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Chapter

Planar Antenna Design for 
Internet of Things Applications
Man Ho Tsoi and Steve W.Y. Mung

Abstract

Planar antenna plays an important role in Internet of Things (IoT) applica-
tions because of its small size, low profile and low cost. In IoT wireless module, 
antenna is typically occupied one-third size of overall circuit; therefore, planar 
antenna, i.e., integrated on printed circuit board (PCB) is one of attractive 
design. In this chapter, the fundamental of antenna is firstly discussed. Printed 
Inverted-F Antenna (PIFA) is taken as an example to explain the design process 
of simple planar antenna and a size-reduced 2.4 GHz ISM band PIFA is used for 
experimental explanation for the short-range IoT applications. Finally, a wideband 
antenna is shown as wideband planar antenna for short-range and long-range IoT 
applications.

Keywords: bluetooth low energy (BLE), industrial scientific and medical (ISM), 
printed circuit board (PCB), Internet of Things (IoT), planar antenna, printed 
inverted-F antenna (PIFA), wideband antenna

1. Introduction

Internet of Things (IoT) aims to connect existing sensors and devices to the 
internet in real time. Constantly collecting the information from surround-
ing help users making wiser decision, leading to higher quality in daily life 
and higher efficiency in industries [1–5]. Short-range and long-range wireless 
techniques are suitable used in different IoT applications. One of the wireless 
techniques for short-range IoT applications is bluetooth low energy (BLE) under 
2.4 GHz industrial, scientific, and medical (ISM) band because of its low power 
consumption [6, 7]. On the other hand, cellular communications provide larger 
coverage in long-range IoT applications but they have high power consumption 
[8]. In RF/microwave modules, the size reduction and performance enhance-
ment of the antenna are key design parameters, therefore, planar antenna, 
i.e., integrated on printed circuit board (PCB) is a suitable antenna for IoT 
applications.

In this chapter, the fundamental of antenna is firstly discussed. Printed 
Inverted-F Antenna (PIFA) is taken as an example to explain the design process 
of simple planar antenna and a size-reduced 2.4 GHz ISM band PIFA is used for 
experimental explanation for the short-range applications. Finally, a wideband 
antenna is shown as another approach on wideband planar antenna for short-range 
and long-range IoT applications.
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2. Fundamental of antenna

2.1 Introduction of dipole antenna

Dipole antenna is one of the simple antenna that demonstrates the fundamen-
tal concept of antenna and it is a foundation of many practical antennas [9]. In 
Figure 1, dipole antenna is configured with two symmetric conductive arms carry-
ing radio frequency current. Its length is required to be half wavelength (0.5λ) for 
maximum response and a half wavelength corresponds to approximately 6 cm (in 
air) in the 2.4 GHz ISM band. The current across the dipole generates the electro-
magnetic wave radiation propagating from the dipole arms.

2.2 Ground plane

A good conductive and reflective ground plane reduces the half wavelength 
dipole antenna to be quarter wavelength antenna [11]. This ground plane plays 
the same role of one of the arms and becomes a part of the antenna. This ground 
plane is considered as a mirror. In an optical mirror, if an object is placed in front 
of a mirror, a virtual image is generated with the same size and the same distance 
behind the mirror. In this case, if a signal source is placed above the ground plane, 
a virtual image of the source is generated with same current flowing direction 
and same phase shown in Figure 2, therefore, a quarter wavelength antenna and 
a ground plane form a half wavelength antenna. A well-designed ground plane 
should be very much larger in its dimensions than the half wavelength itself [11]. 
The active antenna measurement such as the over-the-air (OTA) measurement is a 
good method to indicate the overall antenna performance in the complete products 
compared to passive antenna measurement [12]. If the ground plane is significantly 
small, poor radiation performance is predicted in active antenna measurement.

2.3 Effect on length

An electric field with wavelength λ1 propagates toward to a dipole antenna with 
length L equals to 0.5λ1. This induces a sinusoidal current distribution shown in 

Figure 1. 
Configuration of a half wavelength dipole antenna [10].
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Figure 3(a), given that the current distribution on the dipole is uniform. If the 
incident wave has wavelength λ2 which is much longer than the dipole length, for 
example L = 0.1λ2, current distribution is induced in triangular shape. The maxi-
mum current occurs at the center feed point and decreased linearly toward two ends 
to zero, as shown in Figure 3(b).

For a dipole with uniform current distribution, the radiation resistance   R  rad    in 
free space is given by the following well-known equation [9, 10]:

   R  rad   = 80  π   2    (  L _ 
λ
  )    

2

   (1)

The radiation resistance of Figure 3(b) is much smaller than that of Figure 3(a) 
based on  Eq. (1). Low radiation resistance is an indication of inefficient radiation. 
Most of the power is not radiated by the antenna when the length of antenna is not 
designed based on the wavelength of incident signal. This poor radiating condition 
occurs when the antenna operates not equal to its resonant frequency. Matching 
network is usually used to maximize the power transfer from the radio transceiver 
to the antenna [10]. Matching network sometimes is used to tune the operating 
frequency back to the desired value if the resonant frequency is little shifted to 
desired frequency.

Figure 2. 
Signal source and ground plane effect [11]. (a) Actual condition above a ground plane. (b) Equivalent 
condition with a virtual image under the ground plane.



Advanced Radio Frequency Antennas for Modern Communication and Medical Systems

4

3. Design of general printed-F antenna (PIFA)

3.1 Printed inverted-F antenna (PIFA)

The printed inverted-F antenna (PIFA) is one of common planar antennas used 
in the commercial and medical devices because of its small size, low profile and low 
cost [13–20]. The typical PIFA structure is shown in Figure 4. Its working principle 
is same as monopole antenna with quarter-wave long along the main resonant 
line in Figure 4, therefore, the size of the ground plane is also an important part 
of antenna. It has a shorting feed point at the end of the main resonant line. This 
folded part introduces capacitance to the input impedance of the PIFA which is 
canceled by the shorting feed point. This foldable part, therefore, reduces the 
antenna size.

Figure 3. 
(a) Sinusoidal current distribution for L = 0.5  λ  1   . (b) Triangular current distribution for L = 0.1  λ  2    [9].
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The matching network in Figure 4 is used for maximum power transfer and, 
hence, efficient radiation [10]. Lump elements are normally used in matching 
network to minimize the size. In this section, PIFA is used as example of planar 
antenna since PIFA fulfills the requirements of IoT applications.

3.2 Meandered PIFA design

Figure 4 shows a typical PIFA structure on a printed circuit board (PCB) which 
is indicated with the dotted area at the PCB upper layer. Meandering line is com-
monly used to increase the total length in antenna design. The meandering line in 
Figure 5 is used to replace the main resonant line in PIFA shown by combination of 
horizontal and vertical lines to form multiple turns.

The requirements of the PIFA are the operation frequency, power transmission 
efficiency, size and even cost. Simulation, fabrication and measurement are con-
ducted until the antenna fulfills the defined application requirements. In general, a 
well-designed PIFA has the feature of having resonance at the operation frequency 
and good return loss, i.e., effective power transmission to antenna and compact 
in size.

Figure 4. 
Typical PIFA structure [13].

Figure 5. 
PIFA with meandering line.
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High directivity sometimes is considered in certain situation. However, it will 
not be discussed here since most of planar antennas are omni-directional transmis-
sion and reception instead of unidirectional antennas. The basic design rules and 
antenna performance characterization methods are addressed by case study in 
2.4 GHz ISM band. The operation frequency of the antenna is governed by the basic 
dispersion relation c = fλ. The letter c represents the speed of electromagnetic wave 
in the air, which is a constant if only consider the wave traveling in single medium. 
In previous section, it shows that a dipole antenna resonates when the physical 
length of antenna equals to the quarter wavelength of incident signal and a suffi-
ciently large ground plane form the mirror image under the plane. The length of the 
resonant line occupies a considerable area on the PCB, which is around one third of 
a wireless module. Proper selection of traces’ length and width reduces the occupied 
area and impedance matching network for maximum power transfer [13].

3.3 Simulation and experimental results

Powerful computer simulation tools are used to drastically reduce the design 
time. Advanced Design System (from Keysight) is one of the electromagnetic (EM) 
simulators used to estimate the performance of certain designs in this chapter. 
Normally, there is small variation between the simulation and measurement results 
because of the fabrication variation, material variation and connectors mismatch, 
etc. There is limited effect on frequency below 6 GHz, however, this becomes 
significant when the frequencies are in millimeter wave. Two antennas are designed 
based on structure in Figure 5. The dimensions of these two examples (called 
Antenna PCB A and Antenna PCB B) of PIFA shown in Table 1 and in Figure 6.

Antennas in Figure 6 were simulated on FR4 substrate with a dielectric constant 
of 4.6 and 0.8 mm thickness. The PCB design mainly contains PIFA, ground plane, 
transmission line and 3.5 mm SMA connector. The size of PCB, 18.8 mm× 43.2 mm 
was chosen, which is the normal size of a 2.4 GHz ISM band wireless module. At end 
of meandering line is 4.2 mm for Antenna PCB A and 2.9 mm for Antenna PCB B. The 
resonance frequency of Antenna PCB A is expected to be lower due to the longer trace. 
Antenna PCB C was fabricated to calibrate the transmission line by the port extension 
measurement. The simulated results of Antenna PCB A and Antenna PCB B are shown 
in Figure 7 and the return loss indicates the resonant frequency of the antennas [9]. 
The input feed point in the simulation is at Port A in Figure 6(a) which is without the 
transmission line and connector but others are the same as in Figure 6(a).

In Figure 7, the resonance frequency of Antenna PCB A is lower than that 
of Antenna PCB B. Antenna PCB A and Antenna PCB B were fabricated with 

Parameters Length (mm)

w1 0.9

w2 0.5

s1 2.0

s2 1.7

l1 2.5

l2 (Antenna PCB A) 4.2

l3 (Antenna PCB B) 2.9

Table 1. 
Parameters used in the PIFA.
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the transmission line and connector in Figure 6(a). The width of the transmis-
sion line is 1.5 mm so that the characteristic impedance of the line is equal to 
50 Ohm. The return losses of antenna were measured by vector network analyzer 
(VNA). If the return losses are not significant high enough, matching network 
is needed for maximum power transfer. Antenna PCB C is used for port exten-
sion by VNA so that the measurement reference plane is moved to Port A since 
the VNA can predict the open circuit at end of the transmission line from the 
connector in Antenna PCB C by the electrical length L of the transmission line. 
The simulated and measured results of Antenna PCB B are plotted in Figure 8. 
It is also shown that the overall performance of antenna at Port B is close to the 
same at Port A. The radiation patterns and gain measurement are carried out by 
passive antenna measurement system. The active antenna measurement some-
times is used to indicate the overall transmission and reception of the complete 
products. The maximum gain of the PIFA is normally around 3 dBi. Antenna PCB 
B, therefore, is suitable for 2.4 GHz ISM band applications. Table 2 shows the 
comparison table of different antennas, which shows that the dielectric antennas 
have a little size smaller than the PIFA. However, PIFAs were only fabricated on 
PCB, which is approximately zero in thickness as well as zero cost of antenna and 
matching components.

Figure 6. 
PIFA: (a) Antenna PCB A (l2 = 4.2 mm) and Antenna PCB B (l3 = 2.9 mm) (b) and Antenna PCB C.
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4. Wideband planar antenna: foldable and non-foldable

4.1 Wideband planar antenna for IoT applications

Various IoT applications use different solutions to connect devices and sensors. 
Low power technologies such as Bluetooth and Zigbee are preferred for short-range 
applications because of their low power usage. Cellular communication technolo-
gies sometimes are required used for large coverage and high data rate applications 

Figure 7. 
Simulated S-parameter, S11 of Antenna PCB A and Antenna PCB B at Port A.

Figure 8. 
Antenna PCB B: Simulated (at Port A) and measured (at Port A and B) S-parameter, S11.
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despite its large power consumption. Multiple narrowband antennas are needed 
when different technologies are used in IoT applications. One wideband antenna, 
therefore, is an attractive approach to replace multiple narrowband antennas. 
Different wideband structures were proposed to combine different frequency bands 
into one individual wideband antenna to serve different technologies in order to 
reduce the size and simplicity [21–23]. The wideband antenna is still large to be 
used in portable devices, therefore, foldable design [21] provides flexibility of IoT 
products as well as further size reduction.

4.2 Wideband planar antenna design

Dipole antenna in Figure 1 could be extended to be a wideband antenna. Two 
conductive arms are replaced by thicker wire or even a plane to extend the band-
width. One of example for wideband planar foldable and non-foldable antennas is 
shown in Figure 9.

Antenna Plane Total average (dBi) Area (mm2)

PIFA (Antenna PCB B) Y-Z 1.60 16 × 7.0

X-Z 3.30

X-Y 1.10

Miniaturized PIFA [13] Y-Z −0.70 15 × 6.0

X-Z −1.98

X-Y −1.26

Capacitive-loaded antenna Y-Z — 12 × 5.0

X-Z −1.76

X-Y −3.32

Dielectric antenna (3 mm length) Y-Z 0.89 12 × 5.0

X-Z −1.85

X-Y −2.56

Dielectric antenna (5 mm length) Y-Z −3.22 18 × 11

X-Z −3.24

X-Y −3.12

Table 2. 
Gain between dielectric and PCB antennas [10] (includes the area of matching network, but not the ground 
plane).

Figure 9. 
Wideband planar foldable and non-foldable antennas [21].
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Parameters Length (mm)

G 0.9

W (foldable design) 29

W (non-foldable design) 25

Table 3. 
Parameters used in the wideband planar foldable and non-foldable antennas.

Figure 10. 
Simulated results of wideband planar antennas [21]: (a) foldable and (b) non-foldable.
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This planar antenna consists of two rectangular metal planes. The important 
parameters could be tuned in this design are width W, length L and gap G. The length 
is used for tuning in this example as it has significant impact on the performance 
of antenna. All parameters are fixed in Table 3 except the length L which is the 
parameter chosen to be tuned for foldable and non-foldable antennas. The foldable 
design was fabricated in the metal sheet and the non-foldable design was fabricated 
on the FR4 substrate with a dielectric constant of 4.6 and thickness of 0.8 mm. The 
simulated results of return loss are shown in Figure 10 with different lengths of sheet 
L. In Figure 10, the frequency range is shifted to the lower side with a longer length L 
because the length L is closer to the quarter-wavelength of a lower frequency.

Figure 11. 
Comparison between simulated and measured results of wideband planar antennas [21]: (a) foldable and 
(b) non-foldable.
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Figure 11 shows the comparison between simulated and measured results of 
wideband planar foldable and non-foldable antennas. Figure 11(a) shows the simu-
lated and measured results of the fabricated foldable antenna which shows that the 
simulated and measured results are close to each other with the bandwidth of 76% 
from 1.3 to 2.9 GHz. This range covers the applications in GPS, the 2.4 GHz ISM 
band, and the general 3GPP WCDMA bands and LTE bands. Figure 11(b) shows 
the simulated and measured results with L equal to 36 and 41 mm (same width of 
W = 25 mm). Simulated and measured results show that they are close to each other 
with the bandwidth of 76% from 1.35 to 2.75 GHz, which is little worse than the 
foldable design in Figure 11(a). The maximum gain of the non-foldable is between 
2.5 and 3.5 dBi.

5. Conclusion

The architecture of the PIFA on PCB with meandering line was shown. The 
measurement results of return loss and gain performances shown that it has bet-
ter performances compared to the dielectric antennas as well as without any extra 
matching components. When only single communication technology is used in 
IoT product, PIFA is recommended. Using meandering line can reduce the antenna 
size as well as keeping the performance. PIFA design, therefore, is suitable for ISM 
band and other IoT applications. In the product utilizing numbers of communica-
tion technologies at same times, one wideband antenna integrated in the product is 
more suitable. Both foldable and non-foldable wideband structures, therefore, were 
proposed and fabricated for their different uses in IoT applications. Both measure-
ment results of two structures show more than 65% in bandwidth. Their operating 
frequency covers IoT applications in GPS, the 2.4 GHz ISM band, and the common 
3GPP WCDMA and LTE bands. And the foldable structure has advantage of wear-
able applications.

During the design process, the type of antenna is firstly confirmed and then 
the key parameters such as frequency and size need to be determined. Simulation 
software and measurement equipment are important tools to verify its performance 
and further design iterations may be required for fine-tuning the performance.

Abbreviations

IoT Internet of Things
ISM industrial, scientific, and medical
BLE bluetooth low energy
PIFA printed inverted-F antenna
PCB printed circuit board
OTA over-the-air
EM electromagnetic
VNA vector network analyzer
GPS global positioning system
WCDMA wideband code division multiple access
LTE long-term evolution
3GPP 3rd generation partnership project
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