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Abstract—An analysis of the radiation efficiency depending
on the position of a small antenna and the size and shape
of the ground plane is presented. For the analysis a LTCC
based chip antenna has been used placing it on FR4 square,
circular and triangular PCBs. The study is an insight of
the key points for obtaining proper radiation efficiency in
designs for the new licensed 5G IoT bands (600 MHz-USA,
700 MHz-Europe) and the ISM bands (868 MHz-Europe,
915 MHz-USA).

Index Terms—small antenna, IoT, chip antenna, ground
plane effect, radiation efficiency

I. INTRODUCTION

The scenario of all connected devices, fueled by the
internet of things (IoT) concept, has triggered the demand
of small antennas specially for the sub-1 GHz bands
including the new licensed 5G [1] bands for wide area
deployments (600 MHz-USA, 700 MHz-Europe) and the
ISM bands (868 MHz-Europe, 915 MHz-USA).

The size of some handheld devices brings the challenge
of including an antenna in such a limited space. Antenna
miniaturization is limited by the length of λ/4 correspond-
ing to a resonant monopole. For the lowest frequency
bands of IoT, 600 MHz, the wavelength is λ=500 mm,
and a resonating monopole at that frequency has a length
of λ/4=125 mm.

Including an antenna of 125 mm length or similar in a
small device [2] [3] is a really challenging task, specially,
when the device manufacturer leave a limited area for the
antenna. The most common solutions are the inverted L
(ILA) and the inverted F (IFA) [4] antennas which are
based on a tilted monopole , but in some cases, further
miniaturization techniques must be added.

Some miniaturization solutions are used such as mean-
dering or antenna loading (add a capacitance or inductance
to the antenna). Besides, there exists chip antennas from
companies like Johanson [5], Antenova [6] or Fractus
[7] which provides an embedded antenna in a ceramic
substrate, being able to get a low frequency antenna with
an extremely limited size ceramic chip.
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Fig. 1. a) Comparison between chip antenna+terminal line and monopole
antenna and, b) Square, round and triangular PCB

Small antennas are limited in terms of radiation prop-
erties [8]- [11], and the main contribution of the radiation
is produced by the ground plane. The size of the ground
plane has an enormous impact in the antenna bandwidth
and efficiency, therefore it is really important to respect
a minimum size in order not to limit the performance
of the antenna. Because of this feature, this kind of
solutions must take into account both parts of the structure,
the monopole and the ground plane, thus, it must be
considered as an asymmetric dipole where one arm is the
antenna and the other arm is the ground plane. Moreover,
the position of the antenna and its surroundings have also
an important role, and in this paper, an analysis of the
positioning of the antenna depending on the size and shape
of the ground plane has been realized.

The radiation efficiency of the antenna in three different
FR4 (εr = 4.6, tan δ = 0.0035, t = 1.6 mm) PCB has
been studied, with squared, round and triangular shape
(Fig. 1) modifying their size and the position of the
antenna.



II. ANTENNA DESIGN

For the ground plane analysis a chip antenna connected
in series with a terminal line has been used. The chip
antenna resonates at 1.4 GHz, but connecting in series
the terminal line, the antenna can be tuned at lower
frequencies modifying the length of the line. In this paper,
the design has been tuned at 868 MHz (European ISM
Band), but it could be tuned for any sub-1GHz 5G band
or 915 MHz ISM band (USA).

The chip antenna has been designed with a coil inside
a ceramic substrate (εr = 7.1 and tan δ = 0.0009) to
be fabricated in LTCC technology with a dimension of
8.22× 1.8× 0.6 mm and the connected line length is 13
mm. Loading the design with a coil allows to shorten an
antenna length, maintaining the resonance frequency, due
to the series inductance which compensates the capacitive
behaviour when shorten a monopole. In the Fig. 1 a com-
parison between a resonating monopole, and the proposed
design is depicted.

III. GROUND PLANE ANALYSIS

In this section, a study of the radiation efficiency of
the proposed antenna depending on its position and the
size and shape of the ground plane is presented. For the
analysis, three different FR4 based PCB has been used,
with square, circular and triangular shape (Fig. 1 (b)).

A. Square Ground Plane
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Fig. 2. a) Left: Design with the antenna placed in the corner (d1=0),
Right: Design with the antenna placed in the center (d1=100) and, b)
Radiation Efficiency obtained displacing the antenna from d1=0 until
d1=100

The first study is based on the squared PCB. In order
to check the optimum position for the antenna in terms of

radiation efficiency, an analysis in a PCB with a size of
a=200 mm has been done. The antenna has been displaced
through the x axis from the corner (d1=0 Fig. 2) until the
center (d1=100 mm Fig. 2) of the upper side of the PCB.
In Fig. 2 b), results show a decrease of radiation efficiency
when the antenna approaches the center position (d1=100
mm), and on the other hand, the best results are obtained
placing the antenna in the corner(d1=0 mm).

Once the optimum position of the antenna has been
fixed (d1=0 Fig. 2), an analysis of the size of the ground
plane is realized. In Fig. 2 (b), the radiation efficiency for a
PCB from a size of a=30 mm up to a=200 mm is depicted.
Results shows an increment of radiation efficiency with the
size of the PCB. If results are analyzed in detail, when the
length of the ground plane (a) is higher than λ/2 (172 mm),
the increase of radiation efficiency is saturated, as seen in
the case of a=172, 200 mm.
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Fig. 3. a) Radiation efficiency of the antenna in the square PCB
modifying the side length of the ground plane (a) and, b) Re(Z11) of
the antenna in the square PCB modifying the side length of the ground
plane (a)

Further analysis is shown in Fig. 3 (b) with the Im(Z11).
The resonance frequency is stable when the side length
(a) of the PCB is close or higher than λ/4 (86 mm). In
case the side length (a) is shorter than λ/4, the resonance
frequency is shifted toward higher frequencies. As said in
the introduction, small antennas are totally dependent to
their connected ground plane, and they must be considered
as a asymmetric dipole. In a asymmetric dipole, the shorter
arm, limits the resonance, therefore, when the ground
plane is shorter than λ/4, the resonance is displaced to
higher frequencies.



B. Circular Ground Plane

The second study is based on a circular PCB for
comparing the results with the square one. In Fig. 4 (a)
the PCB is shown. It has a circular ground plane, but on
top, a rectangular clearance area of FR4 has been settled
for placing the antenna.

As the previous study, an analysis of the position of the
antenna has been made. A PCB of a=200 mm has been
fixed. In Fig. 4 (b) the radiation efficiency is depicted,
displacing the antenna from the corner of the clearance
area until the center. The radiation efficiency is higher
when the antenna is closer to the corner, and corroborate
the results of the square PCB analysis.
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Fig. 4. a) Left: Round PCB with the antenna placed in the corner
(d1=0), Right: Round PCB with the antenna placed in the center(d1=100),
b)Radiation Efficiency obtained displacing the antenna from d1=0 until
d1=100 and, c) Radiation efficiency of the antenna in the round PCB
modifying the side length of the ground plane (a)

In Fig. 4 (c) the study of increasing the size of the
ground plane is depicted. As seen in the previous PCB, the
efficiency increases with the size of the ground plane(a)
and it saturates at when a=λ/2.

C. Triangular Ground Plane

The last study is based on the triangular shape PCB.
In this case, the antenna has been placed in one of the
cathetus, moving it from the acute angle corner (d1=0)
until the right angle(d1=200). In this case an analysis from
angle to angle must be done due to the non-symmetric
structure. Fig. 5 (b) shows the radiation efficiency results,
and it can be observed that the worst scenario is when the
antenna is in the middle (d1=100), then when the antenna
is on the corners, the radiation efficiency is higher, but in
the case of the acute angle corner (d1=0) the efficiency
remains more stable with frequency than in the case of
the right angle (d1=200).
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Fig. 5. a) Left: Triangular PCB with the antenna placed in the corner
(d1=0), Right: triangular PCB with the antenna placed in the center
(d1=100), b)Radiation Efficiency obtained displacing the antenna from
d1=0 until d1=100 and, c) Radiation efficiency of the antenna in the
triangular PCB modifying the side length of the ground plane (a)

The last analysis is based on modifying the length of
the PCB (a) and in Fig. 5 (c), the variation of radiation
efficiency is depicted. Results confirms the information
obtained in the previous designs with a high radiation



efficiency, which saturates when length a is higher than
λ/2.

IV. COMPACT DESIGN WITH MATCHING CIRCUIT

A design with a limited ground plane has been analyzed
in order to check the viability of the chip antenna solution,
and the total efficiency has been calculated. The size of the
PCB is 50x50 mm2, with a=50 mm smaller than λ/4 at 868
MHz. As seen in the previous analysis, when a is smaller
than λ/4 the efficiency decreases and also the resonance
frequency increases. For this design, the terminal line has
been modified in order to tune the design at 868 MHz.

Due to the size of the ground plane, the real part of the
input impedance of the antenna is really low, hence the
design is not well match. For this cases, a matching circuit
(MC) must be added, and in this case a T-matching circuit
has been calculated with real components (Inductors:
Murata LQW15AN80 0402, Capacitors: Murata GJM15
0402). In Fig. 6 (a), the analyzed design and the values
of the MC are depicted. In Fig. 6 (b) the comparison of
the efficiency between the design with and without MC is
shown. Proper total efficiency at the operating frequency
868 MHz when MC is used.
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Fig. 6. a) Right: Square 50x50 mm2 PCB with the chip antenna in
right corner Right: T-Matching circuit, b) Radiation Efficiency and Total
Efficiency of the antenna with and without matching circuit(MC)

V. CONCLUSION

The study of how the radiation efficiency of a small
antenna depending on its position and the shape and size

of the ground plane has been done, obtaining key points
for managing PCB based solutions with small antennas. It
has been demonstrated that the ground plane play a really
important role in the radiation and, the design must take
into account both parts, the antenna and the ground plane,
as an asymmetric monopole.

The first extracted conclusion regarding the position of
the antenna is placing the antenna in the corner of any
shape is better in terms of radiation efficiency than placing
it in the middle of any side.

Two lengths have to be taken into account which
interferes directly with the radiation efficiency, the λ/4 and
λ/2 length. It is more important the maximum length left
for the current than the shape of the PCB. When any PCB
have any side higher than λ/2, the radiation efficiency has
a high value but does not increase if the ground plane
size is enlarged. On the contrary, if the longest side of the
PCB is shorter than λ/4 the radiation efficiency is poor
and the resonance frequency is greatly affected, shifted
toward higher frequencies. In case of a PCB with a length
in between λ/4 and λ/2, the radiation efficiency increases
with the size of the PCB until λ/2.
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