IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 19, NO. 1, JANUARY 2020 129

Optimal Placement of Individual LF Antennas on
Each Axis in a Small Mobile Device Through a
Systematic Optimization Process

Tae Heung Lim

Abstract—This letter proposes the optimal placement of indi-
vidual low-frequency (LF) antennas on each axis integrated in
a small mobile device platform to maximize the coverage range
of the communication link. To achieve the maximum coverage,
considering small platform effects, a systematic genetic algorithm
optimization process was conducted using a readable volume met-
ric as a cost function. A readable volume of 34.5 m?® at the optimum
locations of the individual LF antennas was obtained compared
with that of 21.6 m® for the bundle of LF antennas. To verify
the results, Poynting vector measurements were performed using
LF antennas located at optimal positions inside the copper mobile
device platform. The Poynting vector strengths at the range of 30 cm
were —138.9, —140.7, and —138.7 dBW/m? along the x-, y-, and
z-axis, respectively.

Index Terms—Low-frequency (LF) antenna, passive access
system entry (PASE), position optimization, small mobile device.

1. INTRODUCTION

N RECENT years, the use of smart key systems that adopt
I various wireless systems, such as the hands-free system, re-
mote keyless entry, and the passive access system entry (PASE),
has been drastically expanded [1]-[5]. In particular, the PASE
system allows users to open car doors, start engine ignitions,
and control automatic parking systems while keeping one’s car
keys in one’s pocket. In order to achieve these features, highly-
sensitive antennas are essential for both the user and the vehicle
to maintain a stable wireless communication link through a
strong near magnetic field. The antenna used in the PASE system
usually operates in the low-frequency (LF) band at 125 kHz for
high penetration and low transmission loss characteristics with
a large wavelength. The LF antenna is typically composed of a
ferrite core and a conducting wire wound around the core with
multiple turns. When an LF antenna is mounted onto a smart key
or small-mobile device, the resulting magnetic field generated
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by the antenna should have a semiuniform amplitude distribution
with proper polarizations along the x-, y-, and z-axis to create
a stable communication link and an increased coverage range
of the PASE system. To obtain a better coverage range, three
individual bar-type LF antennas are usually integrated into a
bundle to produce an omnidirectional-field pattern [6]. Recently,
a three-axis LF antenna with a single ferrite core and conducting
wires wound along the three axes was introduced [7]. In addition,
studies on the coverage range estimation of a large platform were
carried out to demonstrate the performance of the PASE system
depending on the locations of the LF antennas inside the vehicles
[8]-[10]. These studies focused on improving the performance
of the bundled LF antennas integrated in the module, but did not
significantly consider the range variation depending on various
mounting positions and the near-field pattern distortions due to
the small platform effect.

In this letter, we propose the optimal placement of individual
LF antennas on each axis mounted on a small mobile device to
maximize the coverage range of the communication link. The
systematic optimization process is developed using a readable
volume metric as a cost function to achieve the maximum
coverage, considering small platform effects. Three LF antennas
are used to operate in the x-, y-, and z-polarization, which consists
of a cuboid or cylindrical ferrite core and a conducting coil. To
estimate the optimal positions, the LF antennas and the small
mobile device are modeled using the FEKO electromagnetic
(EM) simulation software [11]. Here, the size of the small mobile
device should have enough available space to adjust the positions
of the LF antennas, otherwise the position optimization effect
may be negligible. A genetic algorithm (GA) was employed in
our systematic optimization process, and the readable volume
metric used as the cost function is calculated based on each
position of the three LF antennas. We then compare the measured
Poynting vectors for the LF antennas mounted on the mobile
device with the simulation. The results confirm that position
optimization of the individual antennas for each axis in the small
mobile platform is essential in maximizing the coverage range.

II. SYSTEMATIC OPTIMIZATION FOR INDIVIDUAL
LF ANTENNAS

A. EM Modeling and Optimization Process

Fig. 1 shows a conceptual illustration of the difference be-
tween the positioning method of the LF three-axis antenna
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Fig. 1. LF antenna positioning methods in a small mobile device. (a) Position
optimization of the three-axis antenna bundle. (b) Position optimization of
individual antennas on each axis.
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Fig. 2. Two types of LF antennas. (a) Cuboid-shape LF antenna.
(b) Cylindrical-shape LF antenna.

TABLE I
DETAILED PARAMETERS OF THE PROPOSED ANTENNA AND THE PLATFORM

Parameters Values
w; 3.55 mm
I 11.4 mm
hy 2.35 mm
r 5.3 mm
h 2.35 mm
Wy 68.8 mm
L, 145.8 mm
hy 7.9 mm

N.=N,=N. 200 turns

bundle and a positioning method of individual LF antennas on
each axis in a small mobile device. In the conventional method,
three LF antennas are bundled together in one place, whereas
in the proposed method, individual LF antennas are arranged at
arbitrary positions in the platform. To optimize the positions of
the three LF antennas, we modeled two types of commercial LF
antennas and the platform of the mobile device using FEKO
EM simulation software, as can be seen in Fig. 2. The first
type of antenna has a cuboid ferrite core with dimensions of
wi X I x hy mm? and is wound by coils with NV, or IV,
turns to operate with x- and y-polarization. The second type
of antenna consists of a cylinder shape ferrite core, with a radius
of r, a height of hs, and a coil with N, turns to concentrate
the magnetic flux density along the z-axis. These antennas are
mounted onto a small mobile device platform, which consists of
a thin deltahedron with rectangular surfaces of perfect electric
conductor. This platform, with dimensions of wy, X I, X hy,
mm?, also has various slots on the sides for speakers, an ear
jack, and a charging jack. All detailed values of the parameters
are listed in Table I. Fig. 3 presents a flowchart of the systematic
optimization process for the individual LF antennas on each axis.
To optimize the positions of the individual LF antennas, the small
mobile platform is virtually divided into 7 x 9 grid areas in the
xy plane with position numbers from P11 to P79, where the first

Random chromosome generation

’ LF antennas position decoding |<—{ GA reproduction process

EM simulation process
Poynting vector calculation

Readable volume computation

<= Costevaluation 4-‘ LF antennas position encoding
Max. gen

Fig. 3.  Flowchart of the systematic optimization process for the individual
antennas on each axis.
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Fig. 4. 7 x 9 grid areas on the platform to optimize the positions of the
individual LF antennas on each axis.

and second subscripts indicate grid numbers along the x- and
y-direction, as shown in Fig. 4. Each grid area can contain all of
the LF antennas without overlapping with each other, and Ant. n
is set by variables of a,, and b,, (n = 1, 2, 3). While employing
GA as an optimization algorithm, in the first process, initial
chromosomes consisting of binary bits are randomly generated
to decode the positions for the individual antennas. Next, the
individual LF antennas are placed at the initial positions in the
small mobile device and are simulated to obtain the electric and
magnetic near-field distributions (—3 m < x,y, z <3 m, 41 X
41 x 21 points)

1 _ _
P(z,y,2) = ERe {E(z,y,2) x H (z,y,2)}. (1)

The Poynting vectors are then calculated from the resulting
near-field distributions at each point by (1), and the calculated
Poynting vector datasets are uniformly extended to 401 x 401
points in the xy plane. The readable volume of the system is then
obtained and used as the cost function for the GA process, which
is defined as follows:

L 2
Views = / / R (6,2) dédz @)
z=—L J¢$=0
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Fig. 5. Optimum positions of a bundled LF antenna and individual LF
antennas.
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Fig. 6. Real 3-D readable volumes for the optimized positions of the bundled

LF antennas and the individual LF antennas.

where R(¢, z) is the maximum readable distance with the Poynt-
ing vector P(r, ¢, z) above a threshold Poynting vector strength
of Pry. L is the maximum height along the z-axis, and Vieaq
indicates the readable volume. The threshold Poynting vector
strength Pry, of —185 dBW/m? is appropriately determined
through the experimental result. Then, V,¢,q is obtained for the
cost evaluation by the summation of the area, which is calculated
from the integration of R(¢, z) within 0 < ¢ < 27 and —L <
z < L. After the cost evaluation, the information on the three LF
antenna positions is encoded into binary numbers to apply it to
the GA reproduction process of the crossover and mutation. The
GA process is repeated for 25 generations with 40 populations.
Therefore, a total of 1000 samples are evaluated to achieve the
enhanced readable volume. To compare with the conventional
positioning, the bundle of the LF antennas is simulated in all
grid areas, and the best result of the readable volume is chosen
and compared against the optimum GA result. Fig. 5 illustrates
the optimized positions for the conventional and proposed po-
sitioning methods. The optimum position of the bundled LF
antennas is chosen at the grid area of P17, and the locations for
the individual LF antennas Ant. 1,2, and 3 are placed at the points
of Py7, P54, and P27. Each optimum position is specified by a
blue solid-line box and red dotted-line box, respectively. Fig. 6
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Fig. 7. Power density and magnetic field distributions. (a) Conventional bun-
dled LF antennas (z = 0 m). (b) Individual LF antennas at optimized positions
(z = 0 m). (c) Magnetic field comparison between conventional bundled LF
antennas and individual LF antennas at optimized positions (y and z = 0 m).

shows the resulting three-dimensional (3-D) readable volumes
obtained within Py, according to the x-, y-, and z-coordinate.
The positioning method of the individual LF antennas has a
readable volume of 34.5 m?® compared with that of 21.6 m? for
the conventional bundled LF antennas. These results confirm
that the proposed individual LF antenna positioning method of
the systematic optimization process has a better performance in
terms of achieving the communication link in the readable range
than the conventional positioning method.

Fig. 7(a) and (b) illustrates the reading range depending on the
minimum required Poynting vector strengths of the transpon-
ders. The results demonstrate that the optimized positions of
the LF antennas have higher reading range compared with the
conventional positions of the bundled LF antennas. For the
field analysis, we simulate the magnetic field distributions in
a distance up to 3 m along the x-axis (y and z = 0 m) to
observe the merit of the optimized position of the LF antennas
compared with the conventional bundled LF antennas, as can
be seen in Fig. 7(c). The results show that the proposed design
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Fig. 8. Measurement setup for the individual LF antennas at the optimum
positions in a small mobile device platform. (a) Two types of commercial LF
antennas. (b) Optimum placement in the platform. (c) Measurement setup.

has a stronger magnetic field level than the conventional design
after 10 cm. At the distance of 2 m, the magnetic field of
the individual LF antennas at the proposed positions is 30 dB
higher than that of the conventional bundled LF antennas. These
results demonstrate that the proposed individual LF antenna
positioning method of the systematic optimization process can
have the higher power density and larger reading ranges than
the conventional positioning method because each LF antenna is
separated in some distances that could reduce mutual couplings
and platform effects.

B. Measurement of Optimal Positions for LF Antennas

Fig. 8 shows the measurement setup for the individual LF
antennas at the optimum positions in a small mobile device
platform. The Poynting vectors are measured using bar and
cylindrical types of commercial LF antennas (Murata 1143AA,
1312AA)located at the optimized positions and the conventional
bundled positions inside the small mobile device platform com-
posed of copper plates. All three LF antennas are then excited
by a signal generator at 125 kHz frequency with a voltage of
12V, and an ETS-Lindgren EM-6992 magnetic probe is used to
receive the Poynting vector strengths along the x-, y-, and z-axis
(=30 cm < x,y <30cm, and 0 < z < 30 cm) using an Anritsu
MS2720T spectrum analyzer. The LF antennas are measured to
have x-, y-, and z-component of the Poynting vector strengths
at each measurement point to sum up all of the components.
Fig. 9 depicts the measured and simulated Poynting vector
strengths of the individual LF antennas at optimum postions
indicated by red circles and red lines, respectively, and those
of the conventional bundled LF antennas specified by blue
squares and blue lines in the the x-, y-, and z-direction. The
Poynting vector strengths of the proposed design at a distance
of 30 cm are —138.9, —140.7, and —138.7 dBW/m? along
the x-, y-, and z-axis, respectively, and both simulated and
measured results have similar Poynting vector strength trends.
Therefore, we confirm that the proposed positioning method has
aPoynting vector strength of 4.1 dB higher than the conventional
method at the distance of 30 cm on the z-axis. According to these
results, the systematic optimization process is suitable to achieve
the maximum readable volume for locating the three individual
LF antennas.
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Fig. 9. Measured and simulated results of the individual LF antennas at the
optimum positions and the conventional bundled positions in a small mobile
device platform along three axes. (a) x-axis. (b) y-axis. (c) z-axis.

III. CONCLUSION

The systematic method for positioning individual LF antennas
on a small mobile device platform was proposed to enhance the
coverage range of the communication link. In the employed GA
process, a readable volume metric was used as a cost function to
achieve the maximum coverage, considering small platform ef-
fects. Through the optimization process, the optimum locations
of the individual LF antennas had a readable volume of 34.5 m?
compared with that of 21.6 m® for the conventional bundled
antenna positioning method. To confirm the results, Poynting
vectors measurements were obtained using commercial LF an-
tennas located at the optimal positions inside the platform. The
Poynting vector strengths at the range of 30 cm were —138.9,
—140.7,and —138.7 dBW/m? along the x-, y-, and z-axis, respec-
tively. According to these results, the systematic optimization
process is suitable to achieve the maximum readable volume for
locating the three individual LF antennas.
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