
Review Article
Volume 3 Issue 1 - June 2019
DOI: 10.19080/ETOAJ.2019.03.555602

Eng Technol Open Acc
Copyright © All rights are reserved by Steve WY Mung

Design Trade-Offs and Challenges on 
Miniaturized Antenna for Bluetooth in 

Internet of Things Applications

Steve WY Mung1,2*, Ka Ming Wu1 and Joseph SM Yuen1 
1Innovation Technology Co Ltd, Hong Kong
2Department of Electronic and Information Engineering, The Hong Kong Polytechnic University, Hong Kong

Submission: June 17, 2019; Published: June 26, 2019
*Corresponding author: Steve WY Mung, Department of Electronic and Information Engineering, The Hong Kong Polytechnic University, Hong Kong

Eng Technol Open Acc 3(1): ETOAJ.MS.ID.555602 (2019) 005

Abstract

This article focuses on miniaturized antenna for Bluetooth in Internet of Things (IoT) applications. Dielectric and printed circuit board (PCB) 
antennas are commonly used in the Bluetooth applications under 2.4GHz industrial, scientific, and medical (ISM) band. Bluetooth Low Energy 
(BLE) technology is one of the suitable platforms and technology for IoT applications under this ISM band. Antenna is typically occupied one-third 
size of overall circuit; therefore, a small, low profile and low-cost antenna is a good advantage for the commercial and medical applications. In this 
article, miniaturized antennas have their pros and cons in its performance and applications were presented as well as the design trade-offs and 
challenges on dielectric and PCB antennas for Bluetooth in IoTs applications were reviewed.
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Introduction
The Bluetooth Special Interest Group (SIG) was formed with 

five companies in 1998, [1] in order to develop a new wireless 
standard for communication between mobile devices. Bluetooth 
technology uses the adaptive frequency hopping to minimize 
interference from other technologies in the 2.4GHz industrial, 
scientific, and medical (ISM) band. First chip was developed to 
integrate radio frequency, baseband, microprocessor functions 
and Bluetooth wireless software for mobile headset application 
and different modules were then developed later [2,3]. New 
Bluetooth versions and different profiles were then come out 
for different applications such as mobile headset [4], music 
streaming [5], data transfer [6]. Internet of things (IoT) applies 
current technologies to connect to the internet to improve 
different industries and environment for a higher quality of life in 
society by convey information to different users or applications. 
There are different wireless solutions for these IoT applications 
[7,8], however, Bluetooth Low Energy wireless technology, (BLE) 
[1] is one of the best choices of the IoT applications, which was 
released in Bluetooth Core Specification Version 4.0 in 2011. 
BLE is an excellent solution for a great variety of applications 
such as the medical e-health applications [9], positioning system 
[10] and monitoring system [11]. There are different chipsets  

 
or modules for BLE applications, which include antenna and RF 
front-end circuits as well as baseband processor. Nowadays, the 
size and the current consumption are indicators of research area 
and the size of antenna is one of the main challenging research 
areas.

Dipole antenna [12] is the simplest class of antenna in 
wireless application. In Figure 1, dipole consists of two identical 
conductive elements into which radio frequency current flows. 
This current causes signal radiation through the dipole. Dipole, 
theoretically, is required its length to be half wavelength (0.5λ) 
for maximum response [12]. A half wavelength corresponds to 
approximately 6cm (in air) in the 2.4GHz ISM band. In Figure 2, 
the ground plane acts as a good radiator [13] which helps the 
length of antenna become quarter-wavelength long. However, 
the position and size of the ground plane are very important in 
the design since the field (above the ground) is the same as if 
the ground is replaced by a mirror image of the antenna shown 
in Figure 2(b). The current in the reflected image has the same 
direction and phase that the current in the real antenna. This 
quarter-wave plus this image forms a half-wave dipole when the 
ground plane is infinite or very much larger in its dimensions 
than the half wavelength itself. In the real application, this 
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quarter-wavelength antenna still occupies one-third size of 
overall wireless part. If the ground plane is significantly smaller 
than quarter-wave, antenna tuning becomes difficult and the 
overall radiation performance is degraded. The active antenna 
measurement of the complete products [14] such as the over-
the-air (OTA) performance is more precise to predict or indicate 
the power radiated or received compared to passive antenna 
measurement [15]. In small portable devices, dielectric and 
PCB antennas are commonly used in the Bluetooth applications, 
therefore, in this article, design trade-offs and challenges on 
these antennas for Bluetooth in IoTs applications were reviewed.

Figure 1: Dipole antenna.

Figure 2: Vertical electric source. 
a) Over a ground plane.
b) The equivalent problem with an image placing the ground 
plane.

Design trade-offs and challenges on dielectric and PCB 
antenna

There are many size-reduced antennas solutions for 2.4GHz 
ISM band. In Figure 3(a), dielectric antenna is one of the common 
solutions and it is miniaturized by using Low Temperature Co-
Fired Ceramic (LTCC) Technology [16-18]. LTCC has the ability to 
embed low and high dielectric constants inside the antenna. This 
enables antennas to have great detuning resilience and extreme 
temperature stability behavior. However, a trace (with length 
L) on a printed circuit board (PCB) as antenna in Figure 3(b) 
is also commonly used which is called PCB monopole antenna. 
PCB monopole antenna has its advantages of small, low-profile, 
and low cost compared to dielectric antenna. In Figure 3, the 
dielectric and PCB monopole antennas are shown with length 
L and they are called monopole antenna consisting of one half 
of a dipole antenna in Figure 2, and always mounted above the 
ground plane like Figure 2(b). The matching network at the input 
is for maximum power transfer [12]. The length used is one-
quarter of the wavelength (L = λ/4), so called a quarter-wave 
monopole antenna, therefore, the operation is same as dipole 
antenna because of the mirror image in Figure 2(b)

Figure 3: 
a) Dielectric antenna.
b) PCB antenna.

Effect on ground plane 

All antennas, like other electronic component, have at least 
two connections for the signal feed. The antenna and the ground 
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plane combine to form a complete circuit; therefore, the ground 
plane is part of antenna. The electromagnetic field is set up 
between the antenna and the ground plane, with current flowing 
through the field, therefore completing the circuit shown in 
Figure 4. In general, a ground plane is designed to spread out 
at least a quarter wavelength, or more to form the mirror image 
in Figure 2(b). A ground plane is also, ideally, made smaller, but 
it affects the performance of the antenna, therefore, the area of 
ground plane must be considered and has its size limitation. In 
passive antenna measurement, it was found that the cable from 

the equipment connected to the antenna plays an important 
role if antennas have a relatively small ground plane which 
makes it relatively easy for the current to go to the outside of 
the feed cable and radiate to contaminate the measurement [15]. 
The active antenna measurement [14] such as the over-the-air 
(OTA) performance is one of precise measurement to predict the 
overall performance compared to passive antenna measurement. 
Total radiated power (TRP) and total isotropic sensitivity (TIS) 
are measured in active antenna measurement to determine the 
performance of transmission and reception respectively.

Figure 4: Radiation of electromagnetic field from antenna.

Effect on length 

Figure 5: 
a) Antenna (length = 0.5λ1) with sinusoidal current distribu-
tion.
b) Antenna (length = 0.1λ2) with triangular current distribu-
tion.

Figure 5(a) shows an incident E-field (with wavelength equal 
to λ1) propagates to a vertical dipole of length L = 0.5λ1. If the 
current distribution of the dipole is uniform, the actual current 
distribution is nearly sinusoidal, [12]. However, if the same dipole 
is used at a longer wavelength, λ2 (λ2>λ1) so that length is only L 
= 0.1λ2 long compared to the incident E-field (with wavelength 
equal to λ2). The current tapers almost linearly from the central 
feed point to zero at the ends in a triangular distribution in 
Figure 5(b). Assuming dipole with uniform current distribution, 
the radiation resistance Rrad, in free space is given by [12]:

                           

For triangular current distribution in Figure 5(b), the 
radiation resistance is smaller than those in Figure 5(a). Small 
values of radiation resistance indicate that the radiation of 
antenna is not very efficient. Antenna with shorter length but 
not resonant in the correct operating frequency leads to poor 
radiation since the resonant frequency is higher than the desired 
operating frequency. Additional matching network is required 
to return to the desired frequency. This matching network is 
used for maximum power transfer from the radio transceiver 
to antenna [12], however, the antenna still gives poor efficiency 
because of higher resonant frequency itself.

There are different sizes among the LTCC antenna in the 
market such as the length L with 7mm, 5mm and 3mm in 
Figure 3(a), [16,17], therefore, the shorter of LTCC antenna give 
smaller values of radiation resistance resulting worse radiated 
performance. The length L of PCB monopole antenna in Figure 
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3(b) sometimes used is not enough to one-quarter of the 
wavelength (L = λ/4) due to limited space, therefore, meandering 
line is used to increase its total length in Figure 6. Antennas with 
reactance loading [18-20] were also used to lower the resonant 
frequency due to the length is not enough as well, which appears 
electrically longer itself. The quality-factor, Q of the reactance 
affects the performance of the antenna.

Figure 6: Meandering PCB monopole antenna.

Printed Inverted-F Antenna (PIFA) in Figure 7 is one of the 
widely used modified PCB monopole antenna in small portable 
devices [21-25]. It is having a shorting feed point along the main 
resonant structure shown. It has the advantage that this folded 
part introduces capacitance to the input impedance of the PIFA 
which is cancelled by the shorting feed point. This configuration, 
therefore, reduces the antenna size.

Figure 7: Printed Inverted-F Antenna (PIFA).

Results and Experimental Verification 
Figure 8 shows the two dielectric antennas with 3mm in 

length, which is one of the smallest 2.4GHz ISM antennas in the 

market. In Figure 8, there is one antenna without any matching 
network and its resonant frequency is shown in Figure 9 which 
is around 2.84GHz. Same antenna but with matching network 
added at the input in Figure 9 shows that the resonant frequency 
is tuned back to 2.45GHz for maximum power transfer, which 
still give small radiation resistance as well as poor efficiency 
because of actual resonant frequency at 2.84GHz. In Figure 10, 
an additional strip at the end of 5mm antenna is used to fine 
tune the resonant frequency since there is little draft of resonant 
frequency due to the mechanical housing and PCB ground plane. 
This 5mm dielectric antenna in Figure 10 is if one-quarter of the 
wavelength of around 2.45GHz, in which the resonant frequency 
is shown at around 2.45GHz in Figure 11 compared to 3 mm 
antenna with matching network in Figure 8 & 10. The capacitive-
loaded antenna is also shown in Figure 10 with two capacitors 
added to lower the resonant frequency, making it appear 
electrically longer and resonant frequency in 2.4GHz ISM band 
is shown in Figure 11. Traditional PIFA (PIFA1) was fabricated 
and measured shown in Figure 12 & 13, and the size of this 
PIFA1 is larger than that of meandering PIFA (PIFA2) in [25]. The 
measured S-parameter, S11 in Figure 13 shows that both PIFAs is 
operated in the 2.4GHz ISM band and it easily to fine tune as well 
by tuning the length of the line.

Figure 8: Photo of 3mm antenna without matching network (left) 
and with matching network (right).

Figure 9: Measured S-parameter, S11 of Figure 8.
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Figure 10: Photo of dielectric antenna and capacitive-loaded antenna.

Figure 11: Measured S-parameter, S11 of Figure 10.

Figure 12: Photo of Printed Inverted-F Antenna (PIFA): PIFA1, meandered PIFA and PIFA2.
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Figure 13: Measured S-parameter, S11 of Figure 12.

The radiation patterns of PIFA2 at 2.45GHz is shown 
in Figure 14. Table 1 shows the comparison table of these 
antennas. It shows that the dielectric antennas have a little size 
smaller than the PCB antennas (PIFA1 and PIFA2). However, PCB 

antennas were only fabricated on PCB, which is approximately 
zero in thickness as well as zero in the cost of antenna itself 
and matching components. The performance of PCB antenna is 
comparable to that of dielectric antennas.

Figure 14: Measured radiation patterns in total fields of PIFA2 (Horizontal plane, H-Plane and Vertical plane, V-Plane) 
a) Y-Z plane.
b) X-Z plane.
c) X-Y plane
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Table 1: Gain between dielectric and PCB antennas.

Antenna Plane Total Average (dBi) Area (mm2)

PIFA1

Y-Z 1.6

16 × 7.0X-Z 3.3

X-Y 1.1

PIFA2, [25]

Y-Z -0.7

15 × 6.0X-Z -1.98

X-Y -1.26

Capacitive-loaded antenna

Y-Z -

12 × 5.0X-Z -1.76

X-Y -3.32

3mm antenna

Y-Z 0.89

12 × 5.0X-Z -1.85

X-Y -2.56

5mm antenna

Y-Z -3.22

18 × 11X-Z -3.24

X-Y -3.12

Conclusion 
In this article, design trade-offs and challenges on dielectric 

and PCB antennas for Bluetooth in IoT applications were 
reviewed. It shows minimizing the size of antenna in IoT 
applications by using different methods. The measurement 
results of return loss and gain performance were showed and 
compared that PCB antennas give better performance compared 
to the dielectric antennas and no extra components is used for 
good impedance matching resulting lower in the cost.
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