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Abstract 

 

Today, owners of small communicating device are interested in transmitting or receiving 

various multimedia data. By increasing the number of antennas at the transmitter and/or the 

receiver side of the wireless link, the diversity/Multiple-Input Multiple-Output (MIMO) 

techniques can increase wireless channel capacity without the need for additional power or 

spectrum in rich scattering environments. However, due to the limited space of small mobile 

devices, the correlation coefficients between MIMO antenna elements are very high and the 

total efficiencies of MIMO elements degrade severely. Furthermore, the human body causes 

high losses on electromagnetic wave. During the applications, the presence of users may 

result in the significant reduction of the antenna total efficiencies and highly affects the 

correlations of MIMO antenna systems. The aims of this thesis are to investigate and enhance 

the MIMO/diversity performance of multiple antenna systems in the free space and the 

presence of users. 

The background and theory of multiple antenna systems are introduced briefly first. 

Several figures of merits are provided and discussed to evaluate the multiple antenna systems. 

The decoupling techniques are investigated in the multiple antenna systems operating at the 

higher frequencies (above 1.7 GHz) and with high radiation efficiency. The single, dual and 

wide band isolation enhancements are realized through the half-wavelength decoupling slot, 

quarter-wavelength decoupling slot with T-shaped impedance transformer, tree-like parasitic 

element with multiple resonances, as well as the different polarizations and radiation patterns 

of multiple antennas. 

In the lower bands (lower than 960 MHz), due to the low radiation efficiency and strong 

chassis mode, the work mainly focused on how to directly reduce the correlations and enlarge 

the total efficiency. A new mode of mutual scattering mode is introduced. By increasing the Q 

factors, the radiation patterns of multiple antennas are separated automatically to reduce the 

correlations. With the inter-element distance larger than a certain distance, a higher Q factor 

also improved the total efficiency apart from the low correlation. A wideband LTE MIMO 

antenna with multiple resonances is proposed in mobile terminals. The high Q factors 

required for the low correlation and high efficiencies in mutual scattering mode is reduced 

with another mode of diagonal antenna-chassis mode. Hence, the bandwidth of wideband 

LTE MIMO antenna with multiple resonances mentioned above can be further enlarged while 

maintaining the good MIMO/diversity performance. 

The user effects are studied in different MIMO antenna types, chassis lengths, frequencies, 

port phases and operating modes. Utilizing these usefully information, an adaptive 

quad-element MAS has been proposed to reduce the user effects and the some geranial rules 

not limited to the designed MAS have also been given. 

 

Key words: Multiple antennas, planar inverted-F antenna, mutual coupling, slot antenna, 



 
 

compact antenna, mobile antenna, Q factors, antenna array, ultra-wideband (UWB) antenna, 

pattern diversity , polarization diversity, user effects, adaptive arrays, chassis mode. 
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Chapter 1 

 

Introduction 

 

1.1 Background 

People’s demands for faster transmission and receiving of information seem endless and 

have been the driving force behind the progress of wireless technology. Since 1985, wireless 

communication systems have rapidly evolved from the analog systems (1G: first-generation 

systems), to digital systems (2G: second-generation systems), and later to third-generation 

systems (3G), which can realize multimedia transmission. In order to further increase the data 

transmission rate, multiple-input and multiple-output (MIMO) technology has become an 

important feature in fourth-generation (4G) wireless communication systems. As “a key to 

gigabit wireless” [1], MIMO can linearly increase channel capacity with an increase in the 

number of antennas, without needing additional frequency spectrum or power [2]-[4]. 

Moreover, popular wireless communication systems typically operate in a rich scattering 

environment, which MIMO exploits to achieve the aforesaid large performance gain. In 

practice this high data rate is highly dependent on the performance of multiple antennas. The 

integration of several antennas operating in a polarization-diversity scheme at the base station 

side of the link is a well-known and well-used solution for either 2G or 3G communication 

standards today. However, it is much more complicated to put several radiators in a small 

device due to the limited space allocated for them. Furthermore, the user body will also 

significantly change the MIMO antenna performance. In this thesis the author will mainly 

focus on performance investigation and enhancement of multiple antenna systems in compact 

MIMO terminals. 
 

1.2 MIMO Wireless Communication 

In the conventional wireless system, there are one transmitter and one receiver, which are 

called Single Input Single Output (SISO) system (as shown in Fig. 1.1 (a)). In the condition 

of narrow band and static environment (frequency and time invariance), the scalar signal 

mode can be given by: 

 

                                𝑦 = ℎ𝑥 + 𝑛,                            (1.1) 

 

where y is the received signal, x is the transmitted signal, n is characterized by additive white 

Gaussian noise (AWGN) with zero mean and variance and h is the channel response. 

Assuming the bandwidth of 1 Hz, the channel capacity of SISO is upper bounded by [5] [6]: 
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                           𝐶 = 𝑙𝑜𝑔 2(1 +
𝐸𝑠

𝑁0
|ℎ|2)                       (1.2) 

 

where Es is the total transmit power, |ℎ|2is the power gain of the scalar channel and No is the 

noise power spectrum density. The channel capacity of the SISO system increases 

logarithmically with an increase in transmitting power. 

 

 

Figure 1.1 Block diagram of SISO and MIMO systems. 

 

   In Fig. 1.1 (b), the block diagram of MIMO system is shown. Several pioneering works 

[6]–[8] have been carried out on MIMO systems. The channel response is now described by a 

channel matrix H, expressed by: 

 

                           [

ℎ11 ⋯ ℎ1𝑀𝑅
⋮ ⋱ ⋮

ℎ𝑀𝑇1 ⋯ ℎ𝑀𝑇𝑀𝑅

]                         (1.3) 

 

where ℎ𝑚𝑛 is the complex transmission coefficient from the element n at Transmitter to the 

element m at Receiver. In this case, the sampled vector signal model is given as 

  

Y = HX + n                              (1.4) 

 

where Y is the received signal vector at the MR receiving antennas, X is the transmitted signal 

vector for the MT transmitting antennas, and n is the AWGN vector at the MR receiving 
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antennas. Without the channel state information (CSI) at the transmitter, the power is equally 

allocated to the transmitter and the channel capacity of MIMO system is expressed by [6]: 

  

                   Cequal power = ∑ log 2 (1 +
Es

N0MT
λi) 

r
i=1                 (1.5) 

 

where r is the number of orthogonal sub-channels (i.e., rank) and λi’s are the Eigen values of 

the matrix HH
H
 (if MT < MR) or H

H
H (if MT > MR). (•)

H
 denotes the conjugate transpose (or 

Hermitian) operator. Eq. (1.5) reveals that the high rate signal of MIMO systems is achieved 

by opening multiple streams between the transmitters and receivers with the same operating 

frequency channel. 

 

1.3 Scope and Structure of This Thesis 

This thesis is based on eight IEEE journal papers. The works can be divided into three 

parts: (1) Paper I-IV: Decoupling for the multiple antenna system (MAS) operating on higher 

frequencies (above 1700 MHz); (2) Paper V-VI: Correlation reduction and total efficiency 

improvement for the mobile handset LTE MIMO MAS operating in lower bands (700-960 

MHz) and multiple bands (both 700- 960 MHz and 1700-2700 MHz); (3) Paper VII-VIII: 

User effect investigation and reduction for MAS. The thesis will be organized as follows: 

 

   In Chapter 2, the commonly used figure of merits is introduced to evaluate the 

diversity/MIMO performance of MAS. 

 

In Chapter 3, the single, multiple and wideband isolation enhancement methods are 

presented for the higher bands. 

 

   In Chapter 4, the correlation reduction methods are investigated in the MAS of mobile 

terminals. The total efficiencies of the MAS elements are also improved. During these studies, 

the effects of chassis mode are considered.  

 

In Chapter 5, the user effects are studied in different types and arrangements of MIMO 

elements. An adaptive quad-element LTE MIMO antenna array is proposed to reduce the user 

effects. 

 

   Finally, in Chapter 6 the conclusions of this thesis are presented, followed by a summary 

of the author’s contributions to the Papers I-VIII.  
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Chapter 2 

 

Multiple-Antenna Performance Evaluation 

 
A multiple antenna system can operate in diversity or MIMO schemes according to the 

SNR level under a rich scattering circumstance. If the SNR is low, the diversity can be 

applied to combat the fading. All the antennas at the transmitter (or receiver) send (or receive) 

the same signals over the same channel. Since the transmitting (or receiving) antennas are 

uncorrelated, the possibility of the fading deeps for all the antennas is reduced. The reliability 

in the wireless link is improved. In the high SNR region, the MAS will work in the MIMO 

scheme and utilize the fading to provide several uncorrelated channels. The different data are 

simultaneously transmitted over different channels with the same operating frequency, where 

the maximum data rate is achieved. In this chapter, the figure of merits for MAS is addressed 

to help evaluate diversity and MIMO performance. The detail of the parameters for the single 

antenna (impedance bandwidth, gain, radiation pattern, efficiency and so on) will not be 

discussed in this thesis but can be found in [1]. 

 

2.1 Diversity Performance 

2.1.1 Balanced Branch Power-Mean Effective Gain (MEG) 

An imbalanced power of the diversity branches will result in a diversity loss which is 

proportional to the imbalanced level [2]. This imbalance is affected by the total antenna 

efficiency. However, since the diversity is expected to be used under any possible 

circumstances, the antenna-channel mismatch is also quite important. Therefore, the mean 

effective gain (MEG) is widely used, which accounts for all the effects of the total antenna 

efficiency, antenna gain and wireless environment. The formula is given as follows [3]: 

 

      𝑀𝐸𝐺 = ∮(
𝑋𝑃𝑅

𝑋𝑃𝑅+1
𝐺𝜃(𝛺) ∙ 𝑃𝜃(𝛺) +

1

𝑋𝑃𝑅+1
𝐺𝜙(𝛺) ∙ 𝑃𝜙(𝛺)) 𝑑𝛺     (2.1) 

 

where 𝑑𝛺 = 𝑠𝑖𝑛 𝜃𝑑𝜃𝑑𝜙, XPR is the cross-polarization ratio, Gθ(Ω) and Gϕ(Ω) are the θ 

and 𝜙 components of the realized antenna gain pattern, respectively. The antenna realized 

gains in MEG are normalized to [4]: 

 

                      ∮ (𝐺𝜃(𝛺) + 𝐺𝜙(𝛺)) 𝑑𝛺 = 4𝜋                     (2.2) 

 

The statistical power spectrum distributions of both vertically and horizontally polarized 

incident radio waves can be represented by 𝑃𝜃(Ω) and 𝑃𝜙(Ω), respectively. If  𝑃𝜃(Ω) and 
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𝑃𝜙(Ω) are separable in elevation and azimuth, they can be described by [5]: 

 

                      𝑃𝜃(𝛺) = 𝑃𝜃(𝜃, 𝜙) = 𝑃𝜃(𝜃)𝑃𝜃(𝜙)                  (2.3) 

                     𝑃𝜙(𝛺) = 𝑃𝜙(𝜃, 𝜙) = 𝑃𝜙(𝜃)𝑃𝜙(𝜙)                  (2.4) 

 

𝑃𝜃(Ω) and 𝑃𝜙(Ω) are normalized to: 

 

                    ∮(𝑃𝜃(𝛺))𝑑𝛺 = ∮(𝑃𝜙(𝛺)) 𝑑𝛺 = 1                  (2.5) 

 

XPR (cross polar ratio) is the ratio of time average vertical 𝑃𝜃(𝛺) power to time average 

horizontal 𝑃𝜙(𝛺) power [6]: 

 

                              𝑋𝑃𝑅 =  
𝑃𝜃(𝛺) 

 𝑃𝜙(𝛺)
                            (2.6) 

 

In an isotropic environment, it can be characterized by XPR=1, Pθ(Ω) = 𝑃𝜙(𝛺) =
1

4𝜋
 [7], 

and MEG= η/2, where η is the total antenna efficiency. 

   In order to get an optimal diversity performance, the multiple antenna system has to 

satisfy the balance power requirement  

 

MEGantenna1 ≈ MEGantenna2                         (2.7) 

 

2.1.2 Correlation 

   The correlation of a multiple antenna system is used to describe how independent the 

different antenna ports are. The envelope correlation coefficient 𝜌𝑒 is given in [8]: 

 

      𝜌𝑒 ≈ (
∮(𝑋𝑃𝑅⋅𝐸𝜃𝑋𝐸𝜃𝑌

∗ 𝑃𝜃+𝐸𝜙𝑋𝐸𝜙𝑌
∗ 𝑃𝜙)𝑑𝛺

√∮(𝑋𝑃𝑅⋅𝐸𝜃𝑋𝐸𝜃𝑋
∗ 𝑃𝜃+𝐸𝜙𝑋𝐸𝜙𝑋

∗ 𝑃𝜙)𝑑𝛺∮(𝑋𝑃𝑅⋅𝐸𝜃𝑌𝐸𝜃𝑌
∗ 𝑃𝜃+𝐸𝜙𝑌𝐸𝜙𝑌

∗ 𝑃𝜙)𝑑𝛺
)

2

        (2.8) 

 

where Eθ,ϕX and Eθ,ϕY are the embedded, polarized complex electric field patterns of two 

antennas X and Y, respectively in the multiple-antenna system. The rule of thumb for good 

diversity/MIMO performance is 𝜌𝑒 < 0.5. The Eq. (2.8) reveals that the envelope correlation 

coefficient is also a parameter related to wireless circumstances. In an MAS, the envelope 



7 

 

correlation coefficient can be affected by the element distance, directivity of antennas, ground 

plane (or chassis), Q factors (Paper V), etc. 

2.1.3 Diversity Gain 

Compared with the received Signal-Noise Ratio (SNR) from a single reference antenna, 

the enhancement of the combined SNR from MAS is described as Diversity Gain (DG) [7], 

[9]. If the best branch in MAS is selected as the reference antenna [7], [9], the diversity gain 

(DG) at the possibility 𝑃(𝑟𝑐) can be expressed by [7]: 

 

                      𝐷𝐺 =
(
𝑟𝑐
𝛤𝑐
)

(
𝑟

𝛤
)
𝐵𝑒𝑠𝑡 𝑏𝑟𝑎𝑛𝑐ℎ

|

𝑃(𝑟𝑐)

                    (2.9) 

 

where 𝑟 and 𝑟𝑐 are instantaneous SNRs, the detailed description of 𝑃(𝑟𝑐) is given in [9], 

and 𝛤 and 𝛤𝑐  are mean SNRs for the combined and best single antenna branch signals, 

respectively. Typically, the possibility 𝑃(𝑟𝑐) is 1% or 50%. 

   Generally, the total efficiency of the best branch in a compact MAS is lower than that of 

the antenna in a single antenna system due to mismatch, mutual coupling and additional ohm 

loss in the MAS. Therefore, Effective diversity gain (EDG) is also commonly utilized, by 

selecting the antenna with 100% total efficiency as the reference [10]: 

 

                            

               𝐸𝐷𝐺 =
(
𝑟𝑐
𝛤𝑐
)

(
𝑟

𝛤
)
𝐵𝑒𝑠𝑡 𝑏𝑟𝑎𝑛𝑐ℎ

|

𝑃(𝑟𝑐)

∙ 𝜂𝐵𝑒𝑠𝑡 𝑏𝑟𝑎𝑛𝑐ℎ              (2.10) 

 

where 𝜂𝐵𝑒𝑠𝑡 𝑏𝑟𝑎𝑛𝑐ℎ is the total efficiency of the best single antenna in a compact multiple 

antenna system. 

   The DG and EDG give two extreme values. In order to examine whether the realistic 

single antenna in a compact terminal needs to be replaced by a multiple antenna system with 

the same condition, actual diversity gain (ADG) is defined, which uses the realistic single 

antenna as reference [9] and [10]: 

 

                   𝐷𝐺 =
(
𝑟𝑐
𝛤𝑐
)

(
𝑟

𝛤
)
𝑆𝑖𝑛𝑔𝑙𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

|

𝑃(𝑟𝑐)

                (2.11) 

2.2 MIMO Performance 

2.2.1 MIMO Capacity 

It has been mentioned in Chapter 1 that without the channel state information (CSI) at the 

transmitter, the power will be equally allocated to the transmitter and the channel capacity of 

the MIMO system can be expressed by [11]: 
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                      Cequal power = ∑ log 2 (1 +
Es

N0MT
λi) 

r
i=1              (1.5) 

 

where r is the number of orthogonal sub-channels (i.e., rank) and λi’s are the Eigen values of 

the matrix HH
H
 (if MT < MR) or H

H
H (if MT > MR). (•)

H
 denotes the conjugate transpose (or 

Hermitian) operator. If the CSI is available at the transmitter, the power allocation can be 

optimized to the stronger sub-channels rather than the weaker ones via a water filling 

algorithm [7]: 

 

                       𝐶𝑤𝑎𝑡𝑒𝑟 𝑓𝑖𝑙𝑙𝑖𝑛𝑔 = ∑ 𝑙𝑜𝑔 2(𝜆𝑖 ∙ 𝐷) 
𝑟
𝑖=1              (2.12) 

and  

                             𝐷 =
1

𝜆𝑖
+ 𝑝𝑖                        (2.13) 

 

where D is the “water level” for each of the sub-channels to be filled up to and pi = SNRi/𝜆𝑖 

is the input power to the i-th sub-channel. 

 

2.2.2 Multiplexing Efficiency 

In order to evaluate the MIMO performance in a simple way, the Multiplexing Efficiency 

(ME) or 
mux

 is introduced according to [12]. ME is defined as the power penalty of a 

realistic multiple antenna system in achieving a given capacity, compared with an ideal 

antenna system with 100% total efficiency and zero correlation [12].  

With the assumption of high SNR and an isotropic environment (i.e., equal likelihood of 

impinging waves from any direction), ME can be expressed by [12]: 

 

                   
𝑚  

= √𝜂1𝜂2 (1  |𝜌𝑐|
2) ,                        (2.14) 

 

where η
1
 and η

2
 are the total efficiencies of the MIMO antenna elements.  

In a propagation channel with Gaussian distribution of the angle of arrival (AoA) given 

by equation (9) in [13], the MIMO multiplexing efficiency can also be evaluated with the 

following assumptions: The mean incidence direction is denoted by 𝜙0 and 𝜃0 (as opposed 

to the isotropic channel, the likelihood of impinging waves is not the same in all directions 

but has a maximum at AoA 𝜙0 and 𝜃0). It is assumed that the angular spread is the same in 

both elevation and azimuth and approximately equals 30
o
. We have further restricted our 

analysis to channels with balanced polarizations, i.e., with cross-polarization ratio XPR=1. 

For reference, we have taken two ideal cross-polarized antennas, which give a zero 

correlation. Following the above conditions, the multiplexing efficiency is a function of the 
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mean incidence direction: 

 


𝑚  

( 𝜙0, 𝜃0) =

√4 𝑀𝐸𝐺1( 𝜃0, 𝜙0)𝑀𝐸𝐺2( 𝜃0, 𝜙0)(1  |𝜌𝑐(𝜃0, 𝜙0)|
2)                            (2.15) 

 

where 𝑀𝐸𝐺1( 𝜃0, 𝜙0) and 𝑀𝐸𝐺2( 𝜃0, 𝜙0) are respectively the mean effective gains of each 

antenna port [14], and 𝜌𝑐(𝜙0, 𝜃0) is the complex envelope correlation of the received signal.  

 

2.3 Discussions 

   From the introduction and analyses of the merits for the MAS, we can see that the total 

efficiencies of antennas and the correlation between multiple antenna elements affect both 

diversity and MIMO performance. If the propagation channel environment is determined and 

the multiple antenna elements are symmetrical in a compact terminal, a good 

diversity/MIMO performance can be achieved through high total antenna efficiencies and low 

envelope correlation coefficient. Furthermore, the compact MAS terminals also need to have 

multiple and wide bands to satisfy different standards and functions. 

   For a multi-port antenna system, when only one port is fed and the others are terminated 

with 50-Ω load, the total efficiency can be evaluated by the following equations: 

 

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛𝜂𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔+𝑐𝑜 𝑝𝑙𝑖𝑛𝑔                  (2.16) 

𝜂𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔+𝑐𝑜 𝑝𝑙𝑖𝑛𝑔 = 1  |𝑆𝑖𝑖|
2  ∑ |𝑆𝑗𝑖|

2
𝑗≠𝑖              (2.17) 

 

where 𝜂𝑡𝑜𝑡𝑎𝑙 , 𝜂𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 and  𝜂𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔+𝑐𝑜 𝑝𝑙𝑖𝑛𝑔 are the total efficiency, radiation 

efficiency, and mismatching+ mutual coupling efficiency, respectively. Subscripts i, and j 

represent the operating and terminated ports, respectively. According to Eq. (2. 17), mutual 

coupling (∑ |𝑆𝑗𝑖|
2

𝑗≠𝑖 ) can lead to a decrease of the total efficiency. 

If the radiation efficiency of MAS is high, a high total efficiency and a low correlation 

can be achieved by reducing the mutual coupling between MAS elements [15] [16]. Typically, 

this method is quite effective when multiple antennas are operating at high frequencies 

(above 1700 MHz). 

   If the radiation efficiency is low, the low mutual coupling may result from the high losses, 

where the required high total efficiency and low correlation may not be satisfied. Therefore, 

the target should be straightforwardly improving the correlation and total efficiencies, but not 

reducing the mutual coupling any more. Mobile terminal MAS operating at the low 

frequencies (below 960 MHz) belong to this situation. In addition, the wavelength of the 

operating frequency in the lower bands is quite comparable with the mobile chassis 

geometries, where the chassis (or ground plane) becomes an effective radiator. This may 
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result in similar radiation patterns of the MAS elements and degrade the MIMO/ diversity 

performance.  

   Finally, the interactions between multiple antennas and users will reduce the total 

efficiency and affect correlations of antennas by shifting the resonant frequencies and 

absorbing some of the radiated/received power.  
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Chapter 3 

 

Decoupling of Compact MIMO/Diversity 

Antennas Operating at High Frequencies 

 

3.1 MIMO/Diversity Antennas with Single and Multiple Bands 

Isolation 

In a compact MIMO terminal, the space for the MAS is quite limited, which would result 

in high mutual coupling and degrade the MIMO/diversity performance [1]. Planar inverted-F 

antennas (PIFAs) have been widely used in portable devices due to its low profile and cost. 

The results of [2]-[4] indicated that the inter-PIFA distance have to be large than half (or 

quarter) of the free space wavelength in order to achieve a mutual coupling less than -20 dB 

(or -10 dB), when two PIFAs share the same ground plane. Therefore, it is necessary to 

develop mutual coupling reduction technologies for a compact MIMO/diversity PIFA array. 

A number of studies have been done to enhance the isolation between closely-positioned 

PIFAs [5]-[18]. Mushroom-like EBG structures [5]-[7] or defected ground structures (DGS) 

[8]-[11] could reduce the mutual coupling by suppressing the propagation of the surface wave 

or providing a band-gap effect. A compact MIMO/diversity antenna with two feeding ports 

sharing the same radiator has been proposed in [12], [13]. In [14], a neutralization line is 

inserted between two PIFAs to provide another field which can cancel the mutual coupling. 

In the recent years, the inter-PIFA distance has been reduced rapidly maintaining the mutual 

coupling less than -20 dB. In [15], by separating the common ground plane of two PIFAs, the 

distance of 0.17λo has been achieved. The spacing has been reduced to less than 0.078λo 

through a fish bone-shaped ground plane [16]. A decoupling element has been introduced in 

[17] and a spacing of less than 0.0294λo has been realized. This decoupling element can 

efficiently enhance the isolation, but has to occupy some areas between the two MIMO 

elements. In [18] through removing the neutralization line in [14] to the outside edges, the 

distance has been reduced to less than 0.027λo. However, the isolation cannot be enhanced 

efficiently and the neutralization line is still available. 

3.1.1 Isolation enhancement for an Extremely Closely-Spaced Dual-PIFA 

Array through a Resonant Slot Antenna Formed In-between 

In Paper I, the isolation between two PIFAs is reduced through a half wavelength slot 

antenna formed by the slot etched on the ground plane and the adjacent edges of two PIFAs, 

as shown in Fig. 3.1. The current distribution of the dual PIFA array in Fig. 3.1 is provided in 

Fig. 3.2, when the left PIFA is operating with the other terminated by a 50 ohm load. We can 
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observe that due to the half wavelength slot antenna, the coupling current from the left PIFA 

is trapped in-between and cannot flow to the other. Indeed, the S parameters of the proposed 

MIMO antenna in Fig. 3. 3 show that a measured mutual coupling less than -20 dB is 

achieved across the WLAN band of 2.4GHz-2.48GHz. The peak gain and efficiency are 2.12 

dBi and 71.5%, respectively [Paper I]. The effectiveness of this method can be observed 

clearly. 

 

Figure 3.1.Geometry of the proposed dual-element PIFA array: (a) top view, (b) side view [Paper I].  

 

Figure 3.2.The current distributions of the proposed MIMO antenna [Paper I] 

In the method of Paper I there is only a narrow slot between the PIFAs. Therefore, the 

inter-PIFA distance of the proposed MIMO antenna in Fig. 3.1 can be further reduced. In 

Table I, the performances of the dual PIFA array with different inter-PIFA distances are listed. 

We find that the proposed method in Paper I is still efficient even for an inter-PIFA spacing of 
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less than 0.0016λo (λo/600). 

 

Figure 3.3. The comparison between the measured and simulated S-parameters of the proposed MIMO array 

[Paper I]. 

TABLE I 

SIMULATED PERFORMANCE OF ARRAYS WITH DIFFERENT INTER-PIFA DISTANCE 

 

 

   

 

 

 

3.1.2 Mutual Coupling Reduction of Two PIFAs with a T-shape Slot 

Impedance Transformer for MIMO Mobile Terminals  

 

Compared with the previous results in [5]-[18], the method in Paper I can achieve a 

smaller inter-PIFA distance and higher isolation. However, this method cannot be used for a 

ground plane with arbitrary size and shape. This is because the impedance of the decoupling 

slot is strongly affected by different sizes and shapes of ground plane, where good matching 

cannot be guaranteed for the decoupling slot. Moreover, these methods in [5]-[18] and Paper 

I cannot be used for dual-band applications, which further limit their versatility. 

One of the solutions to these limitations can be found in Paper II. The geometry of the 

proposed single-band PIFA array in Paper II are presented in Fig. 3.4. A T-shape slot (of 

length Lhigh+Whigh/2) is inserted at the end of a quarter-wavelength decoupling slot antenna (of 

Inter-PIFA 

distance 

-10 dB 

impedance 

bandwidth 

(MHz) 

20 dB 

isolation 

bandwidth 

(MHz) 

Peak 

efficiency 

(%) 

Peak 

gain 

(dBi) 

1.8 mm(0.0147λ0) 72 124 88.7 1.48 

1.4 mm(0.0114λ0) 67 99 87.25 1.33 

1 mm(0.0082λ0) 64 90 85.73 1.27 

0.6 mm(0.0049λ0) 58 70 81.53 1.00 

0.2 mm(0.0016λ0) 49 41 58.36 -0.64 
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length La+Ls+H+Llow) formed by the neighboring edges of two PIFAs. As an impedance 

transformer for the decoupling slot, the T-shape slot can excite the decoupling slot 

independent of the shape and size of the ground plane. The S parameters of two PIFAs with 

T-shape slot are presented in Fig. 3.5. With the help of T-shape slot, the isolation between the 

PIFAs is enhanced from 6.3 dB to more than 40 dB at the center frequency. The peak gain 

and efficiency are also measured, which are 1.8 dBi and 70%, respectively. 

 

Figure 3.4.Geometry of the proposed single-band PIFA array with T-shape slot: (a) top view, (b) ground plane, 

(c) back view, (d) side view, (e) front view, (f) and (g) 3D view [Paper II]. All dimensions are given in mm. 

 

Figure 3.5.Simulated S parameters with and without the T-shape slot impedance transformer, and measured S 

parameters of the proposed single-band PIFAs for MIMO terminals [Paper II]. 
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The method in Paper II can also realize a dual-band dual-isolation property. In Fig. 3.6 the 

geometry of the proposed dual-band MIMO PIFA array are presented. Another slot is etched 

on each PIFA to generate a higher frequency resonance. From the S parameters in Fig. 3.7, 

we observe that two decoupling nulls are excited at the central frequencies of 2.4 GHz and 

3.5 GHz, respectively. Based on the measured results, the proposed MIMO antennas can 

cover the bands of 2.4-2.48 GHz (WLAN) and 3.4-3.6 GHz (WiMAX) with high isolations.  

 

Figure 3.6.Geometry of the proposed dual-band PIFA array with a T-shape slot: (a) top view, (b) ground plane, 

(c) back view, (d) side view, (e) front view, (f) and (g) 3D view [Paper II]. All dimensions are given in mm 

 

Figure 3.7. Simulated S parameters with and without the T-shape slot impedance transformer, and measured S 

parameters of the proposed dual-band PIFAs for MIMO terminals [Paper II]. 
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The current distributions of the proposed dual-band dual-isolation PIFA array with 

T-shape slot are given in Fig. 3.8 for 2.44 GHz and 3.5 GHz, with PIFA1 operating and PIFA 

2 terminated with a 50 ohm load. At 2.44 GHz (the WLAN band), the currents are mainly 

concentrated on part “B” (see Figs. 3.6 (g) and 3.8 (a)), which determines the operating 

frequency of the lower band. In addition, most of the coupling currents are trapped in the slot 

formed by the two PIFAs. At 3.5 GHz (the WiMAX band), the currents mainly focus on part 

“A” (see Figs. 3.6 (g) and 3.8 (a)) which controls the operating frequency of the higher band. 

The coupling currents are blocked by the L slot (see rout (3) in Fig. 3.6 (f)) and thus cannot 

flow into the adjacent PIFA. 

 

 

(a)                                       (b) 

Figure 3.8. Current distributions of the proposed dual-band PIFAs for MIMO terminals at (a) 2.44 GHz, (b) 3.5 

GHz [Paper II]. 

 

3.2 MIMO/Diversity Antennas for Ultra-Wideband (UWB) Isolation 

 

The decoupling methods for the single and multiple bands have been discussed above. 

Next, the wideband isolation enhancement technology will be addressed.  

MIMO and diversity technology can also be utilized in a UWB wireless communication 

system, in order to increase the channel capacity or combat fading. In a portable UWB 

MIMO/diversity antenna system, wideband isolation is required in a very limited space to 

guarantee the good MIMO/diversity performance and compact structure. Many studies have 

been carried out to achieve this target [24]-[28]. In [24], a T-shape reflector is inserted 

between the two UWB monopole radiators to improve the isolation. In [25], a slot is etched 

on a T-shape reflector in [24] to further reduce the mutual coupling. A diversity antenna for 

PDA application has been proposed in [26] with three stubs to weaken the mutual coupling. 

Different polarizations have been applied in [27]-[28]. However, in order to realize an 

acceptable isolation, the size of the antennas in [24]-[28] are still relatively large. Recently, an 

UWB diversity antenna with a small size of 37 × 45 mm has been presented in [29]. A good 

isolation can be achieved from 3.1 GHz to 5 GHz (lower UWB band). 
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3.2.1 Ultra-wideband MIMO/Diversity Antennas with a Tree-like Structure 

to Enhance Wideband Isolation 

 

In order to further improve the isolation bandwidth, a tree-like structure, as shown in Fig. 

3.9, is introduced in Paper III for a compact UWB MIMO/diversity antenna system. The 

antenna system in Paper III has a compact size of 35 × 40 mm. which can cover the whole 

UWB band (3.1-10.6GHz). Within the whole UWB band, a measured isolation level better 

than -16 dB (-20dB in most of the band) is achieved, as illustrated in Fig. 3. 10. The 

prototype and geometry of the UWB MIMO/diversity antenna are shown in Fig. 3. 9. The 

compact structure can be observed clearly. 

 

   

Figure. 3. 9. Geometry and prototype of the proposed UWB MIMO/diversity antenna system: (a) top view, (b) 

back view. [Paper III] 

 

The wideband isolation is realized with the tree-like structure mainly due to two reasons: 

(1) Branch 1 (see Fig. 3. 9 (a)) can act as a reflector (see [24] and [29]) to separate the 

radiation patterns of two MIMO elements, which can improve the wideband isolation. In 

Paper III, the authors increase the number of the branches and the mutual coupling can be 

further weakened. (2) More resonances can be introduced through increasing the number of 
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branches. Each of resonances is provided by a monopole of one branch or a quarter 

wavelength slot formed by two neighboring branches. By properly adjusting the length and 

position of each branch, the wideband isolation can be efficiently enhanced as the resonances 

are in different frequency ranges. In Fig. 3.11 (b), improvement of the isolation across the 

operating bands is clearly observed, with the total number of the branches increasing from 

one to three. The simulation results show that branches 1, 2 and 3 mainly affect low, middle 

and high frequencies, respectively. The current distributions with/without the tree-like 

structures are shown in Fig. 3.12. The coupling currents of different frequencies from Port 1 

(see Fig. 3. 9 (a)) are successfully blocked by the tree-like structure and cannot flow into Port 

2. 

 

Figure. 3. 10. Measured and simulated S-parameters of the proposed UWB MIMO/diversity antenna system. 

[Paper III] 

 

  

(a)                                           (b) 

Figure. 3. 11. Simulated S-parameters when the total number of the branches varies: (a) S11 and S22, (b) S12 

and S21. [Paper III] 
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(a)                                           (b) 

 

(c) 

Figure. 3. 12. Surface current distributions with Port 1 excitation: (a) 4 GHz, (b) 7 GHz and (a) 10 GHz. [Paper 

III] 

 

 

3.2.2 Closely-Packed UWB MIMO/Diversity Antenna with Different 

Patterns and Polarizations for USB Dongle Applications 

  

(a)                                          (b) 

Figure. 3. 13. (a) Detailed geometry and (b) the prototype of the proposed UWB MIMO/diversity antenna. The 

grey area represents the copper layer and the dashed lines trace the edges of the copper layer on the opposite 

side of the PCB. [Paper IV] 

 

For the USB dongle applications, the UWB MIMO/diversity antenna needs to be much 
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smaller compared with those in the previous studies of [24]-[29] and Paper III. In Paper IV, 

different patterns and polarizations are explored to realize the high isolation and extremely 

compact structure In Fig. 3.13 the geometry of the proposed antenna is shown. A small size of 

25 mm × 40 mm = 1000 mm
2
 (40% smaller than that of [29]) is observed. The S 

parameters are given in Fig. 3.14. An isolation of higher than 20 dB is achieved across the 

lower UWB band of 3.1-5.15 GHz 

 

(a)                                         (b) 

Figure. 3. 14. (a) Simulated and (b) measured S parameters of the proposed UWB MIMO/diversity antenna. 

[Paper IV] 

 

Figure. 3. 15. Measured 3D radiation patterns for Port 1 and 2 at 3.2 GHz, 4.2 GHz, and 5.2 GHz. [Paper IV] 
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The isolation in Paper IV is mainly enhanced by the different radiation patterns and 

polarizations of the two MAS elements. The 3D and 2D radiation patterns of the two 

elements are presented in Fig. 3.15 and Fig.3.16, respectively. The polarization and pattern 

diversity property are observed clearly.  

 

 

Figure. 3. 16. The comparison between the simulated and measured  and ф components in the x-z plane for 

Port 1 at (b) 3.2 GHz, (d) 4.2 GHz, (f) 5.2 GHz and Antenna 2 at (a) 3.2 GHz, (c) 4.2 GHz, (e) 5.2 GHz [Paper 

IV] 

Gains and total efficiencies of two MIMO elements are also measured and obtained 

through their 3D radiation patterns. During all the measurements (including S parameters, 

radiation patterns, gains and efficiencies), two ferrites are utilized in order to mitigate 

currents flowing from the ground plane onto the feed cables. The measured realized gains of 

two MIMO elements, presented in Fig. 3. 17 (a), are larger than 1.5 dB within the lower 

UWB band. Figure 3. 17 (b) shows the total efficiencies of two MIMO elements. Due to the 

introduction the ferrites, the total efficiency are reduced by around 25%. However, it can be 

observed in Fig. 3.17 (b) that the two MIMO elements are still quite efficient. In practical 

applications the ferrites are not used and therefore the efficiency values can be much higher 

than those shown in Fig. 3. 17 (b). The envelope correlation coefficient (ECC) obtained with 

Formula (2.8) is less than 0.1 over the whole band. With the Formula (2.14) the multiplexing 
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efficiency is calculated from our measured efficiency and ECC, and shown in Fig. 3. 17 (b). 

 

  

                        (a)                                           (b) 

Figure. 3. 17. (a) Measured peak gains and (b) efficiencies for Antennas 1 and 2. [Paper IV] 
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Chapter 4 

 

Correlation Reduction with Improved Total 

Efficiency for the Low Frequencies of the 

Mobile Handset MIMO/Diversity Antennas  
 

In current and future wireless telecommunications systems, such as the long-term 

evolution (LTE) and LTE-Advanced, the multiple-input and multiple-output (MIMO) systems 

are an integral part of mobile terminals. In the LTE standards, several new channels are 

allocated to the lower bands of 700-960MHz. As mentioned in Chapter 2, the elements in the 

MAS should have a low correlation and a high total efficiency to guarantee a good 

multiplexing MIMO performance. Unlike the higher bands, the mobile handset MAS 

operating in the lower frequencies will not focus on the reduction of the mutual coupling but 

rather the improvement of the correlation and efficiency directly due to the low radiation 

efficiency [1]. The wavelengths in the lower frequencies are much longer than those in the 

higher bands and this poses some new challenges on the practical realization of the good 

MIMO performance in mobile terminals: (1) each MIMO antenna element has to be 

redesigned to obtain a compact structure of the device; (2) the structures for decorrelation 

have to be small enough and still work well; (3) the MIMO elements and the decorrelating 

structures are more closely positioned, causing high correlation and low efficiencies; (4) the 

chassis mode will be efficiently excited, which makes the radiation pattern of each MIMO 

element quite similar leading to a very high correlation. An envelope correlation coefficient 

less than 0.5 and a total efficiency higher than 40% are good values for cellular LTE MIMO 

antennas in the lower bands according to industry researches, including field trials and mock 

ups [2]. Some studies have been done trying to solve these problems such as: the 

neutralization line method for the single band LTE MIMO antenna in [3], the decoupling 

networks for the lower bands (i.e., 900 MHz) in [4][5]. However, these methods can only be 

used for very narrow bands and will cause a large radiation efficiency reduction in practice. 

In this chapter, the mutual scattering mode and diagonal antenna-chassis mode will be 

introduced to solve these problems. As one example of the utilization of these two modes, a 

multiple wideband LTE MIMO antenna will be proposed with a low correlation and high 

efficiency for mobile terminal applications. 

 

4.1 Reduction of the Envelope Correlation Coefficient with Improved 

Efficiency for Mobile LTE MIMO Antenna Arrays: Mutual Scattering 

Mode 
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Generally, the correlation of a MIMO antenna system is determined by the antenna 

element types and element distance. The mutual scattering mode in paper V illustrates that 

the antenna Q factor is another important parameter strongly affecting the correlation. 

Normally, in any given MIMO antenna array, the inter-element distance, the element types, 

and the radiation efficiency are determined beforehand. In practice, the Q factors can be 

straightforwardly tuned through different input impedance matching. The correlation of a 

lossy LTE MIMO antenna array can be reduced efficiently, even down to zero, by increasing 

the Q factors of the MIMO antenna elements. The Q factors in this chapter are calculated by 

[24, Eq. 96]. The resistance and reactance of the input impedance required in [24, Eq. 96] is 

obtained from [19, Eq. 10], where the load on the non-operating port is set to 50 ohm. 

4.1.1 Dual Monopoles on a Large Ground Plane with High Losses 

 

 

Figure. 4. 1. Geometry of dual monopoles on a large ground plane with an inter-element distance of 50 

mm.[Paper V] 

 

In Fig. 4.1, dual monopoles on the large lossy ground plane (100 S/m) are analyzed first 

with an inter-element distance of 50 mm. As we go from Matching 1 to Matching 5, the Q 

factor (see Fig. 4. 2(a)) increases and the envelope correlation coefficients (ECC) are 

decreasing (see Fig. 4. 2(c)) with the improved total efficiency (TE) (see Fig. 4. 2(d)). This is 

because by increasing the Q factor, each element will become a scatter to the other elements. 

Consequently, without adding any decorrelating structure into the MIMO system, the 

radiation patterns in Fig. 4. 3 are separated automatically achieving a low correlation. 

When the distance between dual monopoles decreases to 20 mm, the higher Q factors can 

still give lower ECCs, but worse TE. The reason is that with a distance of 20 mm, the relative 

contribution of S11/S22 in improving the total efficiency is slower than that of S21/S12 in 

reducing the total efficiency. Hence, a new distance of the Critical Distance is defined, where 

the two opposite contributions of S11/S22 and S21/S12 to the TE are equal. When the 

distance between MIMO elements exceeds the Critical Distance, a better impedance 

matching (or higher Q factor) can not only reduce the correction but also improve the total 

efficiency. 
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(a)                                           (b) 

  

(c)                                            (d) 

Figure. 4. 2. (a) Q factors, (b) S parameters, (c) envelope correlation coefficients (ECC), and (d) radiation 

efficiency (RE) and total efficiency (TE) for different impedance matching levels of dual monopoles on a large 

ground plane with an inter-element distance of 50 mm. [Paper V] 

 

Figure. 4. 3. Radiation patterns (Realized Gain):  (a) Antenna 1(Port 1) in Matching 5; (b) Antenna 2 (Port 2) 

in Matching 5; (c) Antenna 1 in Matching 1; and (d) Antenna 2 in Matching 1. [Paper V] 
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4.1.2 Dual-PIFA MIMO Antennas on Mobile Chassis 

 

 

Figure. 4. 4. The geometries of collocated dual PIFAs for MIMO applications. (unit: mm) [Paper V] 

 

    

(a)                                          (b) 

  

(c)                                          (d) 



31 

 

 

                    (e) 

Figure. 4. 5. (a) Q factors, (b) S parameters, (c) envelope correlation coefficients (ECC), (d) radiation efficiency 

(RE) and total efficiency (TE) and (e) multiplexing efficiency (ME) for different impedance matching levels of 

dual PIFAs. [Paper V] 

   The Critical Distance is also investigated in mobile terminals. The dual MAS elements 

are collocated at the same end of the chassis with an inter-element distance of 10 mm, as 

shown in Fig. 4.4. The Q factors, S parameters, ECCs and TEs are presented in Fig. 4. 5 (a), 

(b), (c) and (d), respectively. We find that the inter-element distance of 10 mm is larger than 

the Critical Distance: a higher Q factor leads to a lower correlation and higher efficiency. 

Therefore, the Critical Distance is not determined by the physical distance but the current 

distributions. A small inter-element distance is also possible to achieve quite a large Critical 

Distance. 

   The Multiplexing Efficiencies (MEs) of the dual PIFAs with different Q factors 

(impedance matchings) are studied and given in Fig. 4.5 (e). With the Q factor increasing, an 

improvement of ME can be obtained efficiently. 

 

 

Figure. 4. 6. Radiation patterns (Realized Gain) of dual PIFAs:  (a) Antenna 1(Port 1) in Matching 5; (b) 

Antenna 2 (Port 2) in Matching 5; (c) Antenna 1 in Matching 1; and (d) Antenna 2 in Matching 1. [Paper V] 
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Like the dual-monopole with 50 mm case, the radiation patterns of dual PIFAs will be 

changed when the Q is greater. In Fig. 4.5, the radiation patterns are more scattered in 

Matching 5 than in Matching 1. 

When the two MAS elements are allocated at the two ends of the mobile chassis the 

higher Q factor will lead to the lower efficiency. Therefore, the inter-element distance is less 

than the Critical Distance in this case. 

As an example of the wideband application of the method described above, a wideband 

LTE MIMO antenna is shown in Fig. 4.7. As we can see, the MIMO array volume is kept the 

same as the one in Fig. 4.4. However, one additional branch for each PIFA has been 

introduced to generate an extra resonance at the lower frequencies. The losses of capacitors 

and inductors are 0.1 ohm and 0.2 ohm, respectively. In Fig. 4.8, the S Parameters, ECC and 

Efficiency are presented. We find that the proposed MIMO antenna covers the bands of 

746-870 MHz (15.35% fractional bandwidth) with an ECC less than 0.5 and a total efficiency 

greater than -3 dB. 

 

Figure. 4. 7. The geometry of the wideband collocated MIMO antenna with mutual scattering mode. [Paper V] 

 

  
(a)                                  (b) 
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                 (c) 

Figure. 4. 8. (a) S parameters, (b) envelope correlation coefficient, and (c) efficiency of the proposed wideband 

collocated MIMO antenna. [Paper V] 

 

4.1.3 Experiment 

 

(a) 

  

(b)                                         (c) 

Figure. 4. 9. (a) prototypes, (b) measured S parameters and (c) measured envelope correlation coefficients 

(ECC), of fabricated dual PIFAs with different matching levels. [Paper V] 
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To verify the simulated results, some prototypes of collocated dual PIFAs with different 

matchings (as well as Q factors) are fabricated and are shown in Fig. 4.9 (a). From the 

measured S parameters and ECCs, as presented in Fig. 4.9 (b) and (c), respectively, it can be 

obtained that the conclusions from the measurements agree with those from the simulations. 

   A generally available mutual scattering mode has been introduced. This mode can be 

excited through increasing the Q factors of MIMO antenna elements. In practice, for a given 

array, the only two requirements for low correlation and improved efficiency are a high Q 

factor (matching) and an element distance larger than the Critical Distance.  This method 

has the following advantages: 

(1) Easy to realize: impedance matching techniques (including impedance matching network) 

have been successfully utilized in industry for many years.  

(2) No specific requirement for geometry of each MIMO antenna element (i.e. they don’t 

need to be the same and may have arbitrary structures). 

(3) Not only valid for the single band, but also for wide band and multiple bands: in this 

paper we have studied a single band case. Actually, in the lower bands the antennas can have 

multiple resonances.  A wide band and low correlation MIMO antenna can be proposed with 

improved efficiency. 

(4) Easy to use together with other known decoupling methods:  our proposed method only 

requires a high Q factor or good matching to achieve decorrelation. 

(5) Possible to use for the MIMO antennas with more than two elements: however, due to 

more coupling elements, the Critical Distance will become larger compared to that of 

dual-element MIMO antennas. Therefore, if the design purposes are reducing correlation as 

well as improving efficiency, the element distances should be larger than that in the 

dual-element case. 

(6) The conclusions from this paper are also valid for several kinds of MIMO antennas, 

including the on-ground kind. 

 

4.2 Diagonal Antenna-Chassis Mode and Its Application for Wideband LTE 

MIMO Antennas in Mobile Handsets 

   The mobile chassis will become an effective radiator when a small self-resonant antenna 

operates in the lower bands [6] [7]. In [8] [9] it is discovered that the chassis modes are only 

dependent on the shape of the chassis. Therefore, it is very easy for the MAS elements 

operating at lower frequencies to excite the same chassis mode and then result in similar 

radiation patterns, which will dramatically degrade the MIMO/diversity performance. The 

effects of chassis modes on the MIMO antenna in the higher bands (around 2.4 GHz) and 

lower bands are investigated in [10]-[12] and [13] [14], respectively. Generally speaking, 

there are three ways to reduce the chassis mode effects: (1) only make one of the MIMO 

antenna elements excite the chassis mode to achieve a good bandwidth, and decouple the 

other MIMO element from the chassis [14]. However, this method leads to clearly smaller 

bandwidth of the MIMO element without the chassis mode, typically less than 1% at 900 
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MHz [7]. Furthermore, the method with decoupling of the chassis mode in [9] is not so 

practical and the collocated MIMO antenna case is not investigated. (2) Excite the orthogonal 

chassis mode for different MIMO antenna elements. The research in [12] has used this 

method, but only in the higher bands. In the lower bands, due to the geometry of the mobile 

chassis the number of chassis modes is quite limited and it is even more difficult to find the 

orthogonal modes to use. (3) Utilize mutual interactions of MIMO elements with high Q 

factor to separate the radiation patterns. This method is not limited to the mobile chassis and 

has been studied in Paper V.  In addition, other specific LTE MIMO antenna designs have 

been proposed in [15]-[18].  

In Paper VI a diagonal antenna-chassis mode is introduced. Similar to the definition of 

the bandwidth in [19], in Paper VI a MIMO bandwidth is defined as the overlap bandwidth of 

the ECC lower than 0.5, total efficiency higher than -4 dB and impedance matching better 

than -6 dB at the frequencies lower than 960 MHz, while the ECC is lower than 0.1, total 

efficiency higher than -2 dB and impedance matching better than -6 dB at frequencies higher 

than 1700 MHz.. By properly exciting the diagonal antenna-chassis mode, the MIMO 

bandwidth can be enhanced efficiently at frequencies lower than 960 MHz. This is realized 

through moving the three bandwidths to the same range and enlarging the low-ECC 

bandwidth without the degradation of impedance bandwidth and total efficiency. 

4.2.1 Collocated Dual Monopoles 

The diagrams of the diagonal antenna-chassis mode in the collocated arrangement for 700 

MHz bands and 800 MHz-960 MHz bands are shown in Fig. 4.10 (a) and (b), respectively. 

When one antenna operates in bands lower than 960 MHz, the antenna itself and the chassis 

can be treated as two arms of a half wavelength dipole. If we move the antenna from the 

middle to one side of the short chassis edge, the arm on the chassis will lean in the diagonal 

direction. As the radiation pattern is mainly determined by the longer arm (on the chassis) of 

a dipole, the dipole-type radiation pattern will consequently also be slanted. If we put another 

electrical small antenna on the other side of the short edge to form a collocated MIMO 

antenna array, the two MIMO elements will have two crossed dipole-like radiation patterns. 

Furthermore, due to the mutual coupling between two elements, the coupled element will 

become one part of the ground plane to extend the current component in the short edge 

direction. This will lead to a ground plane “wider” than its actual width, which will further 

enlarge theθvalue (see Fig. 4.10). With these properties a low correlation coefficient of 

MIMO antennas will occur. 

In order to verify the theory, two collocated MIMO monopole arrays with near feedings 

(NF) (d=14) and far feedings (FF) (d=50) are proposed in Fig. 4. 11. Considering the mutual 

scattering effects in Paper V, the matching levels for the NF and FF MIMO monopoles are 

kept the same (-13 dB). The matching level and central frequency can be tuned by the shunt 

capacitor of the port and the series inductor (see Fig. 4.11), respectively. 740 MHz is selected 

as the central frequency for the 700MHz bands. The detailed inductor and capacitor values 

for all the designs can be found in Paper VI. 
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(a) 

 

(b) 

Figure. 4. 10. The diagonal antenna-chassis mode in the collocated arrangement for (a) 700 MHz bands and (b) 

800 MHz-960 MHz bands. [Paper VI] 

The S Parameters, ECCs and efficiencies of the dual monopoles with NF and FF at the 

central frequency of 740 MHz are shown in Fig. 4.12 (a), (b), and (c), respectively. In Fig. 

4.12 (a), we can find that the impedance bandwidth and mutual coupling (S21 in S 

Parameters) of the FF are wider and stronger than those of the NF. The reasons are as follows: 

The FF has a longer on-chassis dipole arm, which can improve the impedance bandwidth. 

Meanwhile, the larger θ(see Fig. 4.10(a)) in the FF will also cause a stronger x-component 

current (see Fig. 4.11) and higher voltage difference between two ports, and thus the mutual 

coupling becomes stronger. As we expect, the larger θ in the FF can make the null and the 

0.5-specified ECC bandwidth deeper and wider, respectively, as illustrated in Fig. 4.12 (b). 

One can also notice that compared to the NF case the null of ECC in the FF moves to a lower 

frequency. From our study, either the longer on-chassis dipole arm or the larger θ value 

will result in this lower frequency shift of the ECC null. In the FF case, both the on-chassis 

arm and θ have increased due to the feeding locations. In addition, because of the stronger 

mutual coupling in FF, the width of the ground plane can be “extended” more to further 
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enlarge the on-chassis arm and θ. Consequently, in the FF the ECC null can be shifted to 

lower frequencies dramatically. In Fig. 4. 12 (c), from the FF to the NF, the peak of total 

efficiency will move to a higher frequency (the opposite behavior as ECC). Therefore, the 

diagonal antenna-chassis mode is necessary, but if it is too strong or too weak this kind of 

mode may result in the mismatch between the best ranges of the total efficiency, ECC and 

impedance bandwidth. In practice, the optimal goal is to select a feeding point to make the 

peak of total efficiency, the null of S11and ECC match at the same frequency. A maximum 

MIMO bandwidth can be achieved. In addition, although the mutual couplings are available 

here, the total efficiencies in Fig. 4.12 (c) are still not lower (even higher) than those in 

[11]-[14]. The reason is that in our proposed method no additional decoupling structures and 

losses are introduced into the MIMO array and thus the radiation efficiencies in our methods 

are much higher than those in [11]-[14]. 

 

Figure. 4. 11. The geometries of the collocated dual-monopole MIMO antenna with: (a) near feedings (d= 14) 

and (b) far feedings (d= 50). (Unit: mm) [Paper VI] 

  

(a)                                           (b) 
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(c)                                   

Figure. 4. 12. The simulated (a) S Parameters, (b) envelope correlation coefficients and (c) efficiencies of 

different collocated MIMO antennas at the central operating frequency of 740 MHz. [Paper VI] 

 

 

Figure. 4. 13. Current distributions at 740 MHz for dual monopoles with (a) NF and (b) FF. [Paper VI] 

The current distributions (when port 1 operates) at 740 MHz for dual monopoles with NF 

and FF are shown in Fig. 4.13 (a) and (b), respectively. It can be observed that the actual 

diagonal antenna-chassis mode is the superposition of current path A and B. Both the NF and 

FF case can excite the diagonal antenna-chassis mode, but the current path A in FF (see Fig. 

4.13 (b)) is longer than that in NF (see Fig. 4.13 (a)). Therefore, path C in FF can lean more 

and achieve a lower correlation. 

The simulated 3D radiation gain patterns at 740 MHz are provided in Fig. 4.14. We can 

see that the two ports in the FF have more severely crossed patterns than those in the NF, 

especially at the elevation angle of 0-50 degrees. 
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Figure. 4. 14. 3D radiation patterns for dual monopoles with FF and NF at 740 MHz. [Paper VI] 

 

4.2.2 Collocated Dual PIFAs 

 

 

Figure. 4. 15. The geometries of the collocated dual-PIFA MIMO antennas with: (a) near shortings (d= 20) and 

(b) far shortings (d= 40). (Unit: mm) [Paper VI] 

    

In mobile handsets, PIFAs are another kind of commonly used antennas that can more 

easily achieve wide band at lower frequencies through multiple resonances in a small volume 

than monopoles, i.e. the antenna in [20]. Furthermore, different from monopoles, one PIFA 

has two excitations on the ground plane-the feeding and the shorting, which will greatly 

affect the antenna-chassis mode. Therefore, it is very important to investigate the diagonal 

antenna-chassis mode in the collocated dual-PIFA MIMO antennas. 
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In order to simplify the research model, we fix each feeding close to one side of the short 

chassis edge and only study the locations of shorting points. The dual-PIFA MIMO antennas 

with near shorting (NS) points (d=20) and far shorting (FS) points (d=40) are proposed and 

shown in Fig. 4.15. Two groups of matching levels of -13dB and -10 dB are selected at 740 

MHz. The matching level and central frequency can be tuned by the series capacitor (see Fig. 

4.15) of the port and the series inductor of the shorting pin, respectively. The detailed 

inductor and capacitor values for all PIFAs with the NS and FS are given in Paper VI. 

   The S Parameters, envelope correlation coefficient (ECC) and efficiency in the 700 MHz 

bands are shown in Fig. 4.12. In Fig. 4.12 (a) it can be observed that similar to the monopole 

case, for each matching level the MIMO PIFAs with FS always have a wider bandwidth. The 

mutual couplings in all the dual PIFAs are quite similar, and lower than those in collocated 

dual monopoles due to the availability of shorting pins. The conclusions from the ECC in Fig. 

4.12 (b) are similar to the case with dual monopoles. However, one can also find that the null 

of ECC with FS does not move to a lower frequency as much as that in the case of FF dual 

monopoles. The reason is that due to the insignificant increase of the mutual coupling from 

FS to NS in PIFAs the width of the ground plane is not “extended” further. In addition, due to 

the mutual scattering mode in [10] the nulls of MIMO PIFAs with FS and NS in -13 dB 

matching level are deeper than those in -10 dB matching level. However, the PIFAs with FS 

and -10 dB matching level have even wider 0.5-ECC bandwidth than those with NS and -13 

dB matching level. This property can reduce the matching level requirement for low ECC in 

[10] and decrease the Q factor to further improve the bandwidth. This can be clearly observed 

in the following analysis. In Fig. 4.12 (c) the peaks of total efficiencies move in the same 

manner as the MIMO monopoles. 

 

 

Figure. 4. 16. Current distributions at 740 MHz for dual PIFAs (-10 dB matching) with FS and NS. [Paper VI] 
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The current distributions (when port 1 operates) for dual PIFAs (-10 dB matching) with 

NS and FS at 740 MHz are shown in Fig. 4.16. The dual PIFAs with FS (see Fig. 4.17 (a)) 

have the similar current distributions to those in the dual monopoles, which means that if the 

feeding and shorting point of each PIFA element are both located close to one corner of the 

short edge, a diagonal antenna-chassis mode similar to that in the monopole case can be 

excited successfully. Meanwhile, from current distributions for the dual PIFAs with NS in Fig. 

4.16 (a) we can know that the chassis mode has already degraded to the traditional one which 

has been well studied in [6]-[14]. For each PIFA the currents from shorting points are out of 

phase with those from the feeding (or port). The dual PIFAs are located on the same end of 

the chassis where four excitations are available, and all the adjacent excitations are out of 

phase. If these four excitations are averagely arranged (i.e., NS case), the currents on path A 

would be cancelled out by each other. Therefore, the superposed path C is parallel with the 

long edge of the chassis and the diagonal antenna-chassis mode cannot be excited. Due to the 

change of superposed current paths, the 3D radiation patterns of the FS and NS dual PIFAs 

become quite different, as illustrated in Fig. 4. 17. 

 

Figure. 4. 17. 3D radiation patterns for dual PIFAs (-10 dB matching) with FS and NS at 740 MHz. [Paper VI] 

4.2.3 Multiple Wideband LTE MIMO Antenna for Mobile Terminals 

 

As one example for the wideband application of the diagonal antenna-chassis mode, a 

multiple wideband collocated LTE MIMO antenna is proposed for mobile terminals, as 

shown in Fig. 4.18. The MIMO array is mounted on a FR4 substrate with a loss tangent of 

0.025 and a permittivity of 4.4. The whole array is quite compact with a total volume of only 

60 mm× 12 mm × 7 mm. A 1.5 mm- thick plastic mobile phone-cover with a total volume of 

130 mm×10 mm×65 mm is used with a 1 mm gap around the antenna array to simulate the 

practical situations. The shorting points have been carefully selected to excite a proper 

amount of the diagonal antenna-chassis mode in order to achieve the maximum MIMO 

bandwidth in the lower bands. For each PIFA, there are two long arms, which can provide 

two resonances in the lower bands, and the inter-digital structure is utilized to tune the 
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matching of these two resonances. This can be observed from the S parameters in Fig. 4.19 (a) 

and a band of 740-960 MHz can be covered. Since there is no other structures between two 

PIFAs a metal strip operating around 1700 MHz can be inserted as a parasitic decoupling 

strip [21]. Furthermore, this metal strip together with the (far) shorting pins of the PIFAs can 

also form two slots, as illustrated in (1) in Fig. 4.18, and can provide resonances around 1700 

MHz for the impedance matching. Therefore, due to the introduction of the metal strip and 

far shortings, the combination of slot-monopole-slot is formed, where both the impedance 

matching and decoupling property will occur simultaneously at 1700 MHz (Fig. 4.19 (a)). 

Similar phenomena can also be found in [22] and [23] but they are monopole-slot-monopole 

combinations. In order to further improve the bandwidth in higher bands (greater than 1700 

MHz), the feeding line (2) (see Fig. 4.18) of each PIFA is optimized to provide another 

resonance at 2500 MHz. This way, in the higher bands, both PIFAs can cover a band of 

1700-2700 MHz with isolation greater than 15 dB, as shown in Fig. 4.19 (a). 

 

                                                             

 

Figure. 4. 18. The geometries of the wideband collocated dual-PIFA MIMO antennas. (Unit: mm) [Paper VI] 

 

The ECC and efficiencies in the operating bands are given in Fig. 4.19 (b) and (c), 

respectively. In the lower bands, because of the diagonal antenna-chassis mode, the 

bandwidths of 0.5 ECC and -4 dB total efficiencies have been tuned into the same range as 

that of the impedance bandwidth. In the higher bands, since the mutual coupling is quite low, 

within the 1700-2700 MHz band, the ECC and total efficiency are better than 0.5 and -2 dB, 

respectively. 

   Summarizing the discussions above, the proposed multiple wideband MIMO antennas 

can cover a MIMO bandwidth of 740-960 MHz and 1700-2700 MHz within a very small 

volume. 

The measurements have also been carried out for the fabricated multiple wideband 

MIMO antennas and compared with the simulations, as presented in Fig. 4. 19. A good 

agreement can be found there, which verifies the correctness and effectiveness of applying a 

diagonal antenna-chassis mode into the practical wideband MIMO antenna design. 
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                      (a)                                       (b) 

 

                      (c) 

Figure. 4. 19. The simulated (a) S Parameters, (b) envelope correlation coefficients and (c) efficiencies for 

different wideband collocated dual-PIFA MIMO antennas. [Paper VI] 

4.2.4 Separately located LTE MIMO Antenna 

           

(a)                      (b)                     (c)                      (d) 

Figure. 4. 20. The diagonal antenna-chassis mode of the adjacent corner located arrangement for (a) 700-800 

MHz bands and (b) 800-960 MHz bands. The diagonal antenna-chassis mode of the diagonal corner located 

arrangement for (c) 700-800 MHz bands and (d) 800-960 MHz bands. [Paper VI] 
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If two LTE MIMO antenna elements are separately located on the adjacent corners, the 

diagrams for 700 MHz bands are shown in Fig. 4.20 (a) and (b), respectively. It can be 

observed that the diagonal antenna-chassis mode and crossed current paths of two MIMO 

elements are still available. It is different from the collocated case, due to the mutual coupling 

the ground plane extension is along the long chassis edge, which will reduce the θ value in 

Fig. 4.20 and weaken the diagonal antenna-chassis mode. For each frequency, the stronger 

diagonal antenna-chassis mode will lead to a shorter on-chassis dipole arm and larger θ in 

Fig.4.21. This will result in the following phenomena: the frequency shift effects on the ECC 

null will be cancelled out but the ECC can still be reduced (due to the larger θ). Due to the 

weaker long-edge current components, the mutual coupling and the total efficiency can be 

improved. In summary, in the adjacent corner located case, the diagonal antenna-chassis 

mode should be made as strong as possible to achieve a good MIMO bandwidth. In addition, 

compared with the collocated case, the diagonal antenna-chassis mode in this arrangement is 

quite weak, but due to the much larger inter-element distance the performance will not 

degrade so much. 

   The diagram of the diagonal antenna-chassis mode in the diagonally located arrangement 

is shown in Fig. 4.20 (c) and (d). It can be clearly observed that the on-chassis dipole arms of 

MIMO elements are parallel with each other. It means that the radiation patterns of two MAS 

elements will be similar causing a high ECC and low efficiency. Therefore, the diagonal 

corners are the worst located arrangement for MIMO bandwidth. In this arrangement the 

diagonal antenna-chassis mode should be as weak as possible to enlarge the distance of the 

two parallel on-chassis dipole arms in order to improve performance. 
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Chapter 5 

 

Body Loss Investigation and User-Effect 

Reduction for LTE MIMO Antennas in Mobile 

Terminals  
 

In Chapter 4, the methods of proposing a high performance wideband LTE MIMO system 

have been introduced. The low envelope correlation coefficient and high total efficiencies can 

be realized in free space. However, in practice the interactions between the mobile terminal 

and the user will reduce the total efficiency of handset antennas by shifting the resonant 

frequencies and absorbing some of the radiated/received power. The effects of the user’s 

hand and head on single mobile terminal antennas have been studied in [1]-[3]. The effect of 

the user’s hands on the operation of lower UHF-band mobile terminal antennas can be found 

in [4]. Unfortunately, the research in [1]-[4] only focus on the user effects on a single antenna. 

A dual-element MIMO antenna array with hand effects has been studied in [5] for the 

diversity performance at 2 GHz in mobile terminals. Another research about actual diversity 

performance of a multiband diversity antenna with hand and head effects can be found in [6]. 

The diversity mobile antenna elements utilized in [6] are one on-ground (OG) PIFA and one 

ground-free PIFA, located at each end of the chassis. However, the user effects on MIMO 

channel performance and body loss have not been well investigated for the multi-wide bands 

of 750-960 MHz and 1700-2700 MHz. Other different types of MIMO antennas (collocated 

GF MIMO, orthogonal OG MIMO, and parallel OG/GF MIMO antennas) have not been 

studied. Furthermore, the methods of reducing the user effects still are not presented in [6]. 

 

5.1 Body Loss and MIMO Performance Investigation of the Different LTE 

MIMO Antenna Types with the User Effects for Mobile Terminals 

   In Paper VII, the body loss and MIMO performance of MIMO antennas with user effects 

are studied over different mobile terminal lengths (90mm, 110mm, 130mm and 150mm). 

Different MIMO antenna types are investigated, as shown in Fig. 5.1. Three kinds of user 

effects, namely, SAM head and PDA hand (talk mode), PDA hand (data mode), and dual 

hands (read mode) are utilized to simulate the actual user positions. The model of the user 

effects are presented in Fig. 5.2. The relative positions of the whole MIMO antenna array and 

the user’s body (SAM head and PDA hand; PDA hand) are in accordance with the CTIA 

revision 3.1 [7]. For the case of dual hands, since there is no set standard yet, the whole 

antenna array and dual hands are arranged in the commonly handsets-holding way. The body 

loss studies of the four kind of MIMO antennas are carried out at  four frequency points of 
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0.75, 0.85, 1.9 and 2.6 (or 2.1) GHz, as well as on different MIMO modes (one receiving/one 

transmitting, and simultaneously transmitting/receiving). The dielectric properties of the 

human tissue used in this paper can be found in [8]. The body loss is calculated by the 

definition formula: 

   Body Loss= Radiation Efficiency free space (dB) – Radiation Efficiency user effect (dB)      

(5.1) 

 
Figure. 5. 1. Diagrams of different types of MIMO antennas. 

 

 

(a)                                       (b) 

 

(c)    

Figure. 5. 2. The models for (a) talking mode (head and hand), (b) data mode (single hand) and (c) reading 

mode. 
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The detailed analyses and figures can be found in Paper VII. It is discovered that the body 

losses and MIMO performances with the user effects are highly affected by the ground status 

(ground free or on ground), element locations (collocated, separately located or orthogonally 

located) and feeding positions. If an adaptive function is exciting to change these factors 

above (ground, element and feeding locations) according to the user positions, the body loss 

can be efficiently reduced and hence MIMO performance can also be improved. Furthermore, 

the phase of two MIMO antennas will also result in different body loss and some phases 

causing high body losses should be avoided in practice. 

 

5.2 Adaptive Quad-Element Multi-Wideband Antenna Array for 

User-Effective LTE MIMO Mobile Terminals 

    

 

Figure. 5. 3. Geometry of the proposed quad-element LTE MIMO antenna array. [Paper VIII] 

   

  

                        (a)                                           (b)                 
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                        (c)                                           (d)                 

Figure. 5. 4. (a) The S parameters, (b) Total efficiency, (c) Envelope correlation coefficients and (d) 

Multiplexing efficiency, of the different dual-element combinations in the adaptive quad-element LTE MIMO 

antenna array. [Paper VIII] 

 

In Paper VIII an adaptive concept is introduced for the user-effect reduction. This 

function can be realized through a quad-element multi-wideband MIMO antenna array, as 

given in Fig. 5.3. With the existence of human body, the best two elements out of four will be 

selected as a dual-element MIMO array, with the other two ports and grounding points open. 

The performances of the proposed quad-element MIMO array in free space, talking mode, 

data mode and reading mode can be obtained from Fig. 5.4, Fig. 5.5, Fig.5.6 and Fig. 5.7, 

respectively. 

From the total efficiency, envelope correlation coefficient and multiplexing efficiency for 

the three kinds of user effects, some general rules and physical explanations can be given as 

follows (not restricted only to our proposed MIMO antenna array): 

1. In the talk mode, compared to the PDA hand, the SAM head will bring more efficiency 

loss for the Antenna 1 and Antenna 2 position than the position of Antenna 3 and Antenna 4. 

2. The total efficiency variations between different combinations in the lower band 

(750-960 MHz) are relatively small compared with those in the higher band (1.7-2.7 GHz). In 

other words, the lower band efficiency is less sensitive to the body coverage than the higher 

band. This is because in the higher band the array is the only main radiating part, while in the 

lower band, besides the dual-element array, the ground plane is also a main radiator [9].  

3. The envelope correlation coefficient in the lower band can be reduced effectively if the 

dual-element combination has the following two characteristics: large human body coverage 

of the whole dual-element antenna array, and user hand placed approximately symmetrically 

between two ports. The reason is as follows: when the dual-element array satisfies these two 

characteristics the user hand can be viewed as a source of scattering. This scattering will 

efficiently separate the radiation patterns of the two MIMO antenna elements and 

consequently achieve a low correlation.  

4. In the lower band, the multiplexing efficiency of the dual-element combination with 

the largest coverage of the user’s body can sometimes perform better than the other 

combinations. This is somewhat counterintuitive. Low body coverage does not always give a 
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good result. In the higher band, the best performance should result from the combination with 

the least body coverage. The mechanism behind this phenomenon is as follows: the 

multiplexing efficiency is determined by two factors– total efficiency and the envelope 

correlation coefficient. In the lower band, the correlation between two antennas is relatively 

high. This is the main reason for the decrease of the MIMO channel capacity. As mentioned 

in items 2 and 3, the large body coverage can reduce the correlation very effectively and the 

efficiency will not decrease a lot. Thus the large body coverage can sometimes give a better 

multiplexing efficiency than the others. In the higher band, the correlation has fallen to a 

quite low level and the total efficiency is the main influencing factor on the multiplexing 

efficiency. Reducing the body coverage (the loss of efficiency) can directly increase the 

MIMO performance. Additionally, if the MIMO antenna elements have a quite low envelope 

coefficient in the lower band, it can be expected that the low body coverage will also obtain a 

higher multiplexing efficiency than a high coverage. However, due to the limited space in 

mobile terminals and the strong chassis mode in the lower band, it is very difficult to make 

sure all the dual-element combinations have a low correlation. 

 

  

 (a)                                              (b)   

  

                      (c)                                             (d)                                                                    

Figure. 5. 5. (a) Model and antenna elements locations, (b) Total efficiency, (c) Envelope correlation coefficient 

and (d) Multiplexing efficiency, of the SAM head and PDA hand (talk mode). [Paper VIII] 
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   (a)                                           (b)   

  

                        (c)                                           (d)                                               

Figure. 5. 6. (a) Model and antenna elements locations, (b) Total efficiency, (c) Envelope correlation coefficient 

and (d) Multiplexing efficiency, of the PDA hand (data mode). [Paper VIII] 

 

  

   (a)                                               (b)    
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                        (c)                                          (d)                 

Figure. 5. 7. (a) Model and antenna elements locations, (b) Total efficiency, (c) Envelope correlation coefficient, 

and (d) Multiplexing efficiency, of the dual hand (read mode). [Paper VIII] 

 

The experiment results agree well with the simulations, as illustrated in Paper VIII. To 

summarize the simulation and experimental results, in practical applications, Antenna pair (3, 

4) and Antenna pair (1, 2) can be utilized for the talk mode (with the consideration of the 

SAR), and data mode, respectively. For the read mode case, Antenna pair (1, 4) and Antenna 

pair (2, 3) will be used in the lower and higher bands, respectively. 

The quad-element MIMO array in Paper VIII is just one example (or solution). Some 

other adaptive concepts also need to be further developed based on the research in Paper VII. 
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Chapter 6 

 

Conclusions and Summary of Papers 
 

6.1 Conclusions 

In this thesis, we have investigated and enhanced the performance of multiple antenna 

systems in compact MIMO/diversity terminals. The background has been introduced briefly. 

Several parameters, such as correlation, diversity gain, MIMO capacity, multiplexing 

efficiency, etc., have been studied to help evaluate the MAS performance. 

For a MAS operating in the higher bands and with high radiation efficiency, the major 

topic is how to reduce the mutual coupling between MAS elements. This is because in this 

case the low mutual coupling can successfully lead to low envelope correlation coefficients 

(between MAS elements) and high total efficiencies (of MAS elements) to improve the 

MIMO/diversity performance. A half-wavelength decoupling slot antenna, formed by the 

neighboring edges of two PIFAs and a slot on the ground plane, has been introduced. The 

coupling current from one element to the other was efficiently blocked by the slot antenna 

and the high isolation was achieved. Since there was only one slot between two PIFA, the 

inter-PIFA distance could further decrease while maintaining the low mutual coupling. In 

order to extend the idea of the decoupling slot into the MAS with the arbitrary sizes and 

shapes of the ground plane, a quarter-wavelength decoupling slot antenna with an impedance 

transformer were studied. By adjusting the length of the T-shape slot, the decoupling slot 

antenna could be excited in any size and shape of the ground plane, and furthermore a 

dual-band dual-isolation property was also realized in a dual-PIFA MIMO/diversity antenna 

array. A tree-like decoupling parasitic element was inserted between two UWB radiators. 

Wideband isolation was achieved through reflecting or blocking the coupling with the 

tree-like structure. Different polarizations and radiation patterns of two MAS elements were 

also exploited to design a compact UWB MIMO/diversity antenna for USB dongle 

applications. 

In the lower bands (below 960 MHz), due to the low radiation efficiency and strong 

chassis mode, the mutual couple cannot estimate the envelope correlation coefficients 

accurately any more. The targets should be changed to how to realize the low correlations and 

high total efficiencies directly. A new mode of mutual scattering mode has been investigated. 

Utilizing this mode, each MAS element was viewed as a scatterer of the others when the Q 

factors of MAS elements increased. The radiation patterns of MAS elements were separated 

automatically due to this scattering effect. With the inter-element distance of the MAS larger 

than the Critical Distance, a higher Q factor also improved the total efficiency. A wideband 

LTE MIMO antenna with multiple resonances was designed in mobile terminals, taking all 

the advantages of the properties of this mode. In order to further improve the impedance 

bandwidth while maintaining the good MIMO/diversity performance of MAS, another mode 
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of diagonal antenna-chassis mode were introduced. The high Q factors required for the low 

correlation and high efficiencies in mutual scattering mode were reduced. Hence, the 

bandwidth of wideband LTE MIMO antenna with multiple resonances mentioned above was 

enlarged significantly without the degradation of the MIMO/diversity performance.  

Human body as a kind of material with high permittivity and losses would highly change 

the performance of MAS in a handset terminal. These effects were studied in this thesis under 

different MIMO antenna types, chassis lengths, frequencies, port phases and operating modes. 

An adaptive quad-element MAS were proposed and investigated under different user 

positions. In the applications, the best two elements out of four were selected as a MIMO 

antenna array. It was found that: (1) the total efficiency variations between different 

combinations in the lower band (750-960 MHz) were relatively small compared with those in 

the higher band (1.7-2.7 GHz). (2) The envelope correlation coefficient in the lower band 

could be reduced effectively if the whole dual-element antenna array had the large human 

body coverage and the user hand was placed approximately symmetrically between two ports. 

(3) In the lower band, the multiplexing efficiency of the dual-element combination with the 

largest coverage of the user’s body might perform better than the other combinations. Some 

other general rules not limited to the designed MAS have also been given. 

As for the future work, there are still several important directions or topics in this area. 

The correlations and total efficiencies in a MAS operating in the lower bands need to be 

further improved in a wider bandwidth. How to further significantly reduce the body loss, 

especially in talking mode, still has a long way. MIMO antenna systems, applied to some 

other technology, i.e., RFID, body centric communications, also need to be investigated. 

 

6.2 Summary of Papers 

Paper I: This paper introduced an efficient isolation enhancement method for a 

closely-positioned tunable dual-PIFA array. Low mutual coupling was realized through a λ0/2 

folded slot antenna which is formed by a slot etched on the ground plane and the neighboring 

edges of the two PIFAs. Direct coupling was trapped by the slot antenna which radiated the 

coupling power into free space. A measured mutual coupling of less than -36.5 dB can be 

achieved between two PIFAs at 2.45 GHz with a very small inter-element distance.  

 

Paper II: This paper proposed a mutual coupling reduction method for two closely spaced 

PIFAs with arbitrary size and shape of the ground plane. Through a T-shape slot impedance 

transformer, both single-band and dual-band MIMO PIFAs can be well proposed with high 

isolations. The locations of the single-band and dual-band MIMO PIFAs on the ground plane 

were also studied. An eight-fold increase in the bandwidth of one PIFA was achieved, when 

the single-band PIFAs were positioned at one corner of the ground plane, with the bandwidth 

of the other PIFA and the low mutual coupling unchanged. 

 

Paper III: This paper studied a wideband isolation enhancement technology. With a tree-like 

structure on the ground plane, a compact printed UWB MAS with a compact size of 35 × 40 
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mm and a wide band of 3.1-10.6 GHz was designed. Within that band, a low mutual coupling 

can be achieved. The effectiveness of the tree-like structure was analyzed. Measured results 

agreed well with the simulations. 

 

Paper IV: This paper proposed a closely-positioned UWB MAS (of two elements) with a 

small size of 25 mm by 40 mm for USB dongle applications. Wideband high isolation was 

achieved through the different patterns and polarizations of the two UWB MAS elements. 

Moreover, the slot formed between the monopole and the ground plane of the half slot 

antenna was utilized to further reduce the mutual coupling at the lower frequencies and to 

provide an additional resonance at one antenna element in order to increase its bandwidth. 

The underlying mechanisms of the antenna’s wide impedance bandwidth and high isolation 

were analyzed in detail. Based on the measurement results, within the operating wide band, 

the isolation is higher than 26 dB. Furthermore, a chassis mode was excited when a physical 

connection was required between the ground planes of the two UWB MAS elements. With 

the performance of the half slot element unchanged, the monopole could cover a band of 

1.78-3 GHz, in addition to the UWB band. 

 

Paper V: This paper introduces a mutual scattering mode. Utilizing this mode, the correlation 

of a lossy LTE MIMO antenna array can be reduced efficiently, even down to zero, by 

increasing the Q factors of the MIMO antenna elements. In practice, the Q factors can be 

straightforwardly tuned through different input impedance matching, and the zero correlation 

occurs with the Q factor higher than that from the conjugate input impedance matching. On 

one hand, when the inter-element distance is larger than a certain distance (what we 

denominate as the Critical Distance), the total efficiency could also be improved in addition 

to reducing the correlation. On the other hand, when the inter-element distance is less than the 

critical distance, a reference MIMO antenna with high correlation and high total efficiency 

could be proposed for OTA measurement applications. This mode is investigated for the dual 

monopoles with a large lossy ground plane (by a general analysis) and various mobile 

terminal MIMO antennas. A wideband MIMO antenna, with multiple resonances,  covering 

a band of 746-870 MHz is proposed with the envelope correlation coefficient and total 

efficiency less than 0.5 and higher than 50% (-3dB), respectively. Measurements and 

simulations agree well for all the fabricated prototypes. The envelope correlations and the 

multiplexing efficiencies of the prototypes are also investigated in Gaussian distributed 

propagation channels.  

 

Paper VI: This paper introduced a diagonal antenna-chassis mode. A parameter of MIMO 

bandwidth was defined as the overlap range of the low-envelope correlation coefficient 

(ECC), high-total efficiency and -6 dB-impedance matching bandwidths. Utilizing the 

diagonal mode, the MIMO bandwidth of the collocated MIMO antennas can be improved 

efficiently at frequencies lower than 960 MHz. This was realized through moving the three 

bandwidths to the same range and enlarging the low-ECC bandwidth without the degradation 

of impedance bandwidth and total efficiency. As a practical example a wideband collocated 
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LTE MIMO antenna was proposed covering the bands of 740-960 MHz and 1700-2700 MHz. 

Within the operating lower and higher bands the total efficiencies were larger than -3.4 and 

-1.8 dB with the ECC lower than 0.5 and 0.1, respectively. Furthermore, the diagonal 

antenna-chassis mode was also investigated in the adjacent corner and diagonal corner 

MIMO element locations. Some useful conclusions were given to enlarge the MIMO 

bandwidth. Some measurements of the S Parameters, envelope correlation coefficients, total 

efficiency and 3D radiation gain patterns were carried, and agreed well with the simulations. 

 

Paper VII: This paper studied the body loss and MIMO performance for LTE MIMO 

antennas in mobile handset systems with the effects of different MIMO antenna types, chassis 

lengths, phase difference and operating mode (separated mode or simultaneous modes) under 

the mobile phone frequency points in 700-960 and 1700-2700 MHz. Three kinds of practical 

cases were investigated: SAM head+ PDA hand, single PDA hand, and dual hands. Some 

general rules were provided. 

 

Paper VIII: This paper proposed a compact MAS adaptive to the effects of the user’s body for 

LTE MIMO mobile terminals. The bands 750-960 MHz and 1700-2700 MHz were covered 

with high efficiency in free space. Three kinds of user effects were studied: SAM head and 

PDA hand; PDA hand; and dual hands. The array was formed by selecting the best two 

elements out of four, with the other two ports and grounding points open. The user effects 

were reduced through the spacing of the element feeds on the mobile chassis, and the MIMO 

channel capacity was improved by the element selection. The total efficiency, envelope 

correlation coefficient, and multiplexing efficiency were presented for the three user effects. 

In the lower band, the decreased correlation from the selection action improved the 

multiplexing efficiency, and the underlying physical mechanisms were discussed. 

Experiments for the three user effects agreed well with the simulation results. 


