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Abstract 

The thesis presents several novel ideas of designing electrically small antennas for mobile 

terminals such as mobile phones. As the fifth generation wireless systems (5G) is coming 

soon, radio signals at sub 6 GHz and millimetre-wave (mmWave) frequencies will be 

employed in mobile communication. In this thesis, the author concentrates on the antennas at 

sub 6 GHz, because the signals at sub 6 GHz will still play an important role in 5G mobile 

communication due to the advantage of signal penetration through buildings. The research 

areas consist of main antenna and multi-input multi-output (MIMO) antenna technology 

including decoupling techniques and MIMO antenna unit. 

 

First, a novel six-mode loop antenna as a main antenna is proposed for mobile phones. Loop 

antennas offer better user experience than monopole antennas, inverted-F antennas (IFA), and 

planar inverted-F antennas (PIFA) because of the unique balanced modes (1ɚ, 2ɚ, é). 

However, the balanced modes also cause narrower bandwidth of loop antennas. In order to 

overcome the bandwidth problem, how to reach the upper limit of the existing operating 

modes and how to create more modes are explored. A novel monopole/dipole parasitic 

element, which operates at an unbalanced monopole-like 0.25ɚ mode and a balanced dipole-

like 0.5ɚ mode, is firstly proposed. In order to validate the concept, one prototype with the 

dimension of 75×10×5 mm
3
 is designed, fabricated, and measured. The antenna is able to 

cover 660-1100 MHz, 1710-3020 MHz, 3370-3900 MHz, and 5150-5850 MHz, which is 

wide enough for almost all the service of mobile telecommunication systems. 

 

Then, a multimode decoupling technique is proposed for wideband/multiband isolation 

enhancement in compact volume. Although decoupling techniques have been researched for 

many years, multimode decoupling technique remains a great challenge for mobile terminals. 

One difficulty in achieving multi decoupling modes is that the operating modes of closely-
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packed decoupling elements have very strong mutual effect, which makes the tuning 

complicated and even unfeasible. Thus, in physical principle, a novel idea of achieving the 

stability of the boundary conditions of decoupling elements is proposed to solve the mutual 

effect problem; in physical structure, a metal boundary is adopted to realize the stability. One 

distinguished feature of the proposed technique is that the independent tuning characteristic 

can be maintained even if the number of decoupling elements increases. Therefore, 

wideband/multiband high isolation can be achieved by isolating multi decoupling elements. 

To validate the concept, two case studies are given. In a quad-mode decoupling design, the 

isolation is enhanced from 12.7 dB to > 21 dB within 22.0% bandwidth by using a 

0.295ɚ0Ĭ0.059ɚ0Ĭ0.007ɚ0 decoupling structure. 

 

Finally, a novel principle, namely differential/common mode (DM/CM) design, is proposed 

to achieve highly integrated MIMO antenna unit in mobile terminals. The inspiration comes 

from a dipole fed by a differential line which can be considered as differential mode (DM) 

feed. What will happen if the DM feed is transformed into a common mode (CM) feed? 

Some interesting features are found in the research. By symmetrically placing one DM 

antenna and one CM antenna together, a DM/CM antenna can be achieved. Benefitting from 

the coupling cancellation of anti-phase currents and the different distributions of the radiation 

currents, a DM/CM antenna can obtain high isolation and complementary patterns, even if 

the radiators of the DM and CM antennas are overlapped. Therefore, good MIMO 

performance can be realized in a very compact volume. To validate the concept, a 

miniaturized DM/CM antenna unit is designed for mobile phones. 24.2 dB isolation and 

complementary patterns are achieved in the dimension of 0.330ɚ0¦0.058ɚ0¦0.019ɚ0. One 

8×8 MIMO antenna array is constructed by using four DM/CM antenna units and shows 

good overall performance. The proposed idea of DM/CM design may be promising for other 

applications that need high isolation and wide-angle pattern coverage. 
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Abbreviations 

1G                                            The First Generation Wireless System 

4G                                            The Fourth Generation Wireless System 

5G                                            The Fifth Generation Wireless System 

mmWave                                 Millimetre-Wave 

MIMO                                     Multi -Input Multi-Output 

IFA                                          Inverted-F Antenna 

PIFA                                        Planar Inverted-F Antenna 

DM                                          Differential Mode 

CM                                          Common Mode 

DM/CM                                  Differential/Common Mode 

NTT                                        Nippon Telegraph and Telephone 

PCB                                        Printed Circuit Board 

LTE                                        Long Term Evolution 

LTE-U                                    Long Term Evolution in Unlicensed Spectrum 

LTE-LAA                              Long Term Evolution-Licensed Assisted Access 

3D                                          3-Dimentional 

EM                                         Electromagnetic 

CRDN                                    Coupled Resonator Decoupling Network 

CPW                                      Coplanar Waveguide 
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SAR                                      Specific Absorption Rate 

RE                                         Radiation Efficiency 

TE                                         Total Efficiency 
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Chapter 1 Introduction  

1.1 Background 

Since the first commercial cellular network was launched in Japan by Nippon Telegraph and 

Telephone (NTT) in 1979, mobile telecommunication has been rapidly developing from the 

first generation (1G) to the fifth generation (5G) and has played an increasingly important 

role in people's daily life [1-5]. The experience of entertainment, work, and social life has 

been greatly improved by the invention of mobile terminals such as mobile phones, laptops, 

tablets, and smart watches. Antenna, which converts guided wave to radio waves and vice 

versa, is the key component that enables wireless communication technology. 

 

Actually, in mobile telecommunication, antenna technology may be categorized as the 

antenna technology of base stations [6] and the antenna technology of mobile terminals [7] 

based on the application scenarios. The specifications of these two kinds of antennas are quite 

different. In this thesis, the author concentrates on the antenna technology of mobile 

terminals. The research scene is mobile phones since they are the most popular portable 

devices. Obviously, the proposed techniques can also be applied to other mobile terminals. 

 

This research was fully funded by Huawei Technologies Ltd, China. The supervisors from 

industry provided many suggestions about the practicability of the designs, so the presented 

examples are promising for actual products. 
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1.2 Project Objectives 

1.2.1 Key Challenges 

A typical smart phone is shown in Figure 1.1. There is one critical term óclearance areaô, 

which is defined to be the area between the screen and the edge of a mobile phone. In general, 

small clearance area is preferred because of the trend of big ratio of screen-to-body. Besides, 

ultrathin thickness is another fashion of smart phones. However, the effective radiation of 

antennas needs certain space between the antennas and the metal ground. As a result, the 

space for antenna design in mobile phones is very limited.  

 

Figure 1.1ï Typical smart phone nowadays 

 

Currently, mobile phones need to cover a wide frequency range of different operators. 

Therefore, it is necessary to utilize multi-mode antennas as main antennas which should 

undertake the leading role of communication. The key points are the number of the modes 

engineers can excite and the relative bandwidth of each mode. Firstly, it is difficult to arrange 
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loads of operating modes close enough to form a wide frequency band. Actually, three or four 

modes are most commonly used. Secondly, the limited clearance area and antenna height 

(thin thickness) cause low radiation efficiency and narrow fractional bandwidth. As a result, 

the overall bandwidth and radiation efficiency of main antennas of smart phones are great 

challenges. 

 

Multiple input multiple output (MIMO) antenna technology is one of the key innovations in 

the fourth generation (4G) and fifth generation communication. However, the limited space in 

mobile phones restricts the number of antenna elements and the isolation level. Another 

reason of the low isolation is that the antennas of mobile phones normally operate at 

unbalanced modes (Section 2.1.3), and they share the same PCB as one resonant arm, so the 

mutual coupling between antenna elements is relatively strong. In summary, the challenges of 

MIMO antenna array of mobile phones are the volume and the isolation. 

 

There are two kinds of clearance areas in a mobile phone. The one on the top and bottom is 

relatively large, so main antennas can be arranged there. The other one on the side-edge of a 

smart phone is usually narrow but long, so it is suitable for MIMO antenna array. 

 

1.2.2 Objectives 

The aim of the project is to investigate novel techniques of electrically small antennas for 

mobile phones, which include main antennas and MIMO antenna array. The first target is to 

explore the bandwidth extremity of loop antennas including the number of excitation modes 

and the relative bandwidth of each mode. The second target is to figure out the wideband 

isolation problem of compact MIMO antenna array including decoupling technology and 

MIMO antenna units. The research should be original, innovative, and practical. 
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1.3 Thesis Overview 

In Chapter 2, the state of art of mobile antennas is introduced. At first, the basic antenna 

elements are reviewed. And then, the latest progress in main antennas and MIMO technology 

is thoroughly reviewed. The MIMO technology includes decoupling technology (how to 

reduce the mutual coupling between antenna elements) and MIMO antenna units (the antenna 

units which owns intrinsic high isolation between antenna ports). 

 

In Chapter 3, the bandwidth problem of loop antennas is investigated. At first, a method of 

bandwidth enhancement of the existing modes of loop antennas is introduced. Then, a novel 

monopole/dipole parasitic element is proposed to cover more frequency bands. For 

verification, a six-mode loop antenna is designed, fabricated and measured for the application 

of Long Term Evolution (LTE). The proposed design possesses wide enough frequency 

bands for almost all the service of mobile telecommunication systems. 

 

In Chapter 4, a novel multi-mode decoupling technique is proposed to solve the 

wideband/multiband isolation problem in mobile phones. The author analyses the mutual 

effect problem between closely-packed decoupling elements from the prospective of 

mathematical physics, on the base of which a simple and effective solution is presented. By 

isolating multi decoupling elements, multimode decoupling technique has been achieved in a 

compact volume. 

 

In Chapter 5, a novel design principle, which is named as DM/CM design, is proposed to 

achieve high isolation and complementary patterns when two radiators are overlapped. It 

utilizes the coupling cancellation of anti-phase currents, so no pure polarization is needed. 

With this technique, a highly-integrated MIMO antenna unit has been achieved in mobile 

phones. 

 

In Chapter 6, conclusions are given. 
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Chapter 2 Literature Review 

2.1 Basic Antenna Elements in Mobile Phones 

In Sub-6 GHz, on account of the limited space in mobile phones, linear antennas are 

commonly used including monopole antennas [8-26], inverted-F antennas (IFA)/planar 

inverted-F antennas (PIFA) [27-35], loop antennas [36-39], and slot antennas [40-44]. A new 

kind of radiation mechanism is called characteristic mode [45-51], which fully uses the metal 

ground of a printed circuit board (PCB) whilst the antenna track is just arranged for coupling 

feeding and impedance matching. In this section, the author will introduce the fundamentals 

of each kind of antennas. 

 

2.1.1 Monopole Antenna 

Monopole antennas are an abbreviated version of dipole antennas. In mobile phones, the 

length of a dipole antenna is too long to be mounted, so a piece of printed circuit board (PCB) 

is used as one resonant arm of a dipole antenna, and a piece of antenna track is used as the 

other resonant arm [52]. The two resonant arms are connected with a 50ɋ signal source, as is 

shown in Figure 2.1. In this way, the dimension of the antenna can be shrunk. The reserved 

antenna track is called a monopole antenna, because the antenna seems to have only one 

resonant arm. 
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Figure 2.1ï Transformation from dipole to monopole
[52] 

 

Generally, a PCB cannot be changed by an antenna engineer, so the tuning of a monopole 

antenna can only be achieved by optimizing the antenna track. The dominant mode of a 

monopole antenna is 0.25ɚ mode, the vector current and electric field distributions of which 

are shown in Figure 2.2(a); ɚ is one electrical wavelength in free space. The maximum 

portion of current is close to the signal source and also the area of low impedance. The 

maximum portion of electrical field is at the open end of the antenna track and also the area 

of high impedance. There is also a wide range of energy distribution on the PCB since it is 

part of the resonator. 

 

Three high-order modes, namely 0.75ɚ, 1.25ɚ, and 1.75ɚ modes, are also depicted in Figure 

2.2(b)(c)(d). There are two portions of maximum current with inverse direction and two 
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portions of maximum electrical field at 0.75ɚ mode. The phenomenon is similar at 1.25ɚ and 

1.75ɚ modes: 1) three/four portions of maximum current and three/four portions of maximum 

electrical field at 1.25ɚ and 1.75ɚ modes respectively; 2) the vector currents of adjacent 

maximum portions are in anti-direction; 3) the maximum portions of the vector currents are 

the minimum portions of the electrical field, and vice versa. From the simulated reflection 

coefficients in Figure 2.3, the resonant frequency of 0.75ɚ, 1.25ɚ, and 1.75ɚ modes is around 

3, 5, and 7 times of the base frequency of 0.25ɚ mode. The curve is not so smooth due to the 

extra resonance of the PCB. 

 

From the simulated 3-dimentional (3D) radiation patterns in Figure 2.4, the pattern is omni-

directional in Plane XOY. However, as the frequency increases, the electrical dimension of 

the PCB rises significantly, so the larger current distribution causes more null of radiation 

along z-axis. 

 

(a) 0.25ɚ mode 
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(b) 0.75ɚ mode 

 

(c) 1.25ɚ mode 
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(d) 1.75ɚ mode 

Figure 2.2ï Energy distribution of the modes of a monopole antenna 

 

Figure 2.3ï Reflection coefficient of a monopole antenna 
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                        (a) 0.25ɚ mode                                                    (b) 0.75ɚ mode 

 

                       (a) 1.25ɚ mode                                                 (b) 1.75ɚ mode 

Figure 2.4ï 3D radiation patterns of the modes of a monopole antenna 
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2.1.2 IFA/PIFA  Antenna 

In order to further decrease the volume of the antenna, the antenna track is bent and parallel 

to the PCB, and a shorting stub is added as a shunt inductor to compensate the capacitive 

reactance brought by the capacitive coupling between the antenna and the PCB [52]. The 

antenna is called IFA because of its shape, and the corresponding structure is shown in Figure 

2.5(a). If a patch replaces the linear antenna track but the shorting stub is still reserved, a 

PIFA is built. The transformation is shown in Figure 2.5(b). The operating modes of IFA and 

PIFA are very similar, so only the key features of IFA (Figure 2.5(a)) will be introduced for 

conciseness. 

          

(a) IFA                                         (b) Transformation from IFA to PIFA 

Figure 2.5ï Configurations of IFA and PIFA
[52] 

 

From the simulated reflection coefficients in Figure 2.6, the first four operating modes 

(namely 0.25ɚ, 0.75ɚ, 1.25ɚ, and 1.75ɚ modes as well) resonate at 1.005 GHz, 3.14 GHz, 

5.36 GHz, and 7.525 GHz respectively, which are very close to the corresponding resonant 

frequency of the monopole antenna in Figure 2.1. From the simulated results in Figure 2.7, 
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the vector current distributions and electrical field distributions of the operating modes of an 

IFA, , are very similar to a monopole antenna: 1) one/two/three/four portions of maximum 

current and one/two/three/four portions of maximum electrical field at 0.25ɚ, 0.75ɚ, 1.25ɚ, 

and 1.75ɚ modes respectively; 2) the vector currents of adjacent maximum portions are in 

anti-direction; 3) the maximum portions of the vector currents are the minimum portions of 

the electrical field, and vice versa. 

 

From the simulated 3D patterns in Figure 2.8, the radiation in Plane XOY is still quasi-

omnidirectional. However, the number of null along z-axis increases dramatically, which 

might be caused by the extra induced currents on the PCB introduced by the parallel layout of 

the IFA. 

 

Figure 2.6ï Reflection coefficient of an IFA 
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(a) 0.25ɚ mode 

 

(b) 0.75ɚ mode 
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(c) 1.25ɚ mode 

 

(d) 1.75ɚ mode 

Figure 2.7ï Energy distribution of the modes of an IFA 
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                        (a) 0.25ɚ mode                                                    (b) 0.75ɚ mode 

 

                        (c) 1.25ɚ mode                                                    (d) 1.75ɚ mode 

Figure 2.8ï 3D radiation patterns of the modes of an IFA 
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2.1.3 Loop Antenna 

A loop antenna is a metal strip starting from the feed port and terminating at the PCB ground 

after some meandering, which is shown in Figure 2.9. Different from monopole antennas and 

IFAs/PIFAs, the first four operating modes of a loop antenna are 0.5ɚ, 1ɚ, 1.5ɚ, and 2ɚ modes 

due to the boundary conditions [36]. The distributions of vector currents (left pictures) and 

current density (right pictures) are shown in Figure 3.1. 

 

Figure 2.9ï Configuration of a loop antenna
[36] 

 

From the distributions of vector currents, there are two portions of maximum current and one 

current null at 0.5ɚ mode. Although it is not shown, the portion of maximum electrical field 

is exactly at the location of the current null. It is easy to know that there are three/four/five 

portions of maximum current and two/three/four portions of maximum electrical field at 1ɚ, 
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1.5ɚ, and 2ɚ modes respectively. Similarly, the vector currents of adjacent maximum portions 

are in anti-direction. 

 

From the distributions of current density, the energy distribution of 0.5ɚ and 1.5ɚ modes is 

much larger than 1ɚ and 2ɚ modes on PCB. It is because the PCB is one resonant arm of the 

antenna at 0.5ɚ and 1.5ɚ modes which are called unbalanced modes, while 1ɚ and 2ɚ modes 

can achieve self-resonance without the support of a PCB, so they are called balanced modes. 

Let us imagine that a user is holding a mobile phone (equivalent to the PCB) with one hand. 

Obviously, the userôs hand could significantly influence the radiation currents on the PCB. 

Thus, the antenna performance of unbalanced modes could have severe degradation due to 

the widespread current distribution on the PCB, but the performance of balanced modes 

would not, which benefits from the limited energy distribution on the PCB. 

 

From the simulated reflection coefficient in Figure 3.3, there are four modes excited. The 

relative frequency difference between the adjacent modes is much smaller than the modes of 

the monopole and the IFA in Figure 2.3 and Figure 2.6. The reason is that the four modes of 

the loop antenna have been tuned by using the method of reactive loading/de-loading which 

was proposed in [8]. The tuning method can also be applied to monopole antennas and 

IFAs/PIFAs. 

 

From the simulated 3D patterns in Figure 3.9, the radiation patterns of unbalanced modes 

(Figure 3.9(a)(c)) are quite different from balanced modes (Figure 3.9(b)(d)) because of the 

different radiators. In unbalanced modes, the layout of the antenna and the PCB are both 

radiators but the PCB is much larger than the antenna, so the maximum radiation is towards 

the direction of the PCB on account of the larger radiation current distribution. In balanced 

modes, only the layout of the antenna is the radiator and the PCB acts as a metal ground 

which actually reflects part of the radiation, so the maximum radiation is towards the 

direction of the antenna. 
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One research of the thesis is a loop antenna with six-resonant modes, and some other features 

of loop antennas will be shown in Chapter 3. 

 

2.1.4 Slot Antenna 

A full slot antenna can be considered as the complementary form of a dipole, while an open-

end slot antenna can be regarded as the complementary form of a monopole [42]. In mobile 

phones, an open-end slot antenna is usually adopted due to the limited space, as is shown in 

Figure 2.10. 

 

Figure 2.10ï Configuration of an open-end slot antenna
[42] 

 

The features of an open-end slot antenna are similar to a monopole antenna in some ways. 

For example, they both operate at 0.25ɚ, 0.75ɚ, 1.25ɚ, and 1.75ɚ modes. Besides, the 

distributions of the vector electrical field of an open-end slot antenna have something in 

common with the vector current of a monopole antenna. For illustration, the distributions of 
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the vector electrical field of the slot antenna (Figure 2.10) are shown in Figure 2.11: 1) there 

are one/two/three/four portions of maximum electrical field at 0.25ɚ, 0.75ɚ, 1.25ɚ, and 1.75ɚ 

modes respectively; 2) the vector electrical field of the adjacent maximum portions are in 

anti-direction; 3) the maximum portions of the electrical field are the minimum portions of 

the vector currents, and vice versa. 

 

(a) 0.25ɚ mode 

 

(b) 0.75ɚ mode 
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(c) 1.25ɚ mode 

 

(d) 1.75ɚ mode 

Figure 2.11ï Vector electrical field distributions of the modes of an open-end slot antenna 

 

From the simulated reflection coefficients in Figure 2.12, the resonant frequency of 0.75ɚ, 

1.25ɚ, and 1.75ɚ modes is around 3.22, 5.57, and 7.83 times of the base frequency of 0.25ɚ 

mode. Obviously, the ratio of the frequency is slightly higher than a monopole antenna. As is 

shown in Figure 2.13, the radiation patterns of 0.25ɚ and 0.75ɚ modes of the open-end slot 
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antenna are very similar to the IFA in Figure 2.5(a), while the patterns of 1.25ɚ and 1.75ɚ 

modes are different. 

 

Figure 2.12ï Reflection coefficients of an open-end slot antenna 

 

                                  (a) 0.25ɚ mode                                               (b) 0.75ɚ mode 
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                                  (c) 1.25ɚ mode                                               (d) 1.75ɚ mode 

Figure 2.13ï 3D radiation patterns of the modes of an open-end slot antenna 

 

2.1.5 Characteristic Mode 

An antenna using characteristic modes means that the layout of the antenna only serves as a 

component of impedance matching and coupling excitation instead of resonance or radiation. 

The resonator and radiator of the antenna is actually the PCB ground (it can be considered as 

a flat dipole) [51], so the radiation mechanism is completely different from monopole 

antennas, IFAs/PIFAs, loop antennas, or slot antennas. The advantage of the technique is that 

no specific electrical wavelength is required for the non-resonant antenna (the layout), so the 

potential volume could be very small. The detailed analysis about the modes of this kind of 

antennas needs quite a long explanation, which is not the main purpose of the thesis. 

However, the corresponding theory could be retrospect in the literatures. 

2.2 Main Antennas 

Among all the antennas of a mobile phone, a main antenna undertakes the leading role in 

mobile telecommunication. In order to enjoy the service of as many network operators as 
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possible, a main antenna needs to cover multiple frequency bands, which is usually achieved 

with multi mode antennas. 

2.2.1 Multi -Band Monopole Antennas 

In [9], the author arranges the folded part on the top instead of on the same plane with the 

other parts of the antenna, which decreases the occupied clearance area. To further expand 

the bandwidth, a slit is added to create another branch and slots are etched on the ground to 

generate another resonant mode. The proposed antenna can cover 840-965 MHz and 1705-

2175 MHz in the dimension of 47¦10¦5 mm
3
. The configuration and reflection coefficient 

are shown in Figure 2.14 and Figure 2.15 respectively. 

          

  Figure 2.14ï Configuration of the antenna
[9]

              Figure 2.15ï Reflection coefficient
[9] 

 

Al though a folded monopole antenna has been proposed, engineers prefer planar structures 

that can be printed by PCB because it is simpler and costs less. The antenna shown in [10] 

looks like a normal monopole shape. It achieves the multiband characteristics by adding a 

lumped inductor in the position of a quarter-wavelength away from the feeding point, which 

is shown in Figure 2.16(a). From the results in Figure 2.16(b), the antenna can achieve the 

bandwidth of 810-965 MHz and 1675-2190 MHz in the dimension of 60¦15¦0.8 mm
3
. 
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          (a) Configuration                                                  (b) Reflection coefficient  

Figure 2.16ï Configuration and reflection coefficient of the antenna in [10] 

 

The antenna presented in [11] also uses lumped elements to excite another mode in order to 

expand the bandwidth, which is shown in Figure 2.17. However, this paper adds the lumped 

elements in the matching circuit rather than in the radiator. Besides, the design procedure is 

much different from [10]: the multiband characteristic is achieved by solving simultaneous 

equations constructed by the reactance value of the lumped elements. The proposed antenna 

obtains the -10 dB impedance bandwidth of 2.23-4 GHz in the dimension of 40¦10¦0.8 

mm
3
. 

 

Bi-planar monopole is a good method to expand the bandwidth because we can have another 

strip to create more resonant modes [12]. The current on the microstrip line feeds one 

monopole whilst the current on the ground feeds another monopole which is connected to the 

ground. There is a coupling terminal in this antenna, which is used to provide capacitive 

loading path from the antenna to the ground. From the results in Figure 2.18, the proposed 

antenna can cover 843-990 MHz and 1710-2800 MHz in the dimension of 40¦16¦0.8 mm
3
. 
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              (a) Configuration                                           (b) Reflection coefficient  

Figure 2.17ï Configuration and reflection coefficient of the antenna in [11]
 

         

              (a) Configuration                                       (b) Reflection coefficient 

Figure 2.18ï Configuration and reflection coefficient of the antenna in [12] 
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The antenna shown in [14] is another bi-planar monopole antenna but the principle is 

different. From the configuration shown in Figure 2.19, one monopole resonator and one slot 

resonator are integrated into the antenna. The monopole is the whole strip connected to the 

ground, and the slot is constructed by the surrounding laytout of the monopole. The two 

resonators are fed by one microstrip line. The antenna can cover 880-960 MHz and 1400-

2700 MHz in the dimension of 37¦18¦0.6 mm
3
. 

     

              (a) Configuration                                          (b) Reflection coefficient 

Figure 2.19ï Configuration and reflection coefficient of the antenna in [14] 

 

In [15], an antenna which combines more monopole modes and slot modes was proposed. 

The idea is to use two 0.25ɚ monopole antennas which also build the slot by the surrounding 

layout. Only one microstrip line is needed to excite the four operating modes. Benefitting 

from the more effective usage of the radiators, much wider bandwidth could be covered with 

similar dimension as shown in Figure 2.20. A frequency band of 690-750 MHz and 1700-

4200 MHz are achieved in the dimension of 58¦12¦0.6 mm
3
. 
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              (a) Configuration                                          (b) Reflection coefficient 

Figure 2.20ï Configuration and reflection coefficient of the antenna in [15] 

 

Multi -branch technique is a traditional method to achieve multi-band feature. As the area for 

antenna becomes smaller, it is difficult to arrange independent-tuning branches because of the 

strong mutual coupling. Therefore, scientists further developed parasitic element technique 

which actually utilizes the coupling between closely-packed resonators. The new technique 

uses both feeding antenna and parasitic element as main radiators but they operate at different 

frequency. The radiators are usually monopoles and the new antenna is called coupled-fed 

strip antenna. 

 

The antenna shown in [16] is one typical coupled-fed strip antenna. The feeding monopole 

creates one mode in the lower band and another mode in the upper band. The coupled-fed 

strip also creates one mode in the lower band and one mode in the upper band but at different 

frequency to expand the bandwidth. The antenna achieves rather wide bandwidth of 665-970 

MHz and 1700- 2910 MHz within the area of 780 mm
2
. The antenna is shown in Figure 2.21. 
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           (a) Configuration                                             (b) Reflection coefficient 

Figure 2.21ï Configuration and reflection coefficient of the antenna in [16] 

 

To decrease SAR, antennas are usually arranged in the bottom of a mobile phone, which 

means that antennas have to be in close proximity to a protruded ground which is used to 

accommodate electronic components such as USB connector. The coupled-fed strip antenna 

shown in Figure 2.22 is an example design for this situation [20]. It uses a printed inductor to 

reduce the electrical wavelength on account of much smaller area for antennas. However, the 

bandwidth decreases greatly due to the near ground whose anti-phase current reduces the 

radiation efficiency of the antenna. The antenna obtains the bandwidth of 824-960 MHz and 

1635-2175 MHz in the dimension of 25¦15¦0.8 mm
3
. 

 

In order to achieve wider bandwidth in the case of protruded ground, two branches are used 

both in feeding monopole and coupled-fed strip in [25]. A parallel resonant circuit is used to 

create a fifth resonance. Partial coupled-fed strip is bent to be perpendicular to the PCB for 

area saving. Eventually, the antenna achieves a wide bandwidth of 704-1095 MHz and 1640-

2695 MHz in the dimension of 25¦15¦4 mm
3
. However, the radiation efficiency is still not 

high because of the near ground. The results are shown in Figure 2.23. 
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           (a) Configuration                                             (b) Reflection coefficient 

Figure 2.22ï Configuration and reflection coefficient of the antenna in [20] 

         

        (a) Configuration                                           (b) Reflection coefficient 

Figure 2.23ï Configuration and reflection coefficient of the antenna in [25] 

 

The antenna proposed in [26] creates a new mode by notching the ground, which gets a wide 

bandwidth (691-978 MHz and 1505-2730 MHz) and acceptable radiation efficiency within a 

rather small volume of 35×10×0.8 mm
3
. However, the disadvantage of the antenna is that 
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antenna designers usually cannot modify the PCB ground, so the technique may be 

impractical in most cases. The antenna is shown in Figure 2.24. 

 

In [21], a printed parallel resonant circuit was proposed to form another resonant mode in 

lower band. The parallel resonant circuit is arranged between the patch monopole and the 

long shorted strip. The resonant frequency can be tuned by adjusting the inductor (length of 

the narrow strip) and the capacitor (gap between the narrow strip and the patch and the long 

shorted strip). From the results in Figure 2.25, the antenna achieves the bandwidth of 700-970 

MHz and 1700-3160 MHz in the dimension of 60×12×3.8 mm
3
. 

      

                   (a) Configuration                                           (b) Reflection coefficient 

Figure 2.24ï Configuration and reflection coefficient of the antenna in [26] 

         

                  (a) Configuration                                         (b) Reflection coefficient 

Figure 2.25ï Configuration and reflection coefficient of the antenna in [21] 
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2.2.2 Multi -Band IFA/PIFA  Antennas 

In [28], the antenna utilizes coupling feeding to compensate the large input impedance of ɚ/8 

mode and excite it. The two strips create two 0.25ɚ modes in the low band and two 0.75ɚ 

modes in the upper band. The antenna can cover 822-962 MHz and 1708-2180 MHz in the 

dimension of 40×15×0.8 mm
3
, which is shown in Figure 2.26. 

         

          (a) Configuration                                           (b) Reflection coefficient 

Figure 2.26ï Configuration and reflection coefficient of the antenna in [28] 

 

The antenna shown in [29] utilizes 0.25ɚ and 0.75ɚ mode of driven antenna and 0.25ɚ mode 

of parasitic element to expand the bandwidth. In my opinion, the folded PIFA part produces 

capacitive loading in one current null of 0.75ɚ mode to decrease its resonant frequency. At 

0.25ɚ mode, the current is becoming stronger in this portion so the effect of decreasing the 

frequency is much weaker. As a result, the frequency ratio of 0.75ɚ mode and 0.25ɚ mode 

can be reduced. From the results in Figure 2.27, the antenna achieves -10 dB impedance 

bandwidth of 2260-2580 MHz and 5050-5800 MHz in the dimension of 16.5×11.5×5 mm
3
. 
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      (a) Configuration                                              (b) Reflection coefficient 

Figure 2.27ï Configuration and reflection coefficient of the antenna in [29] 

 

One difficulty of multimode antenna is the tuning of different modes. [34] proposed a kind of 

PIFA which can independently tune the resonant frequency of each mode in a wide frequency 

range. The mechanism is to adjust the dimension of the maximum current portion of each 

mode. The feature of independent tuning is shown in Figure 2.28. 
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(a) Configuration 

 

(b) Vector current distributions 

 

(c) Independent tuning feature 

Figure 2.28ï Configuration and reflection coefficient of the antenna in [34] 
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The antenna shown in [35] uses 4 branches which are arranged and folded properly to reduce 

the mutual coupling between branches. It achieves a bandwidth of 698-962 MHz and 1698-

2400 MHz in the dimension of 50×15×3 mm
3
. The results are shown in Figure 2.29. 

                           

        (a) Configuration                                                        (b) Reflection coefficient 

Figure 2.29ï Configuration and reflection coefficient of the antenna in [35] 

 

2.2.3 Multi -Band Loop Antennas 

[36] is the first paper that excites four modes in a loop antenna, which is shown in Figure 

2.30. By decreasing GB, the frequency of 1.5ɚ mode can be lowered down. By increasing LV2, 

the frequency of 2ɚ mode can be lowered down. By widening the maximum current portion 

or current null of the strip, inductive de-loading or capacitive loading can be achieved; it can 

also refine the impedance matching. In the lower band, a high pass network is used to further 

improve the impedance matching. The antenna obtains the bandwidth of 698-960 MHz and 

1710-2300 MHz in the dimension of 50×13×5  mm
3
. 

 

The antenna shown in [37] also achieves four modes with protruded ground which is used to 

accommodate USB connector. The paper also provides a method to tune 2ɚ mode separately, 

which is helpful for practical application. Compared to [36], the bandwidth is improved to be 
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800-1110 MHz and 1700-2580 MHz with the dimension of 60×8×5  mm
3
. The results are 

shown in Figure 2.31. 

   

             (a) Configuration                                            (b) Reflection coefficient 

Figure 2.30ï Configuration and reflection coefficient of the antenna in [36] 

   

             (a) Configuration                                            (b) Reflection coefficient 

Figure 2.31ï Configuration and reflection coefficient of the antenna in [37] 


