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Abstract—One primary issue which hinders large-scale Radio
Frequency Identification (RFID) applications is the imperfect
read rate. According to Friis equation and experiments, we find
that the dipole tag’s orientation plays a significant role in read
performance both in theory and practice. In this paper, we
consider how to deploy multiple reader antennas to alleviate
the negative effect caused by uncontrollable tag orientations
in item-level applications. Different from previous work, we
expand the candidate antenna positions from the portal to real
three dimensional space and establish two estimation functions
based on sphere coverage models under different polarized
environment. Meanwhile, we provide an improved enumeration
scheme with leaping and layering search strategies based on
sphere quadtree (SQT) model to find optimized deployment.

Keywords-RFID; deployment; reader antenna; tag orientation;
polarization; sphere coverage; enumeration

I. INTRODUCTION

Radio Frequency Identification (RFID) technology has made
substantial progress in recent years. Compared with traditional
barcode, RFID has clear advantages, such as larger memory,
much higher read efficiency, long distance and non line-
of-sight communications and so on, which promote a great
number of research and commercialization efforts. However,
although it is referred to the next generation barcode, there are
still some technical challenges to be resolved. One primary
issue which hinders large scale RFID applications is that
tags cannot be correctly read with 100% probability in real
scene [1] due to various factors which lead to insufficient
received power on a tag. In practical item-level application,
one missed tag may cause great financial loss, so it’s an
urgent issue to which many researchers have devoted their
energy. Extended Friis equation [2][3] provides a mathematical
analysis to describe the related factors which impact the power
received by RFID tag from the reader antenna. Among these
factors, we find that the tag orientation plays an important role
in affecting tag’s received power even though other factors
remain the same. Unfortunately, it is a tough nut to crack
due to its uncertainty in practical scenario. For example,
the tags attached to objects in a shopping cart are messy.
To some extent, innovative tag antenna designs involving
multiple diploes or monopoles can overcome this problem [4].
However, considering the performance and cost, the dipole tag
which is sensitive to orientation is the most common tag (such
as Alien R⃝ ALN-9640 [5]) in industrial applications nowadays.

In order to improve the imperfect read rate (the term in this
paper refers to the probability that a tag is correctly read by a
reader) caused by the dipole tag’s orientation, multiple readers
or one reader with multiple antennas are taken for the most
common way. However, different from the previous work in
[6][7][8][9], this paper focuses on discussing how to optimize
the deployment of multiple antennas to increase read rate from
the perspective of the tag orientation. We expand the candidate
antenna positions from the portal to real three dimensional
space and establish two estimation functions by converting the
deployment problem into sphere coverage models under lin-
early (circularly) polarized antenna environment. Meanwhile,
we provide an improved enumeration scheme with leaping
and layering search strategies based on sphere quadtree (SQT)
model to find optimized deployment. Our work provides a
guideline for placement of multiple antennas.

The remainder of this paper is organized as follows. We
review related work in Section II. Section III presents prelim-
inaries about polarization and Friis equation. In Section IV, we
formulate the problem. Then two sphere coverage models are
introduced, followed by the enumeration scheme in Section
V. Section VI shows the performance evaluation. Finally, we
conclude our work in Section VII.

II. RELATED WORK

The present research involving the optimized reader an-
tennas placement are divided into two categories, one of
which is called the RFID network planning problem which
selects reasonable reader antenna positions so that the wireless
network can have the required coverage, ensuring that RFID
systems can provide effective communication performance and
capacity [10]. Unlike the antenna positioning in traditional cel-
lular networks, uplink signal must be taken into account when
dealing with the planning in the RFID networks [11]. Leong
[12] explored antenna positioning in an RFID deployment
zone and aimed to provide guidelines on safe distance between
antennas in a dense reader environment. Guan [11] formulated
the RFID networking planning problem into multi-objective
optimization issues and mapped it into genetic algorithms.
Bhattacharya [13] proposed an efficient algorithm based on
particle swarm optimization technique to find out the minimal
number of readers and their positions for maximum coverage
of the tagged items.
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The other type of work is to optimize placement of multiple
reader antennas at the portal to increase read rate. Wang [6][7]
is the first to explore this problem and enumerate possible
reader antenna positions and tag directions to maximize the
overall powering region by calculating the read accuracy based
on extended Friis equation. Meanwhile, he discussed and
selected a reasonable solution space to get the optimal deploy-
ment considering trade-offs between computational time and
the solution precision. Shortly afterwards, biology-inspired
approaches were introduced to resolve this issue. Lee [8] used
the Genetic Algorithm (GA) to search the optimum solutions
for the portal reader antennas placement problem, Kao [9]
presented two methods with artificial immune systems which
had excellent ability to attain the optimal deployment. The
simulation results showed that, biology-inspired approaches
could reduce execution time to some degree without losing too
much solution precision. This paper concentrates on the latter
placement problem from the perspective of the tag orientation.

III. PRELIMINARIES

In this section, we introduce the important background
information of the polarization and then the Friis equation
which provides a mathematical description of the received
power.

A. Polarization

An electromagnetic wave moves electrons in the plane
perpendicular to the direction of propagation [14][15]. Polar-
ization which is in general described by an ellipse is defined
as the orientation of the electric field of an electromagnetic
wave. Two special cases of elliptical polarization are linear
polarization and circular polarization, as shown in Fig. 1.
With linear polarization the electric field vector stays in
the same plane all the time, just like the electric field in
Fig. 1(a). The electric field of point 𝑂 changes along the
orange line (polarization direction). Because human beings
are gravitationally challenged, it is most common to orient
linearly polarized antennas either vertically or horizontally
[14]. As shown in Fig. 1(b), the electric field vector of circular
polarization appears to be rotating with circular motion about
the direction of propagation, making one full turn for each RF
cycle, and this rotation may be right hand or left hand [16].

The importance of polarization in RFID is simple to grasp.
Most common tag antennas are long and thin and behave rather
like a dipole (tags referred to in the rest of this paper are
all dipole tags). If the electric field is directed along the tag
orientation, it can act to push electrons back and forth from
one end of the tag antenna to the other, inducing a voltage
that is used to power the integrated circuit (IC) and allow
the tag to reply. If the electric field is directed perpendicular
to the wire axis, it merely moves electrons back and forth
across the diameter of the wire, producing negligible current,
no detectable voltage at the IC, and thus no power [14][15]. As
a consequence, for linearly polarized reader antennas in Fig.
1(a), the best orientation of a tag located in point 𝑂 is the
same as the linearly polarized orientation (orange line in the

(a) Linear polarization radiation

(b) Circular polarization radiation

Fig. 1: Different polarization radiation

blue plane). However, for circularly polarized reader antennas
in Fig. 1(b), a dipole tag situated in point 𝑂 can rotate at any
angle within the blue plane perpendicular to the direction of
propagation to obtain the maximum gain.

B. Friis Equation

The extended Friis equation provides a mathematical
description of the power received by RFID tag from the
reader antenna, which is shown below [2][3].

𝑃𝑅 = 𝑃𝑇
𝐺𝑇 (𝜃𝑇 , 𝜙𝑇 )𝐺𝑅(𝜃𝑅, 𝜙𝑅)𝜆

2

(4𝜋𝑟)2
(1−∣Γ𝑇 ∣2)(1−∣Γ𝑅∣2)∣𝑃𝑇 ⋅𝑃𝑅∣2

where, 𝑃𝑅 is received power, 𝑃𝑇 is transmit power.
𝐺𝑅(𝜃𝑅, 𝜙𝑅) and 𝐺𝑇 (𝜃𝑇 , 𝜙𝑇 ) denotes angular dependent re-
ceiver gain and angular dependent transmitter gain respective-
ly. Γ𝑇 indicates transmitter reflection coefficient, Γ𝑅 indicates
receiver reflection coefficient. 𝑃𝑇 is the reader polarization
vector, 𝑃𝑅 is the tag polarization vector and ∣𝑃𝑇 ⋅𝑃𝑅∣2 is the
polarization loss factor (PLF). 𝜆 denotes the wavelength and
r denotes the distance between the transmitter and receiver.

The value calculated by Friis equation is a theoretical
value that can only be obtained in an anechoic chamber or
free space, which is not suitable for the actual application
due to various complex environment, but the Friis equation
indicates the related factors that impact the received power.
Among these factors, different tag orientations which are
random and uncontrollable may cause huge changes of tags’
received power even other settings (the positions of reader
antennas, the distance between a tag and an antenna and so
on) are unchanged. Therefore, it’s meaningful for us to discuss
the deployment of multiple RFID reader antennas from the
perspective of the tag orientation.

433433433



IV. PROBLEM FORMULATION

Definition 1 (antenna axis): The antenna axis is defined as
the polarized orientation for a linearly polarized antenna, while
it is the direction perpendicular to the circularly polarized
plane for a circularly polarized antenna.

The tag orientation significantly affects the read perfor-
mance both in theory and practice. On the one hand, Fig. 2
presents that the read rate changes with 𝛼 (the included angle
between a tag and the antenna axis under different polarized
environment). Fig. 2(a) shows our real experiment scene, the
reader’s (Alien R⃝ ALR-9900+ [17]) transmit power is 2Watt,
the tag (Alien R⃝ ALN-9640 [5]) is placed 2m away from a
fixed linearly polarized antenna with 7dBi gain and a fixed
circularly polarized antenna with 6dBi gain respectively. Then,
we rotate the tag orientation (shown as the top view in Fig.
2(b)) to measure the read rate under different Radio Frequency
Attenuation (RFA). The experiment results are shown in Fig.
2(c) and 2(d). For the linearly polarized antenna in Fig. 2(c),
we find that the read rate descends with the increase of 𝛼.
Specifically, there exists a critical angle which causes the read
rate to fall fast (for example, the critical angle is about 50∘

when RFA=4dB). However, it’s contrary to circularly polarized
antenna in Fig. 2(d). Therefore, it’s significant to ensure 𝛼 is
less/greater than the critical angle measured for the linear-
ly/circularly polarized antenna in practice. On the other hand,
in accordance with Friis equation mentioned before, the tag
orientation may greatly affect its received power even though
other factors remain the same. Based on the above experiments
and theory analysis, we consider that the tag orientation plays
an important role in read performance. Consequently, it’s
our major task to alleviate and even eliminate the negative
effect caused by the tag orientation with multiple antennas in
this paper. We assume that the tags are located in a small
region, and then we discuss the optimized deployment of
reader antennas from the perspective of tag orientations to
increase the read rate based on the measured angle threshold
(in general, it’s the critical angle like in Fig. 2(c) and 2(d)).
We treat the small region as one point 𝑂 in three-dimensional
space and the tag whose orientation changes randomly is
located in point 𝑂. Though any points in three-dimensional
space can be candidate positions for multiple reader antennas,
the included angle between the tag and antenna axis is not
relevant to the distance. Therefore, for simplicity, candidate
positions are taken from the surface of a sphere whose center
is the point 𝑂 and once one position for an antenna is selected,
we place the antenna over against the point 𝑂 (like in Fig.
2(a)).

Now, our problem is how to deploy a minimum of antennas
to ensure that there is at least one antenna which can read
a tag with perfect read rate whatever its orientation. More
specifically, suppose 𝛼 to be the included angle between
the tag and antenna axis. As we can see from Fig. 2, for
the linearly polarized antenna, the smaller 𝛼 is, the better.
However, it’s contrary to the circularly polarized antenna.
Therefore, we’d like to find an optimized deployment scheme

(a) Experiment on real scene
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(b) Top view of the experiment
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(c) Read rate of linearly polarized antenna
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(d) Read rate of circularly polarized an-
tenna

Fig. 2: Read rate changes with the included angle between a tag and
the antenna axis

with a minimum of reader antennas to make sure that there
is at least one included angle between the tag orientation
and one linearly/circularly polarized antenna’s antenna axis
is less/greater than an angle threshold. Formulaically, that is:
Given: an angle threshold 𝜓(𝜓 ≤ 𝜋/2)
Find: 𝑃𝑖(𝑖 = 1, 2, ..., 𝑁) which subjects to the followings:
for linearly polarized antennas:

max
𝑑∈𝐷

{min(𝛼𝑑1, 𝛼𝑑2, ..., 𝛼𝑑𝑁 )} ≤ 𝜓

for circularly polarized antennas:

min
𝑑∈𝐷

{max(𝛼𝑑1, 𝛼𝑑2, ..., 𝛼𝑑𝑁 )} ≥ 𝜓

Objective: minimize 𝑁
where, 𝑁 is the number of reader antennas, 𝑑 is the current tag
orientation, 𝐷 denotes the set of all orientations for the tag, 𝑃𝑖

denotes 𝑖𝑡ℎ antenna’s position and 𝛼𝑑𝑖 indicates the included
angle between the tag orientation 𝑑 and the 𝑖𝑡ℎ antenna axis.
Remark 1: The pattern of co-working of multiple readers is
also worth emphasizing: Before reading, all tags’ inventoried
flags (see Gen-2 protocol [18]) are set to 𝐴. Then the readers
read tags sequentially till the last one and it’s the next
reader’s turn when no more tags can be read by the previous
reader. Once the tag is read by any reader during the process
mentioned above, its inventoried flag is set to 𝐵, which means
one tag can only be read by one reader. The query mode
above can avoid reader collision [19][20] and redundancy read
problem, and the only additional overhead lies in the switching
time among different readers compared to the read efficiency
of one reader. Fortunately, it is a drop in the bucket for the
whole reading access time.
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V. PROBLEM SOLUTION

In this section, we provide two kinds of approaches to solve
our problem, one is an approximate analytic solution based
on two sphere coverage models and the other is enumeration
scheme using leaping and layering search strategies based on
SQT algorithm.

A. Sphere Coverage Model

It’s hard to get an analytic solution directly from the above
problem formulation. This subsection converts the problem
into the sphere coverage model and respectively estimates
the least number of antennas under linearly & circularly
polarized antenna environment according to the measured
angle threshold 𝜓.

1) Linearly Polarized Antenna Model: Once a linearly
polarized antenna is fixed, the tag orientation can change in the
range where 𝛼 (the included angle between the tag orientation
and the antenna axis) is less than 𝜓. As shown in Fig. 3(a), any
orientation changes within the range of the circular cone can
guarantee this constraint (𝛼 is less than 𝜓). Consider from the
perspective of antennas, that is, one linearly polarized antenna
can produce two circular cones within which the tag direction
can alter randomly. Go a step further, it means that one linearly
polarized antenna maps two symmetrical spherical caps (the
shadow in Fig. 3(a)) which are the portions of the sphere cut
off by bases of the two cones. In order to meet the constraint in
Section IV, our task turns to completely cover the sphere using
spherical caps mapped by a minimum of linearly polarized
antennas.

Definition 2 (cap angle): Given a sphere whose radius is
𝑅 and a spherical cap whose base radius is 𝑟, the cap angle
is defined as the angle which is equal to arcsin(𝑟/𝑅). For
example, the cap angle of the shaded spherical cap is 𝜓 in
Fig. 3(a).

We formulate this model as follows. Given a spherical cap
whose cap angle is 𝜑, how to completely cover the sphere with
a minimum of this kind of caps. It’s a classic and incompletely
solved covering problem which has been studied for decades.
We follow BESTE’s [21] work and do some improvement
according to our scenario. BESTE [21] established the rela-
tionship between the cap angle and the number of spherical
caps when he designed the satellite constellations for optimal
continuous coverage. For single coverage, he placed the caps
with polar orbits, as shown in Fig. 3(b). Then we can get,

𝑛(𝜑+Δ) = 𝜋 (1)

where 𝑛 is the number of orbital planes, 𝜑 is the cap angle,
Δ=arccos[cos𝜑/(cos𝜋/𝑚)], 𝑚 is the number of caps per
orbital plane. It’s worth mentioning that our antennas are all
static, so equation (1) is different from BESTE’s. Meanwhile,
one linearly polarized antenna maps two symmetrical spherical
caps in our scene, so 𝑚 is even. In fact, it’s a semi-sphere
coverage problem, which means 𝑁 = 𝑛𝑚/2. Then we can
calculate the area of spherical cap whose cap angle is 𝜑,

Ω = 2𝜋𝑅2(1− cos𝜑) (2)

�

O

Vertical
Linearly

Polarized
Antenna

R

r

(a) Spherical caps

� �
�/m

(b) Coverage geometry [21]

Fig. 3: Sphere coverage model for linearly polarized antennas

TABLE I: REQUIREMENTS FOR FULL COVERAGE

𝒏 𝒎 𝜶 𝒏𝒎Ω/4𝝅𝑹2

2 3 54.7 1.69
3 4 46.5 1.87
3 6 37.1 1.82
4 6 32.3 1.86
4 8 28.0 1.87
5 8 24.9 1.86
5 10 22.4 1.88
6 10 20.3 1.86
6 12 18.7 1.90

where Ω is the area, 𝑅 is the sphere radius. We list the different
𝑛 and 𝑚 required for full coverage, see TABLE I. From the
last column in TABLE I, we find that the value of 𝑛𝑚Ω/4𝜋𝑅2

approximates to a constant (around 1.88). Then we get,

𝑁 = 𝑛𝑚/2 ≈ 1.88/(1− cos𝜑) 1.3𝑛 < 𝑚 < 2.2𝑛 (3)

Formula (3) describes the relationship between 𝜑 and 𝑁 (the
number of antennas). When given an angle threshold 𝜑, we
can approximately estimate the least of number of linearly
polarized antennas by replacing 𝜑 with 𝜓.

2) Circularly Polarized Antenna Model:
Definition 3 (spherical belt): Spherical belt is the remainder

portion of a sphere cut off two symmetrical spherical caps, as
shown by the shaded portion in Fig. 4(a).

Definition 4 (belt angle): Given a spherical belt generated
by cutting off two symmetrical spherical caps whose cap angle
are both 𝜑, then we say that the belt angle of this spherical
belt is 𝜑.

Contrary to the linearly polarized antenna, once a circularly
polarized antenna is fixed, the tag orientation is limited in
the range where 𝛼 is greater than 𝜓. As shown in Fig. 4(a),
any orientation within the spherical belt whose belt angle is
𝜓 can meet the constraint (𝛼 is greater than 𝜓). That is,
a circularly polarized antenna can map this spherical belt.
Similar to linearly polarized antenna model, we formulate this
model as follows. Given a spherical belt whose belt angle is
𝜑, how to minimize 𝑁 (the number of this kind of belts) to
cover the sphere completely. We propose a heuristic algorithm
to solve this model and describe it based on the Fig. 4(b)
which is the front view of a sphere, see Algorithm 1. Then,
we establish the relationship between 𝑁 and the belt angle 𝜑.
Based on Algorithm 1, we can obtain the included angle (𝛽
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Fig. 4: Sphere coverage model for circularly polarized antennas

Algorithm 1: Full coverage with spherical belts
Input: the angle threshold 𝜑
Output: the number of antennas 𝑁 & positions of antennas

1: Place the 1𝑠𝑡 antenna randomly, such as the 𝐴𝑛𝑡1 in Fig. 4(b)
2: 𝐴𝑖𝐵𝑖 and 𝐶𝑖𝐷𝑖 is the boundary of the spherical belt mapped

by the 𝑖𝑡ℎ circularly polarized antenna. 𝐸𝑖𝐹𝑖 is through point
𝑂 and parallel to 𝐴𝑖𝐵𝑖.

3: 𝑖 = 1. Draw a circle Θ whose center is 𝑂 and it is tangent
with 𝐴𝑖𝐵𝑖 and 𝐶𝑖𝐷𝑖.

4: If completely cover the sphere, 𝑁 = 𝑖 & stop.
5: 𝑖 = 𝑖+ 1, 𝐴𝑖 = 𝐶𝑖−1, 𝐷𝑖 = 𝐵𝑖−1

6: Draw the other tangent line of Θ crossing point 𝐴𝑖, and the
tangent line intersects with the sphere on point 𝐵𝑖.

7: Draw the other tangent line of Θ crossing point 𝐷𝑖, and the
tangent line intersects with the sphere on point 𝐶𝑖.

8: Place the 𝑖𝑡ℎ antenna on the intersection of vertical of 𝐸𝑖𝐹𝑖

crossing 𝑂 and the sphere, such as the 𝐴𝑛𝑡2 in Fig. 4(b)
9: Goto 4.

in Fig. 4(b)) between 𝐸𝑖𝐹𝑖 and 𝐸𝑖+1𝐹𝑖+1.

𝛽 = 𝜋 − 2𝜑 (4)

In order to meet the full coverage, we need cover 𝜋 with 𝛽,
that is,

𝑁 × 𝛽 = 𝜋 (5)

Based on formula (4) and (5), we can get,

𝑁 = 𝜋/(𝜋 − 2𝜑) (6)

According to formula (6), once given an angle threshold 𝜓, we
can estimate the least number of circularly polarized antennas
by replacing 𝜑 with 𝜓.

B. Enumeration Scheme

Our problem was converted into two sphere coverage mod-
els in the above subsection, while an enumeration scheme
will be presented in this subsection. On the one hand, it’s an
accurate approach to deploy antennas when 𝑁 (the number
of antennas) is small. On the other hand, we can compare
the performance of different solving methods we proposed.
Although the enumeration scheme is an intuitive way, there
are two important issues to be considered: 1) how to discretize
candidate positions for reader antennas and tag orientations,
2) how to reduce the computational complexity.

(a) Latitude & longitude discretization (b) SQT based on icosahedron

Fig. 5: Different approaches to discretize a sphere

1) Discretization: As described in Section IV, candidate
positions for reader antennas are taken from the surface of
a sphere. Meanwhile, the vector composed of any point on
the surface of a sphere and the point 𝑂 (center of the sphere)
can indicate one direction. Therefore, all that we need to do
is to discretize a sphere.

One common approach is to discretize uniformly around
the latitude and the longitude; however this method leads to a
biased sample which is highly anisotropic and has a stronger
concentration of directions pointing towards the poles [6], as
shown in Fig. 5(a). Here, we adopt the sphere quadtree (SQT)
model based on icosahedron presented by Fekete [22][23].
Comparing with other platonic solids, the subdivision unit
of icosahedron has better similarity and the most SQTs ap-
proximate the sphere by successively subdividing the faces of
the icosahedron and projecting new vertices onto the sphere.
The initial coarse tiling has twenty triangles. This coarse tiling
is refined by subdividing each triangle into four subparts by
bisecting the edges of the icosahedral triangles and drawing the
new vertices out to the surface of the sphere. The process can
be repeated to gain the desired resolution [22]. Algorithm 2
describes the concrete tessellation process, where 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖 is
the set of vertices in 𝑖𝑡ℎ subdivision space and 𝑓𝑎𝑐𝑒𝑠𝑖 is the set
of trituples which indicate the array indexes of three vertices
in 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖. Fig. 5(b) shows the icosahedron subdivided three
times, which is highly uniform.

Algorithm 2: SQT based on icosahedron

Input: The 𝑖𝑡ℎ subdivision < 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖, 𝑓𝑎𝑐𝑒𝑠𝑖 >
Output: The 𝑖+ 1𝑡ℎ subdivision < 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖+1, 𝑓𝑎𝑐𝑒𝑠𝑖+1 >

1: 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖+1 ← 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖, 𝑓𝑎𝑐𝑒𝑠𝑖+1 ← ∅

2: for each face 𝐹 composed by trituple(𝑁1, 𝑁2, 𝑁3)∈𝑓𝑎𝑐𝑒𝑠𝑖 do
3: for 𝑗 = 1→ 3 do
4: get the midpoint 𝑀 of the 𝑗𝑡ℎ edge in 𝐹
5: get point 𝑉 out to the surface of the sphere based on 𝑀
6: 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖+1 ← 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖+1 ∪ 𝑉
7: 𝑉𝑗 ←the array index of 𝑉 in 𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖+1

8: end for
9: add 4 faces composed by (𝑁1, 𝑁2, 𝑁3, 𝑉1, 𝑉2, 𝑉3) in

𝑣𝑒𝑟𝑡𝑖𝑐𝑒𝑠𝑖+1 into 𝑓𝑎𝑐𝑒𝑠𝑖+1

10: end for
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2) Computational Complexity: Suppose the candidate po-
sitions for reader antennas and tag orientations have been
uniformly discretized into point set 𝐿 and direction set 𝐷
according to SQT model based on icosahedron. Now, we’d
like to find the optimized deployment when 𝑁 (the number
of antennas) is given. As a result, for different 𝑁 , we can
get best corresponding angle thresholds under the optimized
deployment. Then, we compare the measured 𝜓 with the best
angle thresholds and choose the minimum 𝑁 . The enumeration
scheme is presented as follows. For a determined 𝑁 , we have
𝐶𝑁

∣𝐿∣ kind of choices to place 𝑁 antennas. Under one fixed
deployment 𝑑𝑝 of 𝐶𝑁

∣𝐿∣ choices, we traverse every direction
𝑑 in 𝐷 to check whether there is at least one included angle
between every 𝑑 and one antenna axis is better than the current
best threshold 𝜑, if yes, we update the 𝜑, otherwise, we
pass this deployment to check the remainder choices. More
formally,
Given: 𝑁 (the number of reader antennas)
Find: 𝑃𝑖(𝑖 = 1, 2, ..., 𝑁)
Objective:
for the deployment of linearly polarized antennas:

min
𝑑𝑝∈𝐶𝑁

∣𝐿∣
{max
𝑑∈𝐷

{min(𝛼𝑑1, 𝛼𝑑2, ..., 𝛼𝑑𝑁 )}}

for the deployment of circularly polarized antennas:

max
𝑑𝑝∈𝐶𝑁

∣𝐿∣
{min
𝑑∈𝐷

{max(𝛼𝑑1, 𝛼𝑑2, ..., 𝛼𝑑𝑁 )}}

In general, there are at most 𝐶𝑁
∣𝐿∣ × ∣𝐷∣ enumerations for

a given 𝑁 . Theoretically, the optimal deployment can always
be found, however, the computational complexity increases
substantially with the increase in search space. 𝑁 , ∣𝐿∣ and
∣𝐷∣ are all critical factors determining computational effort.
Among these three factors, 𝑁 indirectly depends on 𝜓, ∣𝐿∣
is subject to the practical deployment space and the physical
size of the antennas, so it is not very large, while 𝐷 can be
selected freely. In this case, we propose leaping search and
layering search strategies to improve the enumeration.

a) Leaping Search: Intuitively, the vectors (the tag orien-
tation or antenna axis) comprised of points in adjacent region
and point 𝑂 (the center of a sphere) are similar. Therefore,
we’d like to traverse leapingly when searching the solution
space, that is, after choosing or checking one point, we traverse
another point which is far away from the previous point. As
a consequence, for antennas, it’s possible to find a better
deployment more quickly, and for tag’s orientation, leaping
search may find a direction faster, which makes the included
angles between all antenna axes and itself are all worse than
current best threshold 𝜑, then there is no need to check the
remainder orientations. The SQT based on icosahedron does
provide the way we need. For the 𝑖𝑡ℎ subdivision space, the
top 𝑛 points are all points in 𝑖 − 1𝑡ℎ subdivision space and
so on until the 0𝑡ℎ subdivision space. That gives us a natural
leaping search space, which is one of major causes for us to
choose SQT to discretize a sphere.

b) Layering Search: Although 𝐿 (candidate positions for
antennas) limited by practical scene is not very big set, while
𝐶𝑁

∣𝐿∣ increases quickly with the increase of 𝑁 . In this case,
we have to decrease 𝐿 to reduce computational effort, which
may lead to losing much solution accuracy. Here we propose
an layering search strategy to alleviate this problem. The
concrete method is as follows. If the search space produced
by 𝑖𝑡ℎ subdivision is too big for computing, we obtain an
optimum deployment from 𝑖− 1𝑡ℎ subdivision space, then the
neighbor points of these best deployment points found in 𝑖𝑡ℎ

subdivision space are used for launching a new search to get
better deployment. Layering search aim to reduce execution
time without losing too much solution accuracy when the
search space is too big.

VI. PERFORMANCE EVALUATION

Two estimation functions based on sphere coverage models
and an improved enumeration scheme have been presented in
the above section. In Fig. 6, we analyse the performance of
leaping and layering search strategies used in enumeration and
compare the results resolved by different solution approaches.

A. The Gain of Leaping Search

Fig. 6(a) and 6(b) contrast the efficiency between leaping
search and gradual search for finding the best deployment
under three linearly (circularly) polarized antennas. In this
simulation, the antenna positions are taken from the second
subdivision space in Algorithm 2 (162 points, which is enough
for antenna candidate positions in practice). Then, we compare
the execution time of gradual search (𝑆𝑡𝑒𝑝), leaping search
for antennas (𝐿𝑒𝑎𝑝𝐴𝑛𝑡), leaping search for tag directions
(𝐿𝑒𝑎𝑝𝐷𝑖𝑟) and leaping search for both antennas and tag direc-
tions (𝐿𝑒𝑎𝑝𝐵𝑜𝑡ℎ) under different candidate tag orientations.
Due to the huge difference of execution efficiency, we take
natural logarithm to the time 𝑡 (𝑙𝑛(𝑡)) to make the curves show
clearly. As shown in Fig. 6(a) and 6(b), we find that 𝐿𝑒𝑎𝑝𝐵𝑜𝑡ℎ
is the most efficient, 𝐿𝑒𝑎𝑝𝐴𝑛𝑡 and 𝐿𝑒𝑎𝑝𝐷𝑖𝑟 are more efficient
than gradual search. For linearly polarized antennas in Fig.
6(a), 𝐿𝑒𝑎𝑝𝐷𝑖𝑟 is faster than 𝑆𝑡𝑒𝑝 more than 10 times and
𝐿𝑒𝑎𝑝𝐵𝑜𝑡ℎ is even faster than 𝑆𝑡𝑒𝑝 more than 100 times when
𝑖 ≥ 5. For circularly polarized antennas in Fig. 6(b), 𝐿𝑒𝑎𝑝𝐴𝑛𝑡
is slightly more efficient than 𝑆𝑡𝑒𝑝, 𝐿𝑒𝑎𝑝𝐷𝑖𝑟 is faster than
𝑆𝑡𝑒𝑝 more than 10 times and 𝐿𝑒𝑎𝑝𝐵𝑜𝑡ℎ is faster than 𝑆𝑡𝑒𝑝
more than 40 times when 𝑖 ≥ 5. As a consequence, the gain
of the leaping search strategy in enumeration is great, which
can tremendously reduce the running time.

B. The Effect of Layering Search

We evaluate the effect of layering search for the optimal
placement under different polarized scenarios in Fig. 6(c)
and 6(d), which select the fifth subdivision space based on
SQT (10242points, which is much greater than M=1916 in
[6][7]) as the set of tag orientations. We search the optimal
deployment and get the best corresponding angle threshold
𝜑 for linearly (circularly) polarized antennas from the first
subdivision space (1𝑠𝑡𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛) and second subdivision
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(d) Layering search for circularly polarized antennas
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Fig. 6: Performance analysis and result comparison

space (2𝑛𝑑𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛). Then, based on the points of op-
timized placement got by traversing first subdivision space,
we find their neighbor points in second subdivision space,
after that, we launch a new round of search according to
these points and their neighbor points to get the best place-
ment (𝐿𝑎𝑦𝑒𝑟𝑆𝑒𝑎𝑟𝑐ℎ). As can be seen from Fig. 6(c), the
best angle threshold 𝜑 of 2𝑛𝑑𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛 is better than
1𝑠𝑡𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛’s especially when there are 3 or 5 linearly
polarized antennas, but the execution time of 2𝑛𝑑𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛
is more than 1𝑠𝑡𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛’s about 4𝑁 times (𝑁 is the
number of antennas). However, the 𝜑 of 𝐿𝑎𝑦𝑒𝑟𝑆𝑒𝑎𝑟𝑐ℎ is close
to 2𝑛𝑑𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛’s and the running time of 𝐿𝑎𝑦𝑒𝑟𝑆𝑒𝑎𝑟𝑐ℎ is
less than double 1𝑠𝑡𝑆𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛’s. Similarly, 𝐿𝑎𝑦𝑒𝑟𝑆𝑒𝑎𝑟𝑐ℎ
for circularly polarized antennas in Fig. 6(d) also can improve
the deployment although not as well as the former one.
Therefore, considering that if the computational complexity
of searching from 𝑖𝑡ℎ subdivision space is too high, we can
adopt the layering search strategy based on 𝑖−1𝑡ℎ subdivision
space to reduce execution time substantially without losing too
much solution accuracy.

C. Result Comparison

In Fig. 6(e) and 6(f), we compare the best angle threshold 𝜑
solved by two estimation functions based on sphere coverage
models and the enumeration scheme under different number of
antennas. During the enumeration, the set of tag orientations
are fixed to fifth subdivision space, and the candidate anten-

na positions are taken from second subdivision space when
𝑁 ≤ 6, however, due to the high computational complexity
when 𝑁 > 6, we adopt the layering search strategy based
on first subdivision space. Fig. 6(e) shows the result of esti-
mation function (formula (3)) based on spherical caps model
(𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐶𝑎𝑝) and enumeration scheme (𝐸𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑖𝑜𝑛)
for linearly polarized antennas. It’s obvious that the solution
of 𝐸𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is better than 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐶𝑎𝑝’s, which at-
tributes to much redundant coverage near the polar region
caused by placing the caps with polar orbits in spherical cap
model. Meanwhile, we find that the two curves are close to
each other when 𝑁 ≥ 10. Two reasons to be considered, one
is the curves originally tend to be gentle with the increase of
the 𝑁 , the other is that our search space for antenna candidate
positions is not enough for providing a good deployment with
the increase of 𝑁 . Therefore, for linearly polarized antennas,
we’d better use enumeration scheme when 𝜑 ≥ 30∘, on the
contrary, we evaluate the result with spherical cap model.
In Fig. 6(f), we show the solution of estimation function
(formula (6)) based on spherical belt model (𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑙𝑡)
and enumeration scheme(𝐸𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑖𝑜𝑛). As can be seen
from the figure, the solution of 𝐸𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is almost the
same as 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑙𝑡’s when 𝑁 ≤ 6, which indicates
Algorithm 1 based on the spherical belt model is an excellent
deployment scheme for circularly polarized antennas. In a
word, 𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙𝐵𝑒𝑙𝑡 is better than 𝐸𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑖𝑜𝑛 according
to Fig. 6(f).
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VII. CONCLUSION

In this paper, we have discussed how to deploy multiple
reader antennas to alleviate the negative effect caused by
uncontrollable tag orientations in item-level applications. For
this antenna placement problem under different polarized
environment, we present an improved enumeration scheme and
two estimation functions based on sphere coverage models,
which play a guiding role in deployment of reader antennas
in practice. According to the simulation, we conclude that
the enumeration scheme is considered first when the number
of linearly polarized antennas is small, while for circularly
polarized antennas, the spherical belt model is superior to
enumeration.
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Research Trends and Challenges. Wiley, 2010.

[5] AlienTechnology, ALN 9640 Squiggle Inlay, 2012.
[6] L. Wang, B. A. Norman, and J. Rajgopal, “Placement of multiple rfid

reader antennas to maximise portal read accuracy,” International
Journal of Radio Frequency Identification Technology and
Applications, vol. 1, no. 3, pp. 260–277, 2007.

[7] L. Wang, B. A. Norman, and J. Rajgopal, “Maximizing read accuracy
by optimally locating rfid interrogators,” in RFID Handbook:
Applications, Technology, Security, and Privacy, pp. 181–198, CRC
Press, 2008.

[8] C.-C. Lee, “Maximizing read accuracy by using genetic algorithms to
locate rfid reader antennas at the portals,” Journal of Software, vol. 5,
no. 12, pp. 1323–1326, 2010.

[9] Y.-H. Kao and C.-C. Lee, “Use of artificial immune systems to
optimize the reader antenna placement at an rfid portal,” in Nano,
Information Technology and Reliability (NASNIT), 15th North-East
Asia Symposium, pp. 58–63, 2011.

[10] Y. Yang, Y. Wu, M. Xia, and Z. Qin, “A rfid network planning method
based on genetic algorithm,” in Proceedings of the 2009 International
Conference on Networks Security, Wireless Communications and
Trusted Computing, NSWCTC ’09, pp. 534–537, IEEE Computer
Society, 2009.

[11] Q. Guan, Y. Liu, Y. Yang, and W. Yu, “Genetic approach for network
planning in the rfid systems,” in Proceedings of the Sixth International
Conference on Intelligent Systems Design and Applications, ISDA ’06,
pp. 567–572, IEEE Computer Society, 2006.

[12] K. S. Leong, M. L. Ng, and P. H. Cole, “Positioning analysis of
multiple antennas in a dense rfid reader environment,” in Proceedings
of the International Symposium on Applications on Internet
Workshops, SAINT-W ’06, (Washington, DC, USA), pp. 56–59, IEEE
Computer Society, 2006.

[13] I. Bhattacharya and U. K. Roy, “Optimal placement of readers in an
rfid network using particle swarm optimization,” in International
Journal of Computer Networks and Communications, pp. 225–234,
2010.

[14] D. M. Dobkin, “Rfid basics: Antenna polarization.”
http://www.rfidtribe.com/index.php?option=com content&task=
view&id=428&Itemid=103.

[15] D. M. Dobkin, The RF in RFID : Passive UHF RFID in Practice.
Elsevier, 2008.

[16] S. M. Radicella and R. Struzak, “Radio laboratory handbook :
Antenna basis.” http://wireless.ictp.it/handbook/C4.pdf, 2004.

[17] AlienTechnology, ALR-9900+ EMA Enterprise RFID Reader, 2012.
[18] Epcglobal. epc radio-frequency identity protocols class-1 generation-2

uhf rfid protocol for communications at 860 mhz-960mhz version
1.2.0, 2008.

[19] D. Engels and S. Sarma, “The reader collision problem,” in Systems,
Man and Cybernetics, 2002 IEEE International Conference on, vol. 3,
p. 6 pp. vol.3, oct. 2002.

[20] J. Waldrop, D. Engels, and S. Sarma, “Colorwave: an anticollision
algorithm for the reader collision problem,” in Communications, 2003.
ICC ’03. IEEE International Conference on, vol. 2, pp. 1206 – 1210
vol.2, may 2003.

[21] D. Beste, “Design of satellite constellations for optimal continuous
coverage,” in Aerospace and Electronic Systems, IEEE Transactions
on, pp. 466–473, 1978.

[22] G. Fekete, “Rendering and managing spherical data with sphere
quadtrees,” in Proceedings of the 1st conference on Visualization ’90,
pp. 176–186, IEEE Computer Society Press, 1990.

[23] G. Fekete and L. A. Treinish, “Sphere quadtrees: a new data structure
to support the visualization of spherically distributed data,” in SPIE,
Extracting Meaning from Complex Data: Processing, Display,
Interaction, pp. 242–253, 1990.

439439439


