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Radio-frequency identification (RFID) is a noncontact automatic identification technology
that has been widely used in various modern industries. Due to the continuous improvement in
sensing capabilities, energy autonomy, affordability, and usability, RFID is one of the key
enabling technologies in realizing the Internet of Things (IoT). With their non-line-of-sight
wireless transmission, wireless power, and sensing capability, lightweight RFID sensor tags can
be connected to people or objects, which is crucial for future IoT applications such as healthcare,
logistics, and manufacturing. The RFID approach with the simultaneous reading of multiple tag
features can quickly identify connected “things” for further data communication and integration.
Reducing the identification processing time for many tags located inside the interrogation range
of the reader is essential. Therefore, an effective protocol must be developed to prevent collisions
and reduce useless queries between the reader and tags to achieve rapid identification.
Predetection tree-based algorithms, which are based on certain small predetection timeslots that
tags can respond to, can eliminate unnecessary idle slots and prevent collision slots. In this
paper, an efficient predetection-based anticollision algorithm has been proposed to achieve
outstanding tag identification performance. The numbers of collision slots and idle slots are
reduced by exploiting a novel predetection mechanism and slot size adjustment technique.
Simulation results indicate that the proposed scheme reduces the tag identification time by
approximately 30-60% compared with previously proposed predetection-based protocols.
Moreover, the numbers of query cycles, collisions, and slots are smaller in the proposed scheme
than in the previously proposed protocols.

1. Introduction

Radio-frequency identification (RFID) is a noncontact automatic identification technology
that is widely used in modern industrial applications such as object tracking and identification,
wireless sensor networks, inventory management, supply chain management, wireless sensor
networks, indoor positioning, and the Internet of Things (IoT).0~!) Conventional identification
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systems, such as QR codes and barcodes, cannot effectively perform automatic identification
and data collection due to tag-reader contact limitations, tag visibility issues, and their low data
reading rate. Nowadays, RFID systems can provide reliable and rapid communication without
requiring direct contact between the reader and tags. Because of these characteristics, the
functions of RFID technology not only go beyond object identification, but can also be used for
localization and sensing applications.(®) Furthermore, due to the RF energy supply, components
with sensing capability and chips can be integrated into RFID tags for simultaneous sensing and
identification purposes. These systems are referred to as computational RFID (CRFID)
systems.”). CRFID systems allow programs to run on an embedded computer that is only
powered by RF energy. Passive RFID sensors obtain RF energy from RF radiation to power the
circuit that performs the sensing task and saves the sensing information in the RFID chip, which
can be retrieved by RFID readers.

Due to the wide coverage and mobility of RFID interrogators, the acquisition of information
from “things” with passive RFID sensor tags is no longer restricted to specific locations. As a
result, such an RFID system with a large number of “things” can be implemented in many real-
world applications. For example, wearable and wireless sensing devices do not limit a patient’s
movements and allow efficient and continuous medical monitoring of the patient, improving
their quality of life. As a result, the healthcare industry is being revolutionized by RFID sensors
in a way that benefits both patients and medical providers.®:?) Furthermore, agriculture will
need effective sensors to provide efficient solutions in the future.(1%!) Several studies have
shown that it is necessary to significantly increase worldwide food production by 2050. The key
to achieving efficient food production lies in the purposeful and thoughtful use of sensors and
technology. Therefore, an effective RFID sensor tag identification algorithm is needed in the
aforementioned applications.

Reducing the identification processing time is essential for a large-scale RFID system that
consists of numerous tags within the range of RFID readers. A collision occurs if multiple tags
respond to a reader’s inquiry simultaneously. Thus, tag anticollision protocols are essential for
the efficient identification of IDs through inexpensive passive tags in RFID systems.

Numerous studies on anticollision protocols have been conducted. Anticollision protocols
may be classified into Aloha-based and tree-based protocols.(!22D) Although the probability of
tag collisions is lower in Aloha-based protocols, they incur the tag starvation problem, which
means that a particular tag may remain unidentified for a long time.'>~'¥ By contrast, tree-
based protocols, such as the binary tree splitting protocol and query tree algorithm, ensure the
identification of all tags.13-21) However, they have a relatively long identification delay. In this
study, we adopted tree-based protocols with the aim of reducing the identification delay.

In our previous studies, we have addressed the main design issue in the use of a predetection-
based mechanism to reduce unnecessary idle slots and avoid collision slots.17:2D) In a
predetection-based protocol, the reader allocates certain small timeslots for tags to respond to
when determining the tag ID distribution. Once the tag ID distribution has been determined,
only existing tags can respond in the corresponding timeslots during the following tag response
cycle. Thus, all idle slots are eliminated and collisions are reduced. As a result, the previously
proposed predetection-based scheme outperforms many other tree-based schemes, such as the
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HQT and H2QT protocols.?) However, some collisions that cannot be detected existed in our
previous scheme.

In this study, we employed the results found in previous studies to develop a novel collision
detection scheme for use in the predetection cycle. The proposed identification scheme can (1)
reduce the number of collision cycles in a tag response cycle to the maximum possible extent, (2)
reduce the communication overhead between the reader and tags during the predetection
process, and (3) complete the tag identification process in the shortest possible time.

The paper is organized as follows. Section 2 presents the concept and function of the
predetection scheme. In Sect. 3, we introduce our tag identification technique, called the hybrid
predetection-based query tree (HPQT) algorithm. Section 4 presents the simulation results of the
proposed technique and compares its performance with that of previously proposed protocols.
Finally, in Sect. 5, we conclude this study.

2. Predetection Scheme

To understand the main concept of the proposed anticollision algorithm, we must first
determine the tag ID distribution to the maximum possible extent. When the tag ID distribution
is determined, the reader sends the distribution information to the tags so that the tags can select
an appropriate timeslot in which to respond during the tag response cycle. Then, different tags
respond in different timeslots, which helps prevent collisions. Moreover, because the reader
allocates the exact number of timeslots in which tags should respond, no slot is empty.

To implement our concept, we use a predetection-based technique to determine the
distribution of tags. Note that the communication between passive tags and readers follows the
request—respond mode, which results in several iterations of reader request and tag response
operations during the tag identification process. In our predetection scheme, after the reader
request, the tag response consists of three phases of operations: predetection, broadcast, and tag
response phases. These phases are illustrated in Fig. 1.

The functions of these three phases are described as follows:

(1) Predetection phase: The reader allocates certain small timeslots for the tags, and each
timeslot is responsible for collecting tag ID distribution information for a particular group.
Furthermore, each small timeslot is assigned a unique label represented by a series of bits;
this label identifies a particular group of tag IDs. Once a tag matches the prefix string, the tag
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Fig. 1. (Color online) Tag response cycle in predetection-based algorithm.
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sends a message to an appropriate small timeslot that has the same label as the following bits
of its ID. Figure 1 shows four small allocated timeslots in the predetection phase. These slots
are labeled 00, 01, 10, and 11. Tags that match the prefix string send a message to the 00, 01,
10, and 11 slots according to the subsequent two bits. After receiving tag responses, the
reader recognizes the status of each timeslot as collision, idle, or successful. When only one
tag responds, a successful state is generated; when no tag responds, an idle state is generated;
and when more than one tag attempts to respond to the same small timeslot, a collision state
is recognized. Once the state of each timeslot has been determined, the reader can realize the
tag distribution for a particular group, which helps it determine whether the timeslot must
receive the tag ID during the tag response phase.

(2) Broadcast phase: After the predetection phase, the reader encodes the status of each small
timeslot into bit 0 or 1 and sends the encoded result to the tags so that the tags with IDs
matching the prefixes can determine in which timeslot to respond to their IDs during the tag
response phase. In general, bit 1 indicates an allocated timeslot in which tags should respond,
and bit 0 indicates that no timeslot has been allocated in which tags should respond.

(3) Tag response phase: On receiving the bit string from the reader during the broadcast phase,
each tag is aware that either a timeslot is allocated for responding with its ID or there is no
need to respond during the phase. Thus, a sequence of tag responses can be obtained by the
reader accordingly, and idle slots and collisions can be avoided.

3. Proposed Anticollision Scheme

The main function of the predetection phase in the aforementioned predetection-based
scheme is to reveal the tag distribution, which helps to reduce collision slots and eliminate idle
slots. In our previously proposed scheme, the predetection-based query tree (PDBQT) protocol,®
the reader allocates four small timeslots—that is, 00, 01, 10, and 11—in the predetection phase
for the tags to respond. According to the quaternary query tree mechanism, tags respond to the
timeslot determined from the next two bits of their tag IDs if their tag IDs match the reader’s
query prefix string. A tag only responds to a four-bit random number instead of the entire tag ID,
as shown in Fig. 2. After receiving responses, the reader recognizes the status of each small
timeslot——idle, successful, or collision. Some collisions are not recognized correctly because the
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Fig. 2. (Color online) Tag responding to a four-bit random number in the PDBQT predetection phase.
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same four-bit random number is sent by more than one tag; however, the number of collision
slots can be substantially reduced in the tag response cycle. The drawback of the PDBQT
protocol is the communication overhead of tags in the predetection phase; each tag must send
back a four-bit random number to the reader. To reduce the communication overhead, we thus
proposed another scheme, the efficient predetection-based query tree (EPDQT) protocol,(!?)
which differs from the PDBQT protocol in the predetection phase. In the EPDQT protocol, each
tag that matches the reader’s query string responds to the following bit, called the tag bit,
determined from the next two bits of the tag ID and sends the tag bit to the timeslot determined
from the next two bits, as shown in Fig. 3. Consequently, the communication overhead during
the predetection phase can be substantially reduced. However, in the EPDQT protocol, some
collisions cannot be detected in the predetection phase if more than one tag responds with the
same tag bit to the same timeslot determined from the next two bits of the tag ID, thus generating
collision slots in the tag response phase.

In this paper, a novel collision detection scheme is proposed that not only reduces the
communication overhead but also increases the collision detection rate. The proposed scheme
focuses on the tag response during the predetection phase. Unlike the PDBQT protocol, in the
proposed scheme, a tag sends two bits—a tag bit and a random number bit—to a small timeslot,
as illustrated in Fig. 4. The tag bit is obtained from the tag ID, and the random bit is a one-bit
random number generated by the tag itself.
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The procedure of our proposed predetection scheme can be described as follows. In our
proposed anticollision algorithm, the tag response cycle is divided into three phases:
predetection, broadcast, and tag response, after the reader sends a request. Before the tag
response, the reader allocates 2” small timeslots to collect the tag distribution information of
different groups, where 7 is a parameter that can be defined by the algorithm’s users. After a tag
receives the prefix string sent by the reader, it will respond to the reader if its tag ID matches the
received prefix string. The tag selects one of the 2” timeslots according to the n bits following
the received prefix string of its tag ID. Then, the responding tag sends the (z + 1)th bit following
the received prefix string of its tag ID, combined with a random bit generated by the tag itself, to
the reader. For example, if n = 2 and the tag ID is 10011001, then after receiving a two-bit prefix
string, say 10, sent by the reader, the tag is aware that it should respond to the timeslot 01 because
the two bits after the received prefix string are 0 and 1. Then, the tag takes the third bit, which is
1, as the tag bit; generates a binary random number, say 0, as the random bit; and sends the
combined results, 10, to the timeslot in the predetection phase.

Once the predetection phase is completed, the reader is aware of the status of each timeslot in
the predetection phase. By using the hybrid Manchester coding technique,(!? the reader can
determine whether each received bit is ¢ (i.e., idle), 0, 1, or x (i.e., collision). Table 1 presents the
results that can be obtained by a reader after receiving the response bits from tags during each
small timeslot in the predetection phase.

Depending on the results obtained by the reader, the status of each small timeslot is
recognized as idle, 0-success, 1-success, tag-collision, random-collision, or tag-random-
collision. The idle state indicates that no tag is present in a particular group. The 0-success and
1-success states indicate that the reader receives 0 or 1, respectively, for the tag bit and the same
random bits. The fag-collision state indicates that more than one tag responds to different tag
bits and the same random bit to the reader. Similarly, the random-collision state indicates that
more than one tag matches the prefix string, and the same tag bit but different random bits are
sent to the reader. Finally, the tag-random-collision state indicates that more than one tag
matches the prefix string, and different tag bits and random bits are sent to the reader. As in the
previously proposed predetection-based scheme, in the proposed scheme, no timeslot is required

Table 1
Possible reader results in predetection phase of proposed scheme.
Tag bit Random bit Results Broadcasted bits  Slots allocated

@ o idle 00 0
0 0 0-success 10 1
0 1 0-success 10 1
1 0 1-success 01 1
1 1 1-success 01 1
0 X random-collision 00 0
1 X random-collision 00 0
X 0 tag-collision 11 2
X 1 tag-collision 11 2
X X tag-random-collision 00 0

Note: The ¢ symbols shown in the tag bit and random bit columns indicate no response from the tags.
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in the tag response for the idle state. For both the 0-success and 1-success states, the reader
allocates a timeslot in the tag response phase because only one tag may match the prefix string.
For the tag-random-collision state, no timeslot is allocated because more than one tag matches
the prefix string, and some additional queries are required to identify these colliding tags. For
the fag-collision state, the reader realizes that two tag IDs match the prefix string and thus
allocates two timeslots to identify these tags. By contrast, in the random-collision state, the
reader realizes that more than one tag matches the prefix string and has the same next bit. Thus,
no timeslot is required in this case. Accordingly, each state is encoded into a two-bit broadcasted
string, and each bit in the broadcasted string indicates whether a timeslot is required in the tag
response phase. Bit 1 indicates that a timeslot is allocated, whereas bit 0 indicates otherwise.

As each tag receives the broadcasted 2” * l-bit string, it checks the next (n + 1)-bit string after
the received prefix string of its tag ID to determine whether the corresponding bit in the
broadcasted string is 0 or 1. Each tag responds to its tag ID in the tag response phase only if its
corresponding bit in the broadcasted string is 1. Moreover, the exact timeslot for tags to respond
is determined by counting the number of Is in the received broadcasted string from the starting
bit to the corresponding bit. For example, if n = 2, the tag ID is 10010101, and the prefix string is
10, then after receiving the broadcasted string 00111001, the tag checks the value of the next
three-bit string, which is 010 or 2, after the received prefix string bits of its tag ID to determine
whether the corresponding bit (i.e., the third bit from the left of the broadcasted string) is 1 or 0.

Let us present an example to clarify our discussion. Table 2 depicts the detailed operation of
identifying nine tags with 15-bit tag IDs in our proposed scheme, where n = 2. The tag IDs are
tag A: 001010000000000, tag B: 001101010000101, tag C: 010101100011110, tag D:
100010111111010, tag E: 101101000010001, tag F: 110111010001110, tag G: 110010010101010, tag
H: 111001001010111, and tag I: 111110111001000. First, the reader sends an empty query string to
the tags and allocates four small timeslots in the predetection phase (represented as 00, 01, 10,
and 11) in which the tags should respond simultaneously. For the small timeslot 00, only tags A
and B have the same label as the first two bits of the tag ID. Tags A and B respond with the
subsequent bit of the first two bits of their IDs, which are bit 0 for both tags A and B, as the tag
bit along with one random bit. Assume that the random bits of tags A and B are different. Then,
the reader realizes that the small timeslot 00 is in the random-collision state, which is encoded as
00 for the broadcasted string, and the reader combines the timeslot 00 with the tag bit 1 to
include a new query prefix 001 in the queue for further processing. For the small timeslot 01,
only tag C responds to the tag bit and the random bit to the timeslot. The reader realizes the
timeslot is in the 0-success state, which results in the broadcasted string 10. The small timeslots
10 and 11 are processed in a similar manner. After the predetection phase, the reader sends the
broadcasted string, which is 00101100, to the tags. Then, all tags count the locations of 1s in the
broadcasted string. The first bit 1 in the broadcasted string is the second bit from the left, which
can be represented as 010 in binary. Thus, the tag matching the first three bits of 010, which is
tag C, responds with its tag ID in the first timeslot in the tag response phase. After the tag
response phase, the reader removes a query prefix from the queue as the new query string and
repeats the identification process. The identification process continues until the prefix queue is
empty. After four query cycles, all tags have been identified as shown in Table 2.
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Table 2
Detailed operations of the proposed HPQT scheme for identifying nine tags with n = 2.
Query Pretﬁx Phase Time  Tags that Te.tg Ranfiom Results BroadFasted Queue
cycle string slots  respond bit bit string
00 A,B 1 X random- 00 001
collision
Predetection 01 C 0 1 0-success 10
10 D,E X 0 tag-collision 11
1 4 1 EGHI X x ~ lag-random- 00 110, 111
collision
Broadcast 00101100
010 C identified
Tag response 100 D identified
101 E identified
00 @ idle 00
Predetection 01 A 0 1 0-success 10
10 B 1 0 10-success 01
2 001 11 @ idle 00
Broadcast 00100100
Tag response 010 A %dent?ﬁed
101 B identified
00 @ idle 00
Predetection 01 G 0 1 0-success 10
10 @ idle 00
3 110 11 F 1 1 1-success 01
Broadcast 00100001
Tag response 010 G identified
111 F identified
00 H 1 0 1-success 01
. 01 i) idle 00
Predetection 10 ’ idle 00
4 111 11 1 0 0 0-success 10
Broadcast 01000010
Tag response oot H %dent%ﬁed
110 I identified

Note: The ¢ symbols shown in the prefix string and tags that respond columns indicate an empty query string and no
response from tags, respectively.

4. Performance Evaluation

To verify the effectiveness of our proposed technique, we compare the performance of the
HPQT protocol with that of the PDBQT and EPDQT protocols. We perform several experiments
to verify the performance of the HPQT protocol. Each experiment is performed 30 times and the
average is taken as the final result.

The simulation environment accords with the related regulations of the EPCglobal C1 G2
standard as follows.?? An RFID system that consists of one reader and 5000-50000 non-
duplicate tags within the reading range is employed. The length of the tag ID is 96 bits. Two
distributions of tag IDs are considered, namely, uniform random and sequential distributions. In
the sequential distribution, the tag IDs are in groups and consecutive. Let g denote the maximum
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group size when the sequential distribution is used as a percentage of the number of tags to be
identified. In our simulation, three different values of g are considered, namely, 10, 20, and 50%.
The data transfer rate between the reader and tags is set to 128 kbit/s. The length of the reader
command is 22 bits. The transmission waiting time from the reader to the tags and from the tags
to the reader is set to 20 ps. For simplicity, we consider an ideal transmission channel between
the reader and the tags and ignore the capture effect and path-loss effects.

The focus of the simulations is to determine the performance of the algorithms for different
numbers of tags, with the performance reflected by the number of queries required, the delay
time, the total number of transmission bits required, and the slot system efficiency. The slot
system efficiency is defined as the ratio of the number of tags to the total number of slots taken
to complete the tag identification.

4.1 Number of queries required for different numbers of tags

Figures 5—8 show the results for the total number of queries required to identify tags for both
the uniform random and sequential distributions of various schemes. Figure 5 indicates that the
EPDQT protocol outperforms both the HPQT and PDBQT protocols in terms of the number of
queries required to identify tags when the uniform random distribution is used. The PDBQT
protocol performs the worst among the three protocols. The reason for these results is relatively
clear. The predetection phase in the PDBQT protocol eliminates all idle slots and detects most
collision slots. Therefore, more query cycles are required to resolve collisions in the PDBQT
protocol. By contrast, the EPDQT protocol allocates two slots in the tag response phase for the
collision slots detected in the predetection phase. Thus, many tags are identified in the tag
response phase, resulting in a considerable reduction in the number of queries. However, some
collision slots still exist in the tag response phase. Our proposed HPQT protocol aims to reduce
the collisions that occur in the tag response phase by detecting as many collisions as possible in
the predetection phase. As illustrated in Fig. 5, the collision avoidance performance of the
proposed HPQT protocol is similar to that of the PDBQT protocol.
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Figures 6—8 show the results of all protocols when the sequential distribution of tag IDs is
used. These figures show that the number of queries in the PDBQT protocol remains almost
unchanged with a change in the group size g. The numbers of queries required for both the
HPQT and EPDQT protocols are similar when the group distribution of IDs is used and less than
half the number required for the PDBQT protocol. This is because in the group distribution,
many tags have long common prefixes and only differ in the last few least significant bits, which
results in the tags becoming sibling leaves in the identification tree. Therefore, many tags
respond to the same small timeslot in the predetection phase as compared with the number of
tags responding to the same small timeslot when IDs are uniformly distributed. In such a
scenario, the PDBQT protocol successfully detects more collisions than both the HPQT and
EPDQT protocols, which results in a greater number of queries. Moreover, the number of queries
required for the HPQT protocol is approximately 1-5% less than that for the EPDQT protocol,
because the HPQT protocol detects more collision slots than the EPDQT protocol, and it
identifies more tags in the tag response phase. Therefore, the number of queries required to
identify tags in the HPQT protocol is less than that required in the EPDQT protocol.

4.2 Total transmission bits for different numbers of tags

Figures 9-12 show the communication complexity with different numbers of tags for the
PDBQT, EPDQT, and HPQT protocols when uniform random and sequential distributions are
used. We measured the communication complexity by calculating the total number of bits
transmitted by these protocols in completing the tag identification. Figure 9 shows that the total
number of transmission bits required to complete tag identification in each algorithm increases
proportionally with the number of tags. The proposed HPQT protocol requires approximately
20-30% fewer transmission bits than the PDBQT and EPDQT protocols. The PDBQT protocol
outperforms the EPDQT protocol. This is because the PDBQT protocol detects many collisions
in the predetection phase, which results in only a few collision slots being wasted in the tag
response phase. By contrast, the EPDQT protocol wastes numerous collision timeslots in the tag
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response phase. Moreover, our proposed HPQT protocol detects many collisions in the
predetection phase and also identifies many tags in the tag response phase. Therefore, the HPQT
protocol reduces the number of collision slots in the tag response phase and sends fewer queries
than the PDBQT protocol.

Figures 10—12 show that the total number of transmission bits required to identify tags in the
HPQT and EPDQT protocols when the sequential distribution is used is less than half of that
required when the uniform random distribution is used. However, the total number of
transmission bits required in the PDBQT protocol is similar for both sequentially distributed and
uniformly distributed IDs. In the sequential distribution, because the tag IDs only differ in the
last few least significant bits, many tags with the same prefix string respond to the same small
slot in the predetection phase. Thus, the PDBQT protocol detects almost all the collisions, which
results in many query cycles being performed to resolve the detected collisions. In the HPQT
and EPDQT protocols, many tags respond with the same tag bit to the same small timeslot in the
predetection phase, which also results in many query cycles being performed. However, in both
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the HPQT and EPDQT protocols, three bits are added for the query prefix, compared with two
bits in the PDBQT protocol; this means that the number of query cycles performed in the
PDBQT protocol is greater than that in the HPQT and EPDQT protocols. Therefore, the total
number of transmission bits required to identify tags in the HPQT and EPDQT protocols is much
less than that in the PDBQT protocol. Furthermore, the total number of transmission bits
required in the HPQT protocol is approximately 5% less than that in the EPDQT protocol. The
reason for this is also clear. By employing a random bit, the HPQT protocol detects more
collision slots in the predetection phase than the EPDQT protocol. Thus, the total number of
transmission bits in the HPQT protocol is less than that in the EPDQT protocol.

4.3 Delay time for different numbers of tags
Figures 13—16 show the delay time observed with different numbers of tags for the PDBQT,

EPDQT, and HPQT protocols when uniform and group distributions are used. We measure the
delay time by calculating the total time required to complete the communication of all the query
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commands and transmission bits and other communication overheads between the reader and
tags. Figure 13 shows that when the number of tags increases, the HPQT protocol increasingly
outperforms the PDBQT and EPDQT protocols. This is because the number of collision slots in
the HPQT protocol is less than that in the EPDQT protocol. Thus, the total number of
transmission bits in the HPQT protocol is less than that in the EPDQT protocol. Furthermore,
the number of query cycles in the HPQT protocol is less than that in the PDBQT protocol, which
results in the communication overhead in the HPQT protocol being lower than that in the
PDBQT protocol.

Figures 14—16 show that the delay time observed in the HPQT and EPDQT protocols when
the sequential distribution is used is much shorter than that when the uniform random
distribution is used. This is because the tag IDs differ only in the last few least significant bits
when the group distribution is used, which results in more tags with the same query prefix being
recognized for each query cycle. Moreover, all protocols have similar performance in terms of
the delay time regardless of the group size g. The HPQT and EPDQT protocols outperform the
PDBQT protocol. This is because the number of queries in the HPQT and EPDQT protocols is
much smaller than that in the PDBQT protocol when the sequential distribution is used.

4.4 Slot system efficiency for different numbers of tags

Figures 17-20 show the results of the system efficiency for the PDBQT, EPDQT, and HPQT
protocols when uniform and group distributions are used. We measure the system efficiency by
calculating the ratio of the number of tags to the total number of slots taken to complete the tag
identification by these protocols. Figure 17 shows that the approaches have relatively constant
slot efficiency as the number of tags increases. The slot system efficiency of the PDBQT protocol
is significantly better than that of other protocols because the number of identification slots and
the total number of slots increase as the number of tags increases, but the slot system efficiency
does not vary much with the number of tags. In the HPQT and EPDQT protocols, each query
cycle may allocate up to eight timeslots in which tags can respond. Some of the timeslots may
identify a tag but the rest may encounter collisions. Therefore, slot utilization in the HPQT and
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EPDQT protocols is less efficient than that in the PDBQT protocol, in which almost all identified
slots are allocated for each query. Slot utilization in the EPDQT protocol is less efficient than
that in the HPQT protocol because the HPQT protocol has a higher collision detection rate in the
predetection phase.

Figures 18-20 show that the HPQT and PDBQT protocols outperform the EPDQT protocol in
terms of the slot system efficiency when the group distributions are used regardless of the group
size g. This is because the tags are siblings in the identification tree when the group distribution
is used, and many collisions exist in the predetection phase during each query prefix. As a result,
only a few collision slots occur in the tag response phase for the HPQT and PDBQT protocols.
By contrast, many collision slots cannot be detected in the predetection phase in the EPDQT
protocol, which results in numerous collision slots being produced in the tag response phase.
Consequently, the HPQT and PDBQT protocols have higher slot system efficiency than the
EPDQT protocol. Moreover, both the HPQT and PDBQT protocols experience similar slot
system efficiencies (approximately 98—100%) irrespective of the value of M.

5. Conclusions

The widespread application and rapid technical progress of RFID sensing techniques have
led to innovative solutions in various fields of application, and these solutions are promising for
IoT sensing applications. Therefore, loT comprising an enormous number of RFID sensor tags
can become a reality. Reducing the identification processing time is an essential and challenging
task for a large-scale RFID system. Many collisions may occur during the tag identification
process owing to the characteristic of large-scale RFID systems. Identification protocols, such as
the PDBQT and EPDQT protocols, can reduce the number of collision slots and eliminate idle
slots by allocating some small timeslots in the predetection process, which results in a reduction
of the number of query cycles required to identify tags. In this study, we extended the previous
PDBQT and EPDQT protocols, in which a tag responds to small timeslots in the predetection
phase with two bits, a tag bit and a random bit. Therefore, our proposed HPQT protocol has the
advantages of both the PDBQT and EPDQT protocols. By comparing the HPQT protocol with
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the PDBQT and EPDQT protocols in terms of the total number of required queries, the total
number of bits transmitted, the delay time, and the slot system efficiency, the simulation results
show that the HPQT protocol outperforms the PDBQT protocol in terms of the total number of
required queries, the total number of required transmission bits, and the delay time, regardless of
the tag ID distribution type. The HPQT protocol also exhibits similar performance to the
PDBQT protocol in terms of the slot system efficiency when a group distribution is used. The
proposed HPQT protocol also performs better than the EPDQT protocol in terms of the total
number of required transmission bits, the delay time, and the slot system efficiency, regardless of
the tag ID distribution type. Moreover, the HPQT and EPDQT protocols outperform the PDBQT
protocol in terms of the delay time, regardless of the tag ID distribution type. For a group
distribution, the HPQT protocol has similar slot system efficiency to the PDBQT protocol.
Therefore, the HPQT protocol is more efficient than the PDBQT and EPDQT protocols.
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