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ABSTRACT In this work, a 2-by-2 array of a low-profile EBG ground plane is used as a means of sustaining
the radiation performance of a 900-MHz LoRa antenna that could be installed at various construction sites.
The proposed semi-circles added mushroom (SAM) structure enables a thin EBG height of 0.021g on an
FR-4 substrate at 900 MHz frequencies. A planar electric meander antenna for the 900-MHz LoRa band
is integrated with the proposed 2-by-2 SAM plane. From a simulation and demonstration, it is found that
the impedance and radiation properties of the integrated prototype in free space are well maintained with a
minimum degradation even when it is placed on a concrete medium.

INDEX TERMS Internet of Things, LoRa, low-profile, planar antenna, electromagnetic band gap.

I. INTRODUCTION
There has been a great effort to realize the concept of an
“Internet of Things™ (IoT), which is composed of the series
of processes of identifying, sensing, networking, and compu-
tation [1]-[3]. However, the active use of an IoT service is
still limited by several concerns including security, battery
life, and communication range. Modern low-power, wide-
area networks (LPWAN) have been actively discussed over
the last few years as a means of resolving such problems
and LoRa (for “long range”) is one of the representative
technologies in the LPWAN domain that follows non-cellular
protocols. It can cover a wide area of communication range
with relatively low-power consumption and would enable
the construction of highly connected future communication
services [4]. One creative usage of this dense communication
network is found in the field of construction work where the
operation of equipment at unapproved times can be checked
continuously to prevent potential accidents.

Fig. 1 shows a commercial LoRa device from Ino-on Inc.
[5] that can detect the operation of a machine and the start
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FIGURE 1. Installation of a LoRa device with a vibration detection sensor
in various environments. The device is highlighted with a yellow color for
easy identification in the photos.

of construction by recognizing and analyzing specific infor-
mation through a network of sensors. It can be installed on
a wall, pipe, or even in the field at construction sites and
transmits a recognition signal to the access point once the
operation of the equipment is detected by the incorporated
vibration sensor. As shown in the figure, LoRa devices can
be installed in a variety of environments, including on metal,
ground surfaces, and concrete. The problem is that these envi-
ronmental factors inevitably affect the antenna performance
such as with the radiation pattern, radiation efficiency, and
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impedance matching for the wireless communication [6], [7].
In general, low-cost, high-efficiency, small-size, and low-
profile characteristics are required for LoRa antennas. Fur-
thermore, an electrical robustness to the dynamic electromag-
netic environments of the installation surroundings is strongly
desired so that the antennas can be easily applied to various
installation surface conditions with a minimal degradation of
the radiation performance and can play a role in maximizing
the total system efficiency.

The radiation efficiency and pattern of an electric dipole
antenna standing parallel to a metal ground could be distorted
since the electric current over the antenna is canceled by the
180° out-of-phase reflection of the common metal surface
[8]. To move the antenna away from the ground or to locate
the antenna vertically to the ground is not a proper solution
since it prevents a low-profile design. Instead, a metal plane
exhibiting an in-phase reflection could be used. Thus, an elec-
tromagnetic band gap (EBG) structure with a reflection phase
within the range of —180° to 180° has been applied to low-
profile antenna designs [9]-[13]. Its use in the 900-MHz
band is rather restricted, however, due to its thickness when
designed for an inexpensive substrate such as an FR-4.

In this paper, we design a reduced-height metal plane
showing the EBG characteristic at the 900-MHz-LoRa band
on an FR-4 substrate. It is found that the resonant character-
istic and the desired radiation pattern of a stand-alone planar
meandered monopole LoRa antenna are still maintained even
when it is put either on a corridor or a concrete block, after it
is backed by a 2-by-2 array of the proposed metal plane. This
paper is composed as follows. First, we show that the EBG
characteristic can be achieved at a thinner substrate height by
a modification of a common mushroom EBG structure. The
phase range of —180° to 180° is used for fair comparison with
other works in the literature. Next, its 2-by-2 array is applied
at the bottom of a LoRa communication PCB containing the
planar meander monopole. In this procedure, the proposed
metal plane is tuned a little to show the quadratic-phase
reflection (range 90° £ 45°) for its best use in antennas in
terms of impedance matching and radiation pattern [9]. The
computed expectations in this work are verified experimen-
tally.

Il. ANTENNA WITH LOW-PROFILE EBG STRUCTURE

As a means of maintaining the radiation properties of a
LoRa antenna at an installation site, we propose to add an
electrically and physically thin, small metal plane exhibit-
ing a specific reflection phase property between the LoRa
PCB and the external installation environment as described
in Fig. 2a. The additional metal plane should have a low
profile to maintain within reason the short height of the entire
LoRa device, and its other dimensions should be about the
same as the device platform. A low fabrication cost is also
required to be used for a massive number of LoRa devices.
Figs. 2b and 2c show a more detailed description of the LoRa
device used in this work. The diameter of the housing disk is
10 cm with a thickness of 1 cm, in which the batteries and
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FIGURE 2. Description of the LoRa device. (a) Working environment and
the internal configuration of the LoRa device. (b) Top and side views of
the device housing. (c) Inside of the device consisting of a battery and RF
module.

radio frequency (RF) module are located. The RF module is
allocated at the side; thus, a space of less than 30 x 30 mm?
is allowed for a LoRa antenna. In Section II-A, an electrically
and physically thin EBG is designed by the modification of
the mushroom EBG structure on an FR-4 substrate. For the
antenna design in the limited space, we use a stub-loaded
meander antenna [14]-[18]. Its design with the proposed 2-
by-2 array of the metal plane is discussed in Section II-B. The
radiation performance of the proposed antenna backed by the
metal plane is shown in Section II-C.

A. DESIGN OF LOW-PROFILE EBG STRUCTURE

The EBG structure consists of a periodic array of a spe-
cific sub-wavelength metal structure, often referred to as a
unit cell, and is generally classified as a metamaterial [9].
The quadratic- or in-phase reflection of the EBG structure
along the frequency can be used as a ground conductor for
an electric dipole standing parallel to it [19], [20]. EBGs
operating below a frequency range of 1 GHz usually have rel-
atively complex structures or have been designed on expen-
sive substrates whose dielectric constant is more than 10 for
miniaturization [21]-[24]. As an alternative, we propose to
reduce the height of the mushroom EBG structure [9] whose
resonant frequency is determined by the inductance (L) from
the shorting pin and the coupling capacitance (C) between the
adjacent cells as shown in Fig. 3a. The resonance frequency
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FIGURE 3. Conventional mushroom EBG. (a) Mushroom EBG structure on
an FR-4 (er = 4.4, tans = 0.02) substrate. Its 2-by-2 array is shown. (b)
Reflection phase response according to the thickness of the substrate (t)
when a periodic boundary condition is applied in the simulation.
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(wp) is determined as [20] follows:
1
VLC

As clearly shown from (1), the resonant frequency is lowered
when L and C become higher. Usually, the L of the unit cell
can be increased with an electrically longer shorting pin, and
C can be increased with a larger patch width (w), a higher
dielectric constant of the substrate, and a smaller gap between
the cells (g) [9]. In other words, a thicker substrate thickness
(#) or a longer length of the adjacent edges between the cells
shifts the operating frequency down or reduces the size of the
EBG design. Withaw of 4.9 cm and a g of 0.1 cm on an FR-
4 substrate, we first carry out a parameter study on the reflec-
tion phase with the substrate thickness ¢ as shown in Fig. 3b
using the cells in Fig. 3a with a periodic boundary condition.
It is clearly seen that the operating frequency decreases as
t increases. It is also observed that the mushroom structure
needs at least a 7 mm thickness to operate near 900 MHz.
However, 7 mm is not a standard value from the commercially
available substrates and is also quite thick. Therefore, we
insert a semi-circular shape as shown in Figs. 4a and 4b. It
increases the facing area between the adjacent cells and could
make the C higher without changing the physical dimensions
of 10 x 10 cm? for the 2-by-2 array of the conventional
mushroom structure in Fig. 3a. The change of the reflection
phase according to D is plotted in Fig. 4c, when ¢ is fixed
at 3.2 mm. As observed, it could satisfy the 900 MHz LoRa
operating frequency band in the same dimension without
increasing the dielectric constant. Compared to the result in
Fig. 3b, the thickness could be reduced by about 55% (i.e.,
t is decreased from 7.0 mm to 3.2 mm) when the diameter
of the semicircular structure D is 48 mm. The conventional
mushroom could meet an operating frequency of 1.18 GHz
when ¢ = 3.2 mm.

Thus, the same miniaturization effect of the increased
thickness is achieved by introducing the semi-circular shape
into the mushroom structure. Table 1 compares the EBGs
designed for the frequency below 1 GHz in the literature
with this work in terms of thickness, dielectric constant,
bandwidth, and resonant frequency, when the cells are in
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TABLE 1. Comparison of EBG structures designed for an operating
frequency below 1 GHz.

Thickness Relative Bandwidth  Resonance
Ref. e
[mm] permittivity [%] frequency
[21] 5.08 (0.091,) 36 6.29 0.888 GHz
[22] 0.58 (0.0052,) 100 <1 0.247 GHz
[23] 13 (0.11%y) 13 7.1 0.712 GHz
[24] 2.54 (0.036M,) 25 4.38 0.868 GHz
This Work 3.2(0.022y) 4.4 22 0.901 GHz
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FIGURE 4. Proposed, semi-circles added mushroom (SAM) EBG. (a) SAM
EBG on an FR-4 (t = 3.2 mm) substrate, D = 24 mm, (b) SAM EBG on an
FR-4 (t = 3.2 mm) substrate, D = 48 mm. (c) Reflection phase response
according to D when a periodic boundary condition is applied in the
simulation.
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FIGURE 5. Effect of the housing material. (a) Proposed semi-circles added
to the mushroom EBG structure with a specific thickness (T) of ABS
plastic (¢ = 2.0 and tans = 0.019) D = 30 mm. (b) Reflection phase
response according to T when a periodic boundary condition is applied in
the simulation.

-

an infinitely large array. It is clearly seen that the proposed
EBG structure shows the thinnest profile, except for [22]
which used a substrate with a relative permittivity of 100.
In addition, the resonance frequency of the proposed struc-
ture can be easily adjusted by tuning D. Such a feature
could be effectively used in matching the operating fre-
quency when it is integrated with antennas, as is discussed in
Section II-B.

B. ANTENNA BACKED BY A 2-BY-2 EBG STRUCTURE
In this sub-section, a planar meander antenna for a 900 MHz
LoRa band and the 2-by-2 array of the semi-circle added
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FIGURE 6. Planar, meandered LoRa antenna. (a) Antenna description. (b)
Simulated reflection coefficients of the designed antenna considering the
system housing and the antenna with 2-by-2 semi-circles added to the

mushroom at the bottom. The latter one is obtained after a slight tuning.

mushroom (SAM) are tuned for integration. As was shown
in Fig. 2, the 2-by-2 SAM is located between the LoRa
PCB containing the antenna and the installation surface. The
proposed SAM itself has relatively smaller electromagnetic
effects from the installation medium due to its grounding con-
ductor at the bottom. As a first step of integration, we place
an ABS plastic (¢, = 2.0, tané = 0.019) with a specific
thickness of T on top of the SAM as shown in Fig. 5a
and observe the reflection phase. ABS plastic is used for
the fabrication of the system housing. As shown in Fig. 5b,
the operating frequency is lowered in the presence of the ABS
plastic.

The EBG structure operates like a perfect magnetic con-
ductor (PMC) near the resonance frequency showing the
reflection phase of 0° with the continuous reflection phase
variation from —180° to 180° across the frequency. However,
it is not easy to achieve sufficient impedance matching with
an antenna placed on top of the PMC due to the strong mutual
coupling between the antenna and the PMC. Instead, as was
thoroughly discussed in [9], an EBG structure exhibiting a
quadratic-phase reflection acts better in impedance matching
and efficient radiation. For this reason, we tune the SAM in
the presence of the housing material to meet the quadratic-
phase response. In Fig. 5b, the reflection phase is nearly 45°
at the target center frequency of 920 MHz when 7 is 10 mm,
which is the thickness of the system housing (see Fig. 2b). D
is fixed at 30mm.

The space allowed for the antenna is only about half of 30
x 30 mm?Z. Under this design condition, a planar, meandered
monopole antenna is chosen as shown in Fig. 6a to ensure
the electrical length of resonance in the target frequency.
A parallel stub is loaded to step up its low radiation resistance
from the relatively short length from the ground along the y-
axis to a 50 ohm. No additional lumped elements are used for
matching circuitry to avoid any possible additional loss to the
antenna resistance. Although an antenna design method using
a parallel stub is not proper for its Q-factor that is approaching
the theoretical lower physical bound of electrically small
antennas [25], such an inverted-F design technique has been
successfully implemented in antenna designs when the space
given to antenna allocation is tightly limited [26]-[28].
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TABLE 2. Final antenna design parameters.

Parameter Value Parameter Value Parameter Value
L1 3 L5 3 Wi 19
L2 3 L6 17 w2 21
L3 3 SW 3.38 W3 9.5
L4 3 SL 4
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FIGURE 7. Designed LoRa antenna with environment. (a) Side and top
views of the proposed 2-by-2 SAM applied to the LoRa device when it is
on a homogeneous material box of concrete (¢ = 6.57, tans = 0.0536).
(b) Reflection coefficients.

The antenna covering part of the 900-MHz Lora fre-
quencies from the United States (902-928 MHz) and Korea
(921.9-923.3 MHz) [29] is designed on an FR-4 substrate
with the thickness of 1.6 mm. Considering the material prop-
erties of the system housing, meander line, and parallel stub
are tuned to be matched in the LoRa frequency band as can be
shown by the solid blue line in Fig. 6b. After checking its self-
resonant characteristic, the antenna design parameters are
further tuned to resonate at the target center frequency in the
presence of the 2-by-2 SAM with quadratic-phase reflection.
Fig. 6a shows a final description of the antenna with the 2-
by-2 SAM beneath it. The values of the design parameters are
summarized in Table 2. The width of all the lines is 1 mm.

C. ANTENNA PERFORMANCE ON THE CONCRETE
MATERIAL

Now, the impedance matching and radiation performance of
the meander antenna backed with the proposed 2-by-2 SAM
are analyzed when it is on a homogeneous medium mim-
icking the concrete (¢, = 6.57, tan§ = 0.0536 [30]), one
possible location at a construction site. The dimensions of
the homogeneous concrete medium in Fig. 7a is 65 x 65 cm?
with a thickness of 32.5 cm.

The simulated reflection coefficients of the LoRa antenna
with and without the 2-by-2 SAM are plotted in Fig. 7b, for
the cases in which it stands alone in free-space and when
located on top of the concrete medium. As shown in Fig. 7b,
the resonant frequency shifts down to 791 MHz due to the
dielectric properties of the concrete when the antenna is not
backed by the 2-by-2 SAM, whereas it stays almost the same
but decreases very slightly to 917.5 MHz from 920 MHz
when the antenna is backed by the 2-by-2 SAM. Moreover,
as shown in Fig. 8a, the LoRa antenna with the proposed
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FIGURE 8. Simulated total radiation patterns of the LoRa antenna on the
concrete box material. (a) Radiation pattern in the yz-plane. (b) 2D
pattern of the antenna with the 2-by-2 SAM in-between the antenna and
the concrete material.

(a) '

(b) (c)

FIGURE 9. Built prototype. (a) Built LoRa antenna on an FR-4 substrate
(1.6 mm). (b) Proposed 2-by-2 SAM on an FR-4 substrate (3.2 mm). (c)
Assembly of the antenna and the 2-by-2 SAM with 3D-printed housing.
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2-by-2 SAM shows a directional beam pattern toward the
broadside (i.e., toward the positive z-axis), which is more
suitable for the reliable wireless communication service of
the LoRa. From the blue dashed line, it is also clearly seen that
the total radiation pattern of the LoRa antenna without the 2-
by-2 SAM is more dispersive to the concrete medium. Lastly,
it is observed that the directional beam pattern of the antenna
with the 2-by-2 SAM is formed over the entire azimuth plane,
as shown in Fig. 8b.

Ill. FABRICATION AND MEASUREMENT
A prototype of the LoRa antenna backed by the 2-by-2 SAM
is built, and its performance of maintaining the radiation
properties is demonstrated. Fig. 9 shows the photos of the
built prototype. The plastic housing is printed from ABS
filament using a fused deposition modeling (FDM) 3D printer
from Zortrax (Model M200). The metals of the antenna and
the 2-by-2 SAM are patterned on each FR-4 substrate with
a thickness of 1.6 mm and 3.2 mm, respectively. As shown
in Fig. 9c, nylon screws are used to assemble the 2-by-2 SAM
and the housing.

For the demonstration, first, the built prototype is placed on
a common corridor of concrete ground as shown in Fig. 10a,
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FIGURE 10. Performance validation of the built prototype on a corridor.
(a) Measurement photo. (b) Reflection coefficients.
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FIGURE 11. Radiation efficiency measurement. (a) Built prototype in a
reverberation chamber with a concrete block of 20 x 20 x 8 cm? (b)
Measured radiation efficiencies.

and its reflection coefficient is measured using a vector
network analyzer (Anritsu MS46522B). The blue and red
solid lines in Fig. 10b show the simulated free-space and
measured reflection coefficient, respectively. The measured
center frequency is shifted slightly upward to 933.5 MHz
compared to the simulation result of 920.5 MHz. This is
possibly caused by a lower dielectric constant of the FDM-
based 3D-printed housing, where the filaments are stacked
sequentially to create a three-dimensional structure. When the
layers are not fully populated thus allowing air in between,
the expected dielectric constant could be less [31], [32].
Nevertheless, the LoRa frequency band is still covered with
a —6 dB criterion and more importantly, as shown by the
dashed lines in Fig. 10b, the resonant frequency is only shifted
by 3 MHz even when the antenna is on the concrete surface,
for both the simulation and measurement. It is thus confirmed
that the impedance characteristic of the antenna could be well
secured by the antenna backed by the proposed, thin 2-by-
2 SAM structure.

Next, the radiation efficiency of the built prototype is
tested while it is placed on a concrete block of 20 x 20
x 8 cm’. We carry out the measurement in an electro-
magnetic reverberation chamber (RC) as shown in Fig. 11a.
An RC is a shielded enclosure that is generally equipped
with mechanical stirrers that change the boundary condition,
providing a signal source of randomly polarized, spatially
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TABLE 3. Characteristics of the LoRa antenna according to the presence
or absence of proposed metal plane.

Without With
proposed proposed
2-by-2 SAM 2-by-2 SAM
Impedance matching o o
(free space)
Impedance matching
(concrete) X O
Directivity 4.4 dBi 5.8dBi
(non-directional) (directional)

Radiation efficiency

0, 0,
(@ 920 MHz) 20.5% 452 %

uniform, and isotropic inside the RC, making it easier to
measure the radiation efficiency of the antenna under test
(AUT) [33]. In addition, unlike the measurement setup in
an anechoic chamber, the AUT can be simply put on a rig
and physically fixed. It is more suitable to measure the AUT
sample with the heavy concrete block like this work, which
is 6.3 kg. Fig. 11b shows the measured radiation efficiency
of the antenna prototype with and without the presence of
the proposed 2-by-2 SAM. It is found that the built proto-
type without the 2-by-2 SAM shows a maximum radiation
efficiency around 840 MHz, which is much lower than the
original operating frequency of 920 MHz. The prototype with
the 2-by-2 SAM still shows a radiation efficiency of 45.2%
at the target frequency of 920 MHz. It is worth noting that
this is more than twice that of the antenna without the 2-by-
2 SAM, which is only 20.5% at the same frequency. We thus
verify the usefulness of the proposed prototype as a means of
maintaining the radiation properties of the antenna without
much increase in the thickness of the device. The key results
are compared in Table 3.

IV. CONCLUSION

In this paper, a method for reducing the height of the mush-
room EBG structure was proposed and a 2-by-2 piece of
the array, named SAM, was used under a planar meander
monopole antenna as a means of minimizing the surround-
ing electromagnetic effects when the antenna is installed at
construction sites. All these works were carried out for the
900-MHz LoRa frequencies. Being different from the previ-
ous works using high permittivity materials for EBG structure
miniaturization, it was shown that the proposed method is
relatively simpler and easy to use with a cheap fabrication
cost. It is thus suitable for applications where many sensors
are to be distributed, like LoRa.

It is worth noting that the 2-by-2 SAM does not show a
perfect EBG characteristic as it is not periodically arrayed
enough but is rather properly a metamaterial-inspired metal
plane. Nevertheless, it was shown that the meander LoRa
antenna backed by the 2-by-2 SAM could maintain its radi-
ation properties when it was placed on possible construction
site environments. Such performance was tested in simulation
with a homogeneous concrete block and demonstrated in a
corridor and on a real concrete block. The results from the
simulation, demonstration, and the RC measurement showed
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that the radiated beam was not dispersive to the installation
ground but directive toward the broadside direction, and the
resonance characteristic was maintained with a good radia-
tion efficiency.
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