
Research Article
An Efficient Q-Algorithm for RFID Tag Anticollision

Lingyun Zhao,1 Lukun Wang ,1 and Shan Du2

1College of Intelligent Equipment, Shandong University of Science and Technology, Taian 271019, China
2Department of Computer Science, Mathematics, Physics and Statistics, University of British Columbia, Okanagan,
V1V 1V7, Canada

Correspondence should be addressed to Lukun Wang; wanglukun@sdust.edu.cn

Received 18 March 2021; Revised 14 April 2021; Accepted 19 April 2021; Published 10 May 2021

Academic Editor: Yuanpeng Zhang

Copyright © 2021 Lingyun Zhao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In large-scale Internet of Things (IoT) applications, tags are attached to items, and users use a radiofrequency identification (RFID)
reader to quickly identify tags and obtain the corresponding item information. Since multiple tags share the same channel to
communicate with the reader, when they respond simultaneously, tag collision will occur, and the reader cannot successfully
obtain the information from the tag. To cope with the tag collision problem, ultrahigh frequency (UHF) RFID standard EPC G1
Gen2 specifies an anticollision protocol to identify a large number of RFID tags in an efficient way. The Q-algorithm has
attracted much more attention as the efficiency of an EPC C1 Gen2-based RFID system can be significantly improved by only a
slight adjustment to the algorithm. In this paper, we propose a novel Q-algorithm for RFID tag identification, namely, HTEQ,
which optimizes the time efficiency of an EPC C1 Gen2-based RFID system to the utmost limit. Extensive simulations verify
that our proposed HTEQ is exceptionally expeditious compared to other algorithms, which promises it to be competitive in
large-scale IoT environments.

1. Introduction

RFID is a key enabler of the Internet of Things (IoT), playing
a crucial role in connecting low-/nonpowered devices to IoT
environments. EPC C1 Gen2 [1] is the standard RFID proto-
col devised to meet the needs of such applications. An RFID
reader can communicate with hundreds of passive (nonpow-
ered) tags within seconds, even at a distance of 10 meters
from the tags. The most remarkable virtue of the Gen2 stan-
dard is its light weight. Due to the shared nature of RF
medium, a passive RFID system requires a collision arbitra-
tion protocol to serialize responses of tags, mitigating colli-
sions between the tag responses.

Recently, there are mainly three kinds of collision arbitra-
tion protocols in tag identification, namely, Aloha-based [2–
5], query tree-based [6–8], and tree splitting-based [9, 10]
protocol. In the Aloha-based protocol, the reader combines
tag number estimation and frame size adjustment strategies
to identify tags. Specifically, the reader sends a query com-
mand containing a parameter F (F denotes the number of)
to allow the tags to return the IDs. The reader detects the

responses in each slot and distinguishes their different states:
collision, empty, or singleton. According to slot statistics in a
frame, the reader can estimate the cardinality of unread tags
and update the new frame for the next round. Through the-
oretical analysis, the maximal system throughput of Aloha-
based protocols is 0.368 [2–5]. In query tree-based protocols
[6–8], the reader inquires about the tags through probe com-
mands. Each tag is required to be equipped with a prefix
matching circuit, and it will respond only when the tag ID
matches the prefix of the probe command. Once a collision
is detected, the reader will update the query prefix according
to the position of collision bits. Then, the reader uses the
updated prefixes to interrogate the tags until all of them are
successfully identified. In tree splitting protocols, the reader
continues to group the colliding tags with a separation prob-
ability of 0.5, until a certain group contains only one tag.

TheQ-algorithm, adopted by the EPC C1 Gen2 standard,
is a collision arbitration algorithm that clearly represents its
lightweight property such that a couple of simple arithmetic
operations constitute the algorithm. The Q-algorithm is
composed of a few fundamental arithmetic and logical
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operations [1]. The flowchart of theQ-algorithm is illustrated
in Figure 1. Looking specifically into the algorithm, it adds
the constant c to Q when it finds collided replies and sub-
tracts the c constant from Q whenever having no reply. The
algorithm alters its frame size 2Q once the Q value has been
changed. This simplicity of the logic and the use of a minimal
number of computations make Gen2 RFID readers identify
tags without wasting batteries in IoT environments. Another
strength inherited in the Q-algorithm is the early adjustment
of frame size, by which a disadvantageous frame size can be
canceled before the end of the frame. The feature might have
a substantial impact on the identification performance in
large-scale and/or mobile tag environments such as smart
factories and highways, which is an important characteristic
of a quality collision arbitration algorithm [11].

Only a limited number of early researchers attempted to
further improve the performance of the Q-algorithm [12–
14]. The Q+ algorithm [12] suggested differentiating c into
Ccoll and Cidle, which means the constant for a collision and
an empty slot, respectively. The study also found the optimal
ratio of Cidle to Ccoll (e‐2 ≈ 0:71828) which maximizes the
per-slot throughput of tag identification. In a similar vein,
the author in literature [13] presents a fine-tuned numerical
method to determine the Q value. However, the study also
considered a per-slot throughput as its objective, which
means that, theoretically, the performance of such an algo-
rithm is not very different from that of the Q+ algorithm.

Another approach has been taken to improve the Q
-algorithm in [14], where a per-time throughput is
addressed as the metric of tag identification efficiency.
This is important as the time duration of each slot (single-
ton, empty, and collision) is actually different from each
other in the EPC C1 Gen2 standard. As the studies com-
monly recognized the difference, the algorithms were
designed to determine Cidle and Ccoll that reduce the colli-
sion slots, whose time duration is significantly longer than
the empty slots, rather than the total number of consumed
slots. Although such an algorithm is a reasonable
approach, the rigorous optimization of the Q-algorithm
in terms of time efficiency has not been addressed. Due
to such immaturity of the previous research efforts, the
Q-algorithm has received little attention for a good while,
despite its obvious benefits of lightweight property and
innate ability of early adjustment.

On the other hand, there are many works following the
dynamic framed slotted Aloha (DFSA) to consider the time
efficiency. The literature [15] conducted temporal analysis
on the time efficiency of an FSA protocol, adopting an in-
frame adjustment feature of the Q-algorithm. The perfor-
mance of conventional DFSA depends on both an accurate
cardinality estimation and adaptive frame adjustment. The
cardinality estimation requires burdensome statistics and
imposes high complexity. The latest research [3, 16] shows
remarkable performance with optimization of frame sizes
for fast identification; additional calculations for tag cardinal-
ity estimation were required on every slot.

In this paper, we provide a theoretical analysis on the
time performance of the Q-algorithm, and based on the anal-
ysis, the detailed structure of a highly time-efficient Q-algo-
rithm (HTEQ) is proposed. Then, we provide a
performance evaluation between major Q-algorithm variants
and a competitive DFSA algorithm. In the following, we fur-
ther discuss the experimental results.

The contributions of this paper are summarized as
follows.

(1) A rigorous analysis of the time performance of the Q
-algorithm and the optimal parameters for a time-
efficient Q-algorithm are derived

(2) We provide a thorough performance evaluation
between the proposed HTEQ, other competitive Q
-algorithm variants, and representative DFSA. The
factors behind the experimental results are examined
concretely

(3) Through performance limitation analysis, a novel
RFID tag identification algorithm, namely, HTEQ,
is proposed, which provides highly competitive time
efficiency in RFID anticollision for large-scale IoT
applications, while maintaining the strengths of the
Q-algorithm, such as early frame adjustment and
low computational overhead

2. The Proposed Algorithm

In this section, we first analyze the time performance of an
FSA protocol on which the Q-algorithm is premised and
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Figure 1: The flowchart of the Q-algorithm.
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suggest a highly efficient Q-algorithm based on theoretical
analysis.

2.1. Analysis on Time Performance. In the FSA protocol, a
reader informs tags of a frame size, in which the tags ran-
domly select their responding slots. In such a model, the
tag identification delay can be defined as the average time
between two successively identified tags. Given n tags, the
tag identification delay in a frame size F is expressed as

ηn,F =
Tn,F
F × Ps

, ð1Þ

where Tn,F and Ps denote the expected time duration of a
frame and the probability that a tag is successfully identified
in a slot given n and F, respectively. The probability that k
tags respond in a slot is given by

P x = kð Þ = Ck
n

1
F

� �k

1 − 1
F

� �n−k

: ð2Þ

Based on Equation (2), the probabilities of a success, an
empty, and a collision slot are expressed as Ps = Pðx = 1Þ, Pe
= Pðx = 0Þ, and Pc = Pðx > 1Þ, respectively. Then, the
expected time duration of a frame can be calculated by sum-
ming up all the expected delays in the frame as below:

Tn,F = F × Ps × Ts + F × Pe × Te + F × Pc × Tc, ð3Þ

where Ts, Te, andTc are the time durations of a success, an
empty, and a collision slot, respectively. Note that the delay
of the frame per second is ignored for convenience’s sake.

By Equations (2) and (3), Equation (1) can be rewritten as

ηn,F =
F × Ps × Ts + F × Pe × Te + F × Pc × Tc

F × Ps

= Ts +
F − 1
n

λ − 1ð Þ + F
n

1 − 1
F

� �1−n
− 1

 !
× Tc,

ð4Þ

where λ = Te/Tc.

2.2. HTEQ Algorithm. Having observed the tag identification
delay, we can achieve the maximization of per-time tag iden-
tification efficiency by minimizing the tag identification delay
as the following:

arg min
F

ηn,F : ð5Þ

As the objective function is convex for both n and F, the
optimum should be obtained by partially differentiating the
function for n ðn ≥ 1Þ instead of F on which the inverse of
the derivative does not exist. Therefore, arranging ∂η/∂η = 0
with respect to F, we get the optimal frame size as below:

F∗ = 1 − e−1+W Θð Þ/n
� �−1

, ð6Þ

where WðÞ is the Lambert W function or product logarithm
and Θ = ðη − 1Þ/e. We then get P∗

e and P∗
c under the optimal

condition by putting F∗ to the probabilities. Using these
probabilities, we can build a stationary condition that
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Figure 2: The flowchart of the proposed HTEQ algorithm.

Table 1: Parameters used for various algorithms.

Algorithms Ccoll Cidle Cidle/Ccoll
HTEQ 0.2118 0.0827 0.3906

fastQ 0.2118 0.1500 0.7081

Q+ algorithm 0.2118 0.1522 0.7182

Q-algorithm 0.2118 0.2118 1
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converges to and keeps the frame size remaining at the opti-
mum as follows:

P∗
c × Ccoll = P∗

e × Cidle: ð7Þ

With this relationship, taking limits in P∗
c /P∗

e as n→∞
for 0 < η < 1, it gives us the asymptotic proportions of the
empty and collision slots under the optimal condition, and
hence, the optimal ratio C∗

idle/C∗
coll is also attained:

lim
n→∞

P∗
coll

P∗
idle

= C∗
idle

C∗
coll

= e1+W Θð Þ −W Θð Þ − 2: ð8Þ

Note that the ratio of the probabilities and the ratio of the
C values are in a reciprocal relationship. Figure 2 provides a
detailed procedure of the HTEQ algorithm, where Cidle and
Ccoll are constrained by Equation (8). The overall workflow
of the proposed algorithm is similar to the Q-algorithm,
adhering to the principle of not requiring any tag estimation
scheme. The only difference with the Q-algorithm is the
biased constants Cidle and Ccoll.

3. Experimental Study

The performance of the proposed approach and the reference
methods were examined by carrying out extensive simula-
tions based on the Monte Carlo simulations. The perfor-
mance of the tag identification algorithms is examined in
two evaluation sessions with different comparison groups:
(1) Group I for comparison between Q-algorithms, where
the original Q-algorithm [1] and its variants in the strict
sense of the term, Q+ [12] algorithm and fast Q [14] algo-
rithm, are selected for the comparison, to prove the potential
of the HTEQ algorithm, which relies on tag estimation and

frame size determination strategies; (2) Group II for compar-
ison with DFSA algorithms, where relatively recent, compet-
itive DFSA algorithms, EACAEA [5] and TES-FAS [3], are
chosen as the comparison targets. For the protocol parame-
ters in the simulations, we adopt the same setting used in
[14]: 1828.13μs, 260.625μs, and 516.625μs are used for Ts,
Te, andTc, respectively.

For the fairness of the evaluation, the Cidle and Ccoll values
are recalculated accordingly with the aforementioned proto-
col parameters. Specifically, the Cidle and Ccoll values of fastQ
remained the same as in [14]. For the sake of clarity of com-
parison, the Ccoll values of HTEQ and Q+ algorithm are set to
be identical to the values of the fastQ algorithm, and the Cidle
values are calculated using the ratios Cidle/Ccoll suggested by
each algorithm. Table 1 summarizes the adjusted parameters.
All the algorithms are implemented on MATLAB R2012b,
and simulations are iterated up to 2000 times with varying
random seeds [9, 17–19].

The simulation results in Figure 3 show the identification
delays forQ-algorithm-based collision arbitration algorithms
to identify one tag. The simulations are carried out every 100
tags between 100 and 1000 tags to identify. Each result is
recorded after 5000 iterations for the convergence of each
simulation. In Figure 3, our proposed algorithm HTEQ
clearly outperforms other reference algorithms. One interest-
ing fact is that the performance of fastQ lies fairly behind that
of HTEQ despite its own protocol parameter being used for
the simulation. Most algorithms except the Q-algorithm are
designed to be more sensitive to collision slots to quickly
escape from undersized frames, which can make a huge over-
head. They put more weight on the Ccoll value than Cidle.

Hence, Cidle/Ccoll < 1 holds in various algorithms. This is
a rational approach; nevertheless, those algorithms except
HTEQ did not consider a strict optimization of the Cidle/
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Ccoll value. For example, fastQ adopts 0.7081 for its Cidle/Ccoll
value, but the optimal ratio is almost half of this value
(0.3906), i.e., the fastQ algorithm may be fast, but not the
fastest.

The findings from an exhaustive simulation shown in
Figure 4 substantiate the contention above. The simulation
results form an obvious convex shape on the Ccoll‐Cidle/Ccoll
plane. The HTEQ algorithm is situated around the optimum
area of the convex. The fastQ lies on the higher position
Cidle/Ccoll = 0:7081 and followed by the Q+ algorithm closely.
This explains why fastQ and Q+ algorithm showed similar
performance in Figure 3. As a result, it validates that the pro-

posed HTEQ algorithm essentially achieved the highly effi-
cient tag identification with the optimized parameter
Cidle/Ccoll.

As for the simulation results from Group II, shown in
Figure 5, HTEQ performs higher, where it consistently out-
distances the other algorithms along with all the tag numbers.
Given that OFLA and TES-FAS are exquisite algorithms
designed to pursue the optimal frame size in regard to time
efficiency, the difference in the performance is rather extraor-
dinary. According to our in-depth analysis, both DFSA algo-
rithms suffered from degradation due to the inaccurate tag
cardinality estimation. As for OFLA, it is affected by

0.05
2460

2480

2500

2520

2540

2560

2580

2600

2620

2640

Q-algorithm
Q+algorithm

FastQ
HTEQ

Id
en

tifi
ca

tio
n 

tim
e p

er
 ta

g(
us

)

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Ccoll

Figure 4: Comparison of tag identification time per tag.

100 200 300 400 500 600 700 800 900 1000
2480

2500

2520

2540

2560

2580

2600

2620

2640

2660

Number of tags

Id
en

tifi
ca

tio
n 

tim
e p

er
 ta

g 
(𝜇

s)

OFLA
TES-FAS
HTEQ

Figure 5: Performance comparison to DFSA algorithms.

5Wireless Communications and Mobile Computing



imperfect frame size calculation in addition to the erroneous
tag cardinality estimation.

OFLA followed a similar process to HTEQ for finding the
optimal frame size; however, it ended up with the use of the
following approximation derived from a numerical method:

Fopt = a ×m, ð9Þ

where a is a linear approximation coefficient and a = 1:44 is
set for this environment. This is the reason that the perfor-
mance of OFLA fluctuated along with the tag numbers. The
time efficiency of OFLA rose and fall repeatedly according
to whether Equation (9) gets closer to or away from the opti-
mal curve which is a nonlinear curve as presented in Equa-
tion (6). In the case of TES-FAS, the degradation comes
mostly from its inaccurate tag cardinality estimation. The
maximum a posteriori estimator used in TES-FAS is known
for a highly accurate tag cardinality; however, the
subframe-based scheme and its own early frame adjustment
feature caused the performance deterioration. The
subframe-based scheme reassesses a current frame size
whenever reaching its subframe sizes. As the small frame
sizes given by the subframe-based scheme reduce sample
sizes for tag cardinality estimation, significant estimation
errors are accumulated. Although early frame adjustment
may give an edge to TES-FAS over the evaluation, especially
in the large-scale environment given in this paper, it turned
out that the algorithm is caught between the trade-offs due
to the degradation of tag cardinality estimation.

On the other hand, HTEQ successfully found a closed-
form solution for the optimal frame size and suggested the
optimal relationship to determine Cidle and Ccoll while main-
taining the merits of the Q-algorithm. Note that this result is
achieved without the consideration of computational cost, in
which HTEQ is the most advantageous over the other DFSA
algorithms. We assumed that the computational cost is
neglectable in conceding that the excessive computational
cost of the DFSA algorithms such as the MAP estimator
can be reduced to that of the Q-algorithm-based algorithms
by using a lookup table and additional memory space
(0.3674μs and 0.8451μs, respectively, based on the comput-
ing power and computational overhead provided in [3]). The
computation time that is amounting to 828μs should be
added to the identification time per tag of TES-FAS unless
the lookup table is considered. In other words, HTEQ
achieved the true optimal performance with a considerably
lower computational cost of the Q-algorithm, without any
assistance of additional resources.

4. Conclusion

This paper proposed a novel, highly time-efficient Q-algo-
rithm for collision arbitration in large-scale IoT environ-
ments. The time performance of an FSA protocol deployed
with the Q-algorithm is investigated, and the optimal param-
eters to maximize the per-time throughput of the Q-algo-
rithm are derived based on the investigation. Our intensive
simulations, including the exhaustive one and the compari-
son to the state-of-the-art DFSA algorithms, proved that

the proposed algorithm is evidently the most time-efficient
algorithm, taking full advantage of the innate strengths of
the Q-algorithm.

Data Availability

To be frank, I derived the writing material from different
journals as provided in the references. A MATLAB tool has
been utilized to simulate our concept.
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