
can be detected with an error of 0.016 km by this proposed
method.
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Abstract
We propose a novel ceiling-mounted reader antenna to
achieve a specific readable volume for an indoor radio fre-
quency identification (RFID) application. To satisfy
various performances required for the indoor RFID appli-
cation, a multilayered helix is adopted and optimized by a
Pareto genetic algorithm in conjunction with a full-wave
electromagnetic field simulator. The optimized antenna is
fabricated, and the measured results show a matching
bandwidth of 15.4%, a CP bandwidth of 6.5%, and a maxi-
mum gain of 4.3 dBic. When the fabricated antenna is
installed on the ceiling, the measured readable volume for
both horizontally and vertically placed tags at 912 MHz is
over 4.7 m3 out of the target volume of 9 m3. Results ver-
ify that the proposed antenna is suitable for a reader
antenna installed on ceiling in an indoor RFID application.

KEYWORD S

beam shape optimization, ceiling-mounted helix antenna, maximum read-

able volume coverage

1 | INTRODUCTION

Radio frequency identification (RFID) is an automatic detec-
tion system that obtains information about tags attached to
objects using electromagnetic fields.1 In order to improve the
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reading performance of RFID systems, extensive research on
RFID in ultrahigh frequency band (UHF, 860–960 MHz) has
been performed, such as the study of increasing the reading
performances for reader and tag antennas,2,3 a practical
research of an indoor reader antenna focused on achieving a
stable reading range,4 and the study on the effects of indoor
UHF electromagnetic fields on the human body.5 In indoor
environments, the most appropriate placement of the reader
antenna is often considered as a ceiling because such place-
ment directs the antenna toward the incoming target objects
and makes the antenna avoid the interference from objects

on the ground.6 In addition, the ceiling-mounted reader
antenna can extend the reading distance by using the ceiling
as a large ground or a reflector.7 The topics of most previous
studies on ceiling-mounted antennas have been limited to
radiation beam patterns with symmetric lobes, as reported in
Refs. [8–10]. Nevertheless, such a symmetrical beam pattern
may not guarantee an effective reading coverage for the
intended area in an indoor environment.

In this paper, we propose a novel ceiling-mounted helix
antenna with an optimized beam shape that covers a specific
readable volume for indoor RFID applications. The antenna

FIGURE 1 Geometry of the ceiling-mounted reader antenna. (A) 3-D view. (B) Top view. (C) Unfolded antenna body. (D)Mounting location on the
ceiling and target volume in an indoor application
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should have a broad matching bandwidth to cover the UHF
band in RFID with a low axial ratio. The antenna is then
able to provide a specific readable volume where the tags
should be detected by the reader, regardless of the tags’ ori-
entation. To satisfy the aforementioned design requirements,
we use a full-wave electromagnetic field simulator, Numeri-
cal Electromagnetic Code (NEC),11 in conjunction with a
Pareto genetic algorithm (PGA)12,13 for the beam shape opti-
mization. The optimized antenna is fabricated using copper
striplines on a flexible cardboard, and its measured perform-
ances are compared to those of the simulation. The results
verify that the proposed antenna is suitable for a reader
antenna installed on a ceiling in an indoor UHF RFID
application.

2 | ANTENNA GEOMETRY

Figure 1A shows the geometry of the proposed antenna,
which consists of a pentagonal outer layer and a quadrilateral
inner layer. The folding shape of the layers is determined by
folding angles (/polyN), as indicated in Figure 1B. Figure 1C
illustrates the unfolded inner and outer layers where copper
striplines are printed on a flexible cardboard (Er 5 2.3,
tand 5 0.022) with pitch angles (upitchN) and heights (zN).
The /polyN, upitchN, and zN values at the bent points complete
the structure of the folded layers with the printed striplines,
as shown in Figure 1A. Since the current distributions on the
striplines are controlled by /polyN, upitchN, and zN, the values
are carefully determined so that the antenna can achieve cir-
cularly polarized (CP) radiation characteristics. In particular,
the stripline with the first folding angle (/poly1), pitch angle
(upoly1), and height (z1) determine a feeding structure in the
outer layer, which is important in order to control the input
impedance for a broad matching bandwidth.14 The striplines
are then extended to the inner layer, and the currents through
the inner layer form an additional helix turn within the con-
fined space to increase the overall antenna gain. Figure 1D
shows the target volume for an indoor RFID application,
where tags should be detected at 912 MHz by the reader,
regardless of the tags’ orientation. /polyN, upitchN, and zN are
determined so that the antenna produces an appropriate beam
shape in the radiation pattern to maximize the reading per-
formance at the target volume. The antenna should have a
broad matching bandwidth to cover the entire UHF RFID
frequency band and should exhibit the CP characteristic with
a low axial ratio. To obtain the optimum /polyN, upitchN, and
zN values that satisfy the specifications, we use an optimiza-
tion algorithm of the PGA in conjunction with a full wave
electromagnetic field simulator NEC that is efficient for ana-
lyzing wire-shaped antennas. The four cost functions used in
the PGA process are listed as follows:

Cost 1512
1
2

EffReader3BWReader

BWRFID
1RQ

� �
(1)

Cost 2512
1
2

CPBWReader

BWRFID
1AQ

� �
(2)

Cost 35
krReader
krRFID

(3)

Cost 4512RCR512
RVReader

RVRFID
; (4)

where

RQ5
0 ; if EffReader3BWReader � BWRFID

RLRFID2RLMax

RLRFID
; if EffReader3BWReader >BWRFID

8<
:

AQ5
0 ; if CPBWReader � BWRFID

ARRFID2ARMax

ARRFID
; if CPBWReader >BWRFID

:

8<
:

Cost 1 is calculated using the product of the radiation
efficiency (EffReader) and the matching bandwidth (BWReader)
of sample antennas in the PGA process where BWRFID is the
frequency band required for UHF RFID (860–960 MHz).
When BWReader 3 EffReader is greater than BWRFID, the
reflection coefficient quality (RQ) is added to the cost
function to reduce the reflection coefficient to a value less
than a reference matching condition of 210 dB (RLRFID 5

210 dB). Cost 2 is calculated by the CP bandwidth
(CPBWReader) in the direction of the main lobe. Similarly,
the axial ratio quality (AQ) is added to the cost function to
reduce the axial ratio to a value less than 3 dB (ARRFID 5 3
dB). Cost 3 is the ratio of the electrical size of the sample
antennas (krReader) to an allowable electrical size (krRFID 5

3.3), where k is a wave number at 912 MHz and r is the
radius of the sphere that encloses the helix antenna structure.
In Cost 4, the reading coverage ratio (RCR) is obtained using
the Friss transmission equation.15 The RCR is defined as the
ratio of the readable volume (RVReader) to the target volume
RVRFID (1 m 3 3 m 3 3 m), where both horizontally and
vertically oriented tags are detected by the reader with an
input power of 1 W.

3 | RESULTS

After the PGA process, the optimized sample antennas resid-
ing at the Pareto front are obtained. One of the optimized
samples at the Pareto front is chosen, and the geometric
information in the Cartesian coordinate (x, y, z) correspond-
ing to /polyN, upitchN, and zN at bent points is listed in Table
1. The optimized sample antenna (size, kr 5 3.08) shows a
matching bandwidth of 8.7%, a CP bandwidth of 9.1%, and
an RCR of 0.65 (65%). The antenna is then fabricated by

2138 | CHOO ET AL.



folding a flexible cardboard (Er 5 2.3, tand 5 0.022, thick-
ness 5 2 mm) where the copper striplines are printed on the
cardboard (line width 5 2 mm), and it is mounted on a circu-
lar ground plane with a diameter of 0.3 m for measurements
in an anechoic chamber. Figures 2 and 3 show the reflection
coefficient and the axial ratio as a function of frequency. The
measured matching and CP bandwidths are 15.4% (865–
1005 MHz) and 6.5% (861–920 MHz), respectively. The
measured CP bandwidth is observed in the maximum meas-
ured gain direction of u 5 268 and / 5 908 while the simu-
lated CP bandwidth is calculated in the maximum simulated
gain direction of u 5 638 and / 5 908. The maximum gain
direction of the measurement is shifted by about 308 com-
pared to the simulated results, and such deviations are caused
by the dielectric constant of the cardboard and the finite
ground plane, which are not considered in NEC simulations.
Figure 4A shows the measured radiation patterns on the x-z
(/ 5 08) plane, and the radiation pattern of the RHCP gain

exhibits a particularly wide beam width of 668 with a maxi-
mum gain of 2.1 dBic at u 5 08, which allows the reader
antenna to have a large readable volume. The radiation pat-
tern of the RHCP gain on the y-z (/ 5 908) plane shown in
Figure 4B, is tilted to u 5 268 and / 5 908 to optimally
cover the target volume. Note that the maximum gain value
of 4.3 dBic with a beam width of 50.48 is observed at
u 5 268 and / 5 908 in y-z plane, and a right-hand circular
polarization in the main beam direction is observed with a
cross polarization level of 215.4 dB. These results demon-
strate that the proposed antenna has a proper beam shape to
achieve an optimum reading characteristics for a given target
volume. Figure 5 shows the measured maximum reading dis-
tances along the z-axis on the x-y plane in the target volume
(see Figure 1D). The measured reading distances at
912 MHz are plotted separately in accordance with the orien-
tation of the tag. The designed reader antenna is mounted on
a ceiling of origin (x 5 0 mm, y 5 0 mm, z 5 0 mm) and
connected to a commercial reader system with an output
power of 1 W.16

FIGURE 2 Measured and simulated reflection coefficients

FIGURE 3 Measured and simulated axial ratios

TABLE 1 Design parameters for the proposed antenna

Parameters Value

Bent point Position (mm)

Feeder (67, 0, 3)

Point 1 (32, 32, 8)

Point 2 (–6, 37, 146)

Point 3 (–26, 55, 30)

Point 4 (–58, 35, 6)

Point 5 (–60, 5, 76)

Point 6 (–62, 227, 53)

Point 7 (28, 249, 122)

Point 8 (42, 253, 132)

Point 9 (66, 23, 90)

Point 10 (67, 0, 135)

Point 11 (–5, 34, 108)

Point 12 (–18, 9, 108)

Point 13 (–31, 215, 129)

Point 14 (–22, 222, 133)

Point 15 (–10, 232, 101)

Point 16 (6, 223, 5)

Point 17 (33, 27, 99)

Point 18 (12, 16, 98)

Point 19 (–5, 34, 12)
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Figures 5A,B show the results when the tag orienta-
tions are parallel to the x-axis (horizontal polarization)
and parallel to the z-axis (vertical polarization), respec-
tively. The readable volume of the horizontally oriented
tags are about twice that of vertically oriented tags due
to the radiation characteristics of the reader antenna.
Figure 5C shows the stable reading area where both ver-
tically and horizontally oriented tags can be detected.
The results show the ratio of readable volume to the tar-
get volume (1 m 3 3 m 3 3 m) exceeding 52%
(4.7 m3) at 912 MHz. This verifies that the proposed
antenna is suitable for ceiling-mounted antennas in an
indoor RFID application.

4 | CONCLUSIONS

To obtain a specific readable volume in an indoor RFID
application, a ceiling-mounted reader antenna using a multi-
layered helix was proposed. To optimize the complicated
antenna structure, the PGA based optimization process was
employed in conjunction with the NEC EM simulator. The
fabricated antenna with a size of kr 5 3.08 showed a match-
ing bandwidth of 15.4%, a CP bandwidth of 6.5%, and a
maximum gain of about 4.3 dBic. In an indoor environment,
the readable volume was then measured after mounting the
antenna on a ceiling with a commercial reader system. The
results showed a ratio of 52% readable volume (4.7 m3) to
target readable volume at 912 MHz, which verifies that the

FIGURE 5 Measured reading distance in the target volume. (A)
Measured reading distance for horizontally oriented tags. (B)Measured
reading distance for vertically oriented tags. (C)Measured reading dis-
tance for both horizontally and vertically oriented tags

FIGURE 4 Radiation pattern of the proposed antenna at 912MHz.
(A)Measured radiation pattern in the x-z plane. (B)Measured radiation
pattern in the y-z plane
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proposed antenna is suitable for ceiling-mounted antennas in
an indoor RFID application.
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Abstract
In this paper, a new design is introduced for variable-slot
antennas. The proposed antenna structure is based on the
slots placed in the edges of the patch and in the center of
the patch. Then, using pin diodes this structure is con-
verted into a variable antenna. It is worth noting that in
this paper short-circuit and open-circuit structures are used
instead of pin diodes. The two-band or multi-band struc-
tures studied in this paper are suitable for covering 1.82/
2.71/2.82, 1.56/1.81/2.29/2.85, GPS, S, and GSM fre-
quency bands.

KEYWORD S

pin diodes, slot antennas, variable antennas

1 | INTRODUCTION

Due to the fast expansion of satellite communication, multi-
frequency, multi-function antennas are widely required in
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