in single round and fast-moving situations.

Single Round

Number of Slots Average Number of Message Bits Time Performance

Collision Idle Reader Side Tag Side Average
Time

Time
Efficiency

n = 500

ACDQT 219.5 525.1 44.3 136.6 1.19 ms 50.4%

MCT 289.5 372.5 41.2 150.1 1.25 ms 47.7%

DPPS 304.5 245.1 68 153.5 1.41 ms 42.6%

CwT 498 351.1 178.1 136.7 1.95 ms 30.8%

n = 1500

ACDQT 694.7 1669.3 46.6 136.6 1.21 ms 49.6%

MCT 870.4 1115.3 42.1 147.6 1.24 ms 48.1%

DPPS 904.6 716.8 69.1 150.4 1.41 ms 42.7%

CwT 1498 1059.1 182.8 134.3 1.97 ms 30.5%

fast moving
tag flow rate = 300 tag flow rate = 500 tag flow rate = 700

throughput tag lost ratio throughput tag lost ratio throughput tag lost ratio

ACDQT 291.99 0 470.54 0.01 509.68 0.22

DCT 126.18 0.56 126.58 0.74 126.23 0.80

BFSA 181.89 0.28 170.93 0.57 160.55 0.71

EBD 279.85 0.01 274.71 0.33 271.58 0.51

The bold values are the best performance in each column.

7. Conclusions

In this paper, we established an identification model for mobile RFID systems and
proposed an ACDQT algorithm for fast-moving tag identification. In ACDQT, a new multi-
round admission control mechanism is designed to admit reasonable tags participating in
each reading round. Next, a novel dynamic query tree strategy was developed to quickly
identify tags in each round. Theoretical analysis was conducted to calculate the number of
slots and average time needed to identify tags in a single round. We conducted numerous
simulations to evaluate the identification performance in a single round and in multiple
rounds in conveyor belt systems. The performance of ACDQT is also compared with the
most related benchmark works. Simulation results demonstrate that ACDQT outperforms
existing works in diverse situations. In our future work, we will consider using a machine
learning method for tag flow estimation in the admission control process.
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