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Abstract 
Research on multiple antenna systems has been a hot topic in recent years 
due to the demands for higher transmission rate and more reliable link in 
rich scattering environment in wireless communications. Using multiple 
antennas at both the transmitter side and the receiver side increases the 
channel capacity without additional frequency spectrum and transmitted 
power. However, due to the limited space at the size-limited terminal 
devices, the most critical problem in designing multiple antennas is the 
severe mutual coupling among them. The aim of this thesis is to provide 
compact, decoupled and efficient multiple antenna designs for terminal 
devices. At the same time, we propose a simple and cost effective method 
in multiple antenna measurement. All these efforts contribute to the 
development of terminal devices for the fourth generation wireless 
communication. 

The background and theory of multiple antenna system are 
introduced first, in which three operating schemes of multiple antenna 
systems are discussed. Critical factors influencing the performance of 
multiple antenna systems are also analyzed in details. To design efficient 
multiple antenna systems in compact terminals, several decoupling 
methods, including defected ground plane, current localization, 
orthogonal polarization and decoupling networks, are proposed. The 
working mechanism and design procedure of each method are introduced, 
and their effectiveness is compared. Those methods can be applied to 
most of the terminal antennas, reducing the mutual coupling by at least 
6dB.  

In some special cases, especially for low frequency bands below 
1GHz, the chassis of the device itself radiates like an antenna, which 
complicates the antenna decoupling. Thus, we extend the general 
decoupling methods to the cases when the chassis is excited. Based on the 
characteristic mode analysis, three different solutions are provided, i.e., 
optimizing antenna locations, localizing antenna currents and creating 
orthogonal modes. These methods are applied to mobile phones, 
providing a more reliable link and a higher transmission rate, which are 
evaluated by diversity gain and channel capacity, respectively. 

In order to measure the performance of a multiple antenna system, it 
is necessary to obtain the correlation coefficients. However, the 
traditional measurement technique, which requires the phase and 
polarization information of the radiation patterns, is very expensive and 
time consuming. In this thesis, a more practical and convenient method is 
proposed. Fairly good accuracy is achieved when it is applied to various 
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kinds of antennas. 
To design a compact and efficient multiple antenna system, besides 

the reduction of mutual coupling, the performance of each single antenna 
is also important. The techniques for antenna reconfiguration are 
demonstrated, and frequency and pattern reconfigurable antennas are 
constructed, providing more flexibility to multiple antenna systems. 
 
Key words: Multiple antennas, mutual coupling, compact antennas, 
frequency reconfigurable antennas, pattern reconfigurable antennas, 
meta-material antennas, mobile antennas, fractal antennas, collocated 
antennas, antenna measurement.  
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Chapter 1 

Introduction 

Since Marconi invented the first device to transmit wireless signals in 
1895, the progress of the wireless communication system has been 
spectacular, especially in recent years. The first wireless communication 
system (1G) is analog, and only supports voice transmission, rather than 
data transmission. The second generation system (2G), appeared in the 
1990s, takes advantage of the TDMA and CDMA techniques, and 
upgrades the transmission rate to a maximum of 32kbps. Some more 
advanced techniques, such as GPRS and EDGE, are introduced to further 
increase the data rate to several hundred kbps, which are referred to as 
2.5G. To enhance the wireless communication capability, the 3G wireless 
communication, with its leading technology of WCDMA, is rapidly 
developing. However, wireless communications still face the problem of 
limited available radio frequency (RF) spectrum and complex time 
varying channels with fading and multipath effects. Thus, it is crucial to 
increase channel capacity and system reliability without sacrificing 
additional frequency spectrum and transmit power. In this circumstance, 
the 4G wireless communication system characterized by the multiple 
input multiple output (MIMO) technology comes up, aiming to provide a 
target rate of 1Gbps. 

1.1 Wireless Channels 
A transmitted signal propagating through the wireless channel arrives at 
the receiving end along a number of different paths. A typical plot 
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depicting the received power as a function of the distance is shown in Fig. 
1.1[1]. It is noticed that the received power can vary by 100dB or more. 
The drop of the power is caused by three effects: the path loss, the large 
scale fading and the small scale fading, as described in Fig. 1.1 (b). 

 

(a)                                         (b) 
Figure 1.1 (a) Received power as a function of the distance between TX and RX; (b) 
Types of received power variations. 

The path loss effect is due to the free space loss. It depends 
monotonically on the distance between the transmitter (TX) and the 
receiver (RX). According to Friis’ law [2], the received power in free space 
is 

2

4RX TX TX RXP P G G
d

λ
π

 =  
 

,                    (1.1) 

where PTX and PRX denote the transmitted and received power, 
respectively, λ is the wavelength, GTX and GRX are the power gains of the 
transmitting  and receiving antennas respectively, and d is the distance 
between TX and RX. Several empirical pass loss models have been 
developed and described in [3]-[5]. 

Large scale fading is caused by the shadowing effects of large objects, 
such as buildings and mountains, and it is the received power averaged 
over a small area (e.g., 10 ×10 wavelength). The variations can be clearly 
seen when the RX moves on a circle around the TX as shown in Fig. 1.1 (b) 
[1]. 

Small scale fading happens on a scale comparable to one wavelength, 
and it is attributed to multi-path components (MPC). In practice, the 
number of possible propagation path between TX and RX is very large, 
and each path has a distinct amplitude, delay, direction of departure and 
direction of arrival; most importantly, each path has a different phase shift 



Chapter 1  Introduction                                                                  3 

with respect to each other. Thus, when the MPCs add up to each other, the 
effect could be either constructive or destructive. The phase difference in 
turn depends on the positions of the TX, RX and interacting objects. For 
this reason, any small movement in the channel system could change the 
total received power at RX.  

Multiple antenna systems (MAS) are introduced to counteract the MPC 
effects to increase the reliability of the wireless communication. More 
importantly, multiple antenna systems can take advantage of MPCs and 
make new dimensions to increase the transmission data rate with the same 
transmitted power. 

1.2 MIMO Wireless Communications  

Tx Rx

Tx Rx

1

2

MT

1

2

MR

MIMO radio channel

(a) SISO

(b) MIMO
 

Figure 1.2 Block diagram of SISO and MIMO systems. 

The conventional single input single output (SISO) configuration is well 
known in a radio system, where one transmitting antenna and one 
receiving antenna are employed. The model of a SISO system is given in 
Fig. 1.2 (a). According to the description from Shannon [6], the capacity 
for a SISO system in Additive White Gaussian Noise (AWGN) channel is 
expressed as: 

)1(log
0

2 WN
P

WC +=  ,                       (1.2) 

where W is the bandwidth, P is the received mean power, and N0 is the 
noise power spectrum density. Considering the multipath effects of the 
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wireless channels and assuming the bandwidth of 1 Hz, the capacity can 
be represented as [7]: 

)1(log 2

0
2 h

N
PC T+=  .                       (1.3) 

where h is the impulse response satisfying E{ 2h }=1, and E{●} is the 
expectation operator. Eq. (1.3) reveals that the channel capacity for the 
SISO system only increases logarithmically with the increase of the 
transmitted power. For high signal to noise ratio (SNR), an increase of 
only 1bps/Hz in capacity requires a 3dB increase in the transmitted 
power. 

A MIMO radio link system with multiple antennas at both TX and RX 
is shown in Fig. 1.2 (b). The MIMO system was originally suggested in [8], 
and they attracted great attentions through theoretical investigations in the 
1990s [9], [10]. In MIMO systems, the transmitted signal at TX and the 
received signal at RX are defined as: 

1 2[ , ,... ]
T

T
Ms s s=S  ,                 (1.4) 

1 2[ , ,... ]
R

T
My y y=Y  .                (1.5) 

The input-output of such a system is described as: 

= +Y HS n  .                    (1.6) 

In Eq. (1.6), 1RMC ×∈n  is the AWGN noise vector at the receiving 
antennas and channel matrix H is expressed as:  





















RTTT

R

R

MMMM

M

M

hhh

hhh
hhh









21

22221

11211

 ,             (1.7) 

where hmn is the complex transmission coefficient from the element n at TX 
to the element m at RX.  

When the channel is unknown to the transmitter, i.e., the signals are 
equally powered at the transmiting antennas, the channel capacity in the 
MIMO radio system is given by [10] 
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2
0

log det( )
R

HT
M

T

PC
M N

= +I HH  ,            (1.8) 

where RMI is a MR×MR identity matrix, and (●)H denotes the Hermition 
transpose. Eq. (1.8) reveals that using multiple antennas at the transmitter 
and the receiver in a wireless link opens multiple scalar spatial data pipes 
between the transmitter and the receiver [11]. It is concluded in [10] and 
[11] that with independent and identically distributed (IID) channels, a 
MIMO system can provide a min (MT, MR) times the scalar channel 
capacity compared with a SISO channel. The properties of the IID channel 
matrix Hw are described below: 

,{[ ] } 0w i jΕ =H  ,                      (1.9) 
2

,{[ ] } 1w i jΕ =H  ,                    (1.10) 
*

, ,{[ ] [ ] } 0w i j w m nΕ =H H  if i ≠ m or j ≠ n.         (1.11) 

1.3 Outline of the Thesis 
This thesis is mainly based on the simulation and experimental studies of 
the advanced antenna design and measurement technique in multiple 
antenna systems. 

Chapter 2 covers an introduction to the operating schemes of the 
multiple antenna systems, including spatial multiplexing, diversity and 
beam forming. Important parameters to evaluate the performance of 
multiple antenna systems are discussed. 

Chapter 3 describes general decoupling techniques in closely packed 
multiple antenna systems. Four different decoupling methods are analyzed, 
discussed and compared. Specific examples are taken to better illustrate 
their working mechanisms. Most of the antennas in this chapter work at 
higher frequency bands, such as WLAN.  

Chapter 4 addresses the effective decoupling methods for multiple 
antennas with chassis excitation, especially at low frequency bands below 
1GHz. Mobile antennas are taken as examples in this chapter. 
Characteristic mode is employed to analyze the mutual coupling between 
antennas on an excited chassis. Practical solutions are provided according 
to the theoretical results.   

Chapter 5 introduces a simple and novel method to calculate the 
correlation coefficients in lossy multiple antenna systems. The method is 
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very cost effective, and it brings great convenience to the antenna 
measurement.  

Chapter 6 presents some single antenna design techniques, including 
antenna miniaturization, frequency reconfiguration and pattern 
reconfiguration. Those techniques can be applied to or combined with 
multiple antenna systems to serve different requirements.  

Chapter 7 presents the conclusion of the thesis work and some 
thoughts for the future research. The contributions of the listed papers are 
also concluded. 
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Chapter 2 

Multiple Antenna System 

Multiple antenna systems are employed both at the base station and at the 
mobile terminal for varies kinds of purposes, which are achieved through 
the following operating schemes: 

• Spatial multiplexing: this is the most important operating scheme 
of MAS. In this case, multiple antennas at RX can serve on the 
same time and frequency slot, since antennas at TX can distinguish 
them by means of different spatial signatures. Parallel data pipes 
are established and hence the channel capacity is increased [1]. 

• Diversity: diversity techniques are used to overcome the problem 
of fading in radio channels. Under this circumstance, multiple 
antennas send the same signal over the channels. If one receiving 
antenna is experiencing a low signal level due to fading, some other 
antennas will probably not suffer the same fading deep, since they 
are not in the exact same positions or polarizations [12]. Diversity 
technique improves the reliability of the wireless links. 

• Beamforming: this technique is used to increase the coverage of 
the base station. If the position of the TX antenna is known, the RX 
antenna array can form a pattern in the direction of the TX, 
resulting in a higher SNR at RX. The improvement in SNR thus 
increases the area that can be covered by the TX (e.g., base station). 

In this chapter, those operating schemes for multiple antenna systems 
are described, together with the critical figure of merits, which evaluate the 
system performance. Among those techniques, beam forming is only 
briefly discussed, since it addresses the signal processing, rather than 
antenna design. After the introduction of the schemes, crucial factors that 
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have great impact on multiple antenna systems are also investigated. 

2.1 Spatial Multiplexing 
Spatial multiplexing uses multiple antennas at both TX and RX for 
transmission of parallel data streams. The original data stream is 
multiplexed into several parallel streams, and sent through MT transmit 
antennas. All these data streams are mixed up by the channel, and then 
received by MR antennas, with each receiving antenna seeing a 
combination of the data streams. In this case, the channel capacity, i.e., the 
maximum achievable data rate, is expressed as [10]: 

2( )
0

max log det( )
R

T

HT
MM

T

PC
M N=

= +
ss

ssTr R
I HR H  ,          (2.1) 

where Rss denotes the covariance matrix of S in Eq. (1.4), and must satisfy 
Tr(Rss) = MT to constrain the total transmitted power. The channel 
capacities with and without channel knowledge at the transmitter are 
discussed in the following. 

2.1.1 Equal Power Capacity 

When the channel knowledge is not known at the transmitter, the MT 
transmit antennas are equally powered. The channel capacity in such a case 
is described in Eq. (1.8) and represented here: 

2
0

log det( )
R

HT
M

T

PC
M N

= +I HH  .              (2.2) 

Applying the eigenvalue decomposition of  
H H=HH QΛQ                          (2.3) 

into Eq. (2.2) gives: 

)1(log
01

2 i
T

T
r

i NM
PC λ+=∑

=
 ,                  (2.4) 

where r is the rank of the channel and λi are the positive eigenvalues of 
HHH , which is described in Λ= diag (λ1, λ2,…λMR). Eq. (2.4) reveals that 

the capacity of a MIMO channel is the sum of the capacity of r SISO 
channels. 

If antennas at both TX and RX are spaced very closely, and cannot 
distinguish the directions of the transmitted/received waves, all the transfer 
functions (hi,j) seen by the antennas are identical. Thus, the rank of the 
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matrix HHH is unity. In this case, λ1= MTMR and λi (i ≠ 1) = 0. From Eq. 
(2.4), the channel capacity is obtained as: 

)1(log
0

2 R
T M

N
PC +=  .                (2.5) 

Compared with the capacity in the SISO antenna system in Eq. (1.3), it 
is observed that the SNR is increased by a factor of MR, i.e., a logarithmic 
increase occurs with the increase of the number of antenna elements. 

If antennas at both TX and RX are separated far apart, and arranged in a 
special way, different antenna elements can see different transfer functions. 
Thus, channel matrix H is full rank. Under this condition, assuming that 
MT = MR = M and H is an orthogonal matrix satisfying 

( / )H H
MMξ= =HH H H I , the resulting channel capacity is: 

)1(log
0

2 N
PMC T+=  .                   (2.6) 

In this case, the channel capacity increases linearly with the number of 
antennas elements. 

2.1.2 Waterfilling Capacity 

When the channel is known at the transmitter, the channel capacity can be 
further increased by assigning unequal power to the transmit antennas. A 
well-known power allocation method is water filling [13]-[15]. With this 
method, the best eigenmodes of the propagation channel are selected, 
whereas the weaker channels are discarded, i.e., advantages are taken over 
the subchannels with higher gains. 
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Figure 2.1 Schematic model of decomposition of H using water filling. 

The channel matrix H, with rank r, has a singular value decomposition 
(SVD) 

H=H UΣV  ,                      (2.7) 
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where U and V are the MR×r and MT×r matrix respectively, satisfying UHU 
= VHV = Ir, and Σ=diag{σ1, σ2,… σr}, with σi > 0 and σi > σi+1. Fig. 2.1 
exhibits the schematic model of decomposition of the channel matrix with 
water filling method. The input-output relation in Fig. 2.1 (a) can be 
expressed as 

' ' ' 'H HT T

T T

P P
M M

= + = +Y U HVS U n ΣS n  ,         (2.8) 

where 'Y  and 'n  are the transformed received signal vector and noise 
vector, respectively. The dimensions of both vectors are r×1. Thus H can 
be decomposed into r parallel channels as in Fig. 2.1(b), and described as: 

'''
iii

T

T
i ns

M
Py += λ  .                     (2.9) 

Summing up all those subchannels, the capacity of the MIMO system is 
obtained as: 

)1(logmax
01

2

1

ii
T

T
r

iM NM
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r

i
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λg
g

+
∑

= ∑
==

=

 ,           (2.10) 

where ig  is the transmit power in the ith subchannel. To maximize the 
channel capacity, the water filling method gives the optimal power 
allocations ig  as [11]: 

),( 0

iT

T
i P

NM
λ

µg −=                     (2.11) 

where 

]11[
)1(

1

1

0 ∑
+−

=

+
+−

=
pr

i iT

T

P
N

pr
M

λ
µ  ,           (2.12) 

In Eq. (2.12), p is the iteration count, whose initial value is 1. If 0ig > , the 
corresponding channel is used to transmit data. If 0<ig , the corresponding 
channel is discarded, and ig  is set to be 0. The details of the water filling 
method can be found in [13].  

The channel capacity with channel knowledge at the transmitter is 
larger than that without channel knowledge at the transmitter. The water 
filling method can also be applied to frequency and time dimension to 
further increase the channel capacity. 
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2.1.3 Multiplexing Efficiency 

Capacity describes the MIMO performance at a system level, including all 
the effects in the TX, channel and RX. It is very useful but lacks intuitive 
explanations in perspective of multiple antenna designs. Recently, 
multiplexing efficiency is introduced as a new figure of merit to evaluate 
the antenna performance in spatial multiplexing MIMO [16].  

Multiplexing efficiency is defined as the power penalty of a non-ideal 
antenna system in achieving a given capacity, compared with an ideal 
antenna system with 100% total antenna efficiencies and zero correlation 
between antennas. It is described as 

1/0 ≤= Tmux ρρη ,                      (2.13) 

where 0ρ  and Tρ  are the power (or SNR) required by the ideal antenna 
system and the real antenna system, respectively, to achieve the same 
capacity. Following the process in [16], in an M×M multiple antenna 
system, the multiplexing efficiency for high SNRs can be expressed as: 

1 1_

1

( ) det( )
M

M M
mux i

i

η η
=

= ∏ R                   (2.14) 

where iη is the total efficiency of the ith antenna element, and 
_

R  is the 
normalized correlation matrix whose diagonal elements are unity and 
off-diagonal elements refer to the complex correlation coefficient between 
each two antenna elements. The correlation coefficients between antennas 
will be studied in details in section 2.4. 

For a simpler case with two antennas at both TX and RX, the 
multiplexing efficiency can be simplified as: 



2
mux 1 2 (1 )

g r

r
η η

η ηη= −
((

.                    (2.15) 

In Eq. (2.15), the term ηg is the geometric mean (or arithmetic mean in 
decibel) of the antenna efficiencies, which indicates the overall influence 
of efficiency and efficiency imbalance, whereas ηr reveals the equivalent 
power loss due to correlation. This equation is useful in testing and 
comparing different multiple antenna terminals. 

2.2 Diversity 
Different from the technique of spatial multiplexing, diversity technique 
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provides the multiple replicas of the same transmitted signal to the receiver, 
in order to combat multipath fading and increase the reliability of the 
channel links. With an increase number of the independent branches, the 
probability that all the branches are experiencing the same fading deep is 
reduced. Thus, the symbol error rate (SER) is reduced as well. 

The diversity technique can be applied to different dimensions, namely 
temporal diversity [25], frequency diversity [36] and antenna diversity. In 
this thesis, we focus on the mechanism of antenna diversity and the critical 
parameters to evaluate its performance. 

Assuming the IID channel and the maximum likelihood (ML) 
detection at the receiver, the average probability of the symbol error is 
upper bounded by [11],[17]: 

∏
= +

≤
M

i
ee Md

NP
1

2
min

__

4/1
1

ρ .                  (2.16) 

where _

eN and dmin are the number of nearest neighbors and minimum 
distance of separation of the underlying scalar constellation respectively 
[17], M is the number of independent diversity branches and ρ is the SNR 
at the receiver. In an IID MIMO channel with MT transmit antennas and MR 

receive antennas, M = MTMR. For high SNR scenarios, i.e., ρ >> 1, Eq. 
(2.16) can be rewritten as 

M
ee M

dNP −≤ )
4

(
2
min

__ ρ
.                  (2.17) 

It is observed that with the same SNR, the SER is greatly reduced when 
multiple antennas (branches) are used in the channel link.  

2.2.1 Antenna Diversity Category  

Multiple antennas can be utilized at the TX and/or RX to combat the fading 
through three different approaches, i.e., spatial diversity, polarization 
diversity and angle diversity. 

In spatial diversity, the antennas are separated to a certain distance. The 
magnitude of the antenna radiation pattern is almost the same for each 
antenna, however, the phase of the patterns relative to a common 
coordinate system are different. Thus, the signals received by different 
antenna elements are different. In order to achieve uncorrelated signals, a 
minimum mutual distance between antennas is required according to the 
fading environments. For example, the minimum distance is several 
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wavelengths at the base station in the urban area [18], while it is half 
wavelength for a mobile terminal [19]. A frequently used criterion in 
antenna design is that in a uniform rich scattering environment, the spatial 
separation is at least a half wavelength. 

Polarization diversity is based on the different propagation 
characteristics of different polarizations, i.e., vertical polarization and 
horizontal polarization [20]. Generally speaking, in a rich scattering 
environment, the signal from TX has varying polarizations when it arrives 
at RX due to different reflection or diffraction paths. Thus, the SER 
performance can be improved by implementing two or more different 
polarized antennas at RX and/or TX. Since the multiple antennas are not 
required to be far away from each other in the polarization diversity, and 
they can even be collocated [21], space and cost is saved for antenna 
design. Due to this characteristic, polarization diversity is attractive in 
mobile terminals, where the space is very limited. It has been reported that 
polarization diversity performs better than spatial diversity when high 
multipath components are present [22]. 

Angle diversity is achieved by shaping different radiation patterns for 
different antenna elements. In this case, several directional antennas face 
totally different directions, enabling the collection of multiple independent 
replica of the same signal. The pattern diversity at base station is compared 
with spatial diversity [23][24], and it is shown that the performance of 
angular diversity is similar to that of spatial diversity, especially in dense 
urban areas [24]. For mobile terminals, due to the mutual coupling effect, 
one antenna acts as the parasitic element to the other, and the radiation 
patterns of the two closely packed antennas are automatically altered and 
directed to different angles. It is worth noticing that this kind of angle 
diversity comes at the expense of antenna efficiency, which is attributed to 
mutual coupling. 

The three diversity techniques above can be used together in antenna 
design to achieve an optimal performance. 

2.2.2 Diversity Combining Methods  

After receiving the independent replica of the signal, diversity combining 
is required to process the signals and obtain a single improved signal as the 
system output. There are four principle diversity combining methods: 
switched combining, selection combining (SC), equal gain combining and 
maximal ratio combining (MRC). 

In switched combining, there is a predetermined threshold. When the 
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SNR of the currently selected signal drops below the threshold, the 
receiver switches to another branch that satisfies the threshold criterion. It 
is a cost effective method, since all the receive branches can share the same 
RF chain. However, it is a less efficient method, since the unused branch 
could have a higher SNR than the currently used one. 

The selection combining is an improved method relative to the 
switched combining method. It monitors all the signal branches 
simultaneously, and always chooses the one with strongest SNR. Then the 
signal is multiplied by the complex conjugate of the corresponding branch. 
The SER probability with selection combining method is given in [25]. 

In equal gain combining, all the signals are summed coherently. Since 
the phase of the signals at each antenna element is not the same, i.e., there 
are phase differences between branches, the sum of the signal could be 
constructive or destructive. To guarantee that all the branches are in phase 
so that the output signal is the constructive sum of signals in all the 
branches, a phase compensation is added to each branch before the 
combining. The phase information of the channel is required at the 
receiver. 

MRC method is the optimal diversity combining scheme, with its 
schematic drawing presented in Fig. 2.2. Each diversity branch is weighted 
with its own complex conjugate, so that the phase difference is removed as 
in the equal gain combining method, at the same time the branches with 
higher SNRs are provided with more weight. Thus we make good use of 
the good branches, and the optimal output signal is achieved. However, 
MRC method has its disadvantages. First, compared with the SC method, it 
is expensive to implement multiple RF chains. Second, perfect channel 
knowledge, including both the magnitude and the phase, is required at the 
receiver, which is difficult to estimate in practice [26]. At low SNR 
scenarios, where the channel cannot be accurately estimated, the SC 
method can give a better performance than the MRC method. 

 

Figure 2.2 Schematic illustration of the MRC method. 
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2.2.3 Diversity Gain  

Diversity gain (DG) describes the improvement in the received SNR at 
multiple antenna systems after certain combining method, relative to the 
SNR for the single reference antenna at a certain SER probability [27], 
[28].  

If the single reference antenna is the best branch of the multiple 
antennas, i.e., the branch with the higher instantaneous SNR, within the 
multiple antennas, the diversity gain at the probability P ( Cg ) is defined as 

( )
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/

/
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ccDG
g

g
g
G

G
= ,                    (2.18) 

where cg and g  are the instantaneous SNRs, cG and G are the SNRs for the 
combined signal and the best branch signal, respectively, and the 
probability is typically set as 1% or 50%. However, the comparison is not 
fair due to the presence of the other branches, which induce the mutual 
coupling and deteriorate the efficiency of the best branch antenna. In this 
situation, effective diversity gain (EDG) is introduced, where the reference 
antenna is an antenna with 100% efficiency in free space. The EDG is 
expressed as 
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In EDG, the total antenna efficiency of the best diversity branch is included, 
which means that the material loss, the mismatch and the mutual coupling 
are taken into account [29].  

 
Figure 2.3 Definitions of diversity gain (DG) and effective diversity gain (EDG). 
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Fig. 2.3 exhibits the intuitive explanation of DG and EDG. In practice, 
EDG is more frequently used to evaluate the performance of the multiple 
antennas system. 

2.3 Beamforming 
The beamforming antenna is also called a smart antenna. It aims to 
increase the received SNR and reduce the interference, and thus increase 
the coverage. For the RX, based on the time delay of the received signal on 
the antenna elements, the processor calculated the direction of arrival 
(DOA) of the signal. Then it adjusts the magnitude and the phase of the 
excitation signals of the antenna elements to produce a radiation pattern, 
which focuses its peak gain towards the signal of interest and turns the 
pattern nulls to the interferers. For the TX, the transmit signal is weighted, 
to make sure that the receiver obtains a constructive sum of different signal 
paths [30]. Channel knowledge is essential in beamforming. 

Generally speaking, the beamforming antenna is classified as switched 
beam antenna and adaptive antenna. Their working principles are briefly 
introduced below. 

Switched beam antenna 

A switched beam antenna utilizes multiple antennas to form a limited 
discrete set of patterns. The beam giving the strongest SNR or SINR 
(signal to interference and noise ratio) can be selected through the switches 
after the signal detection.  

There are many different ways to realize the process of beam switching. 
For example, multiple directional antennas can be simply put together and 
oriented towards different directions. Then selections can be made 
between them. A more popular and efficient method is the phased array. By 
changing the phase differences between the antenna elements, the main 
beam, which is very narrow, can be driven towards different directions. 
One well-known beam switching network is the Butler matrix [31], [32], 
which works as a spatial Fourier transformation. The outputs of such a 
Fourier transformation are orthogonal beams pointing to different 
directions, as shown in Fig. 2.4 (a). Different beams are chosen according 
to the position estimation of the users, hence better SNR at the user side is 
achieved. 

The switched beam antenna approach is simple and cost-effective; 
however, its flexibility is rather limited. Only a limited number of fixed 
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directions can be selected, and thus there is a risk that the direction with the 
maximum achievable SNR could be missed. Another important drawback 
is that it only aims to enhance the received power at the user, but does not 
take into account the direction of interference. In another word, it is 
possible that the interference is also enhanced due to the lack of control on 
the beams. 

 
(a)                                (b) 

Figure 2.4 Beamforming types: (a) switched beam antennas; (b) adaptive antennas 
[30].  

Adaptive antenna 

The adaptive antenna system is introduced to solve the problem of 
beam accuracy and interference. With sophisticated signal processing in 
the baseband, the adaptive antennas distinguish between the desired 
signals and the interference, calculate the DOA and change the patterns to 
optimize the performance of the system [33]. The beam patterns can be 
varied dynamically and continuously in the adaptive antenna array with a 
very narrow beamwidth. The adaptive antenna system not only greatly 
enhances the received SNR at the user, but also turns its pattern nulls to the 
interference to suppress it (Fig. 2.4 (b)). Hence, the coverage area is 
increased.  

Due to the accurate tracking and the interference rejection capabilities 
of the adaptive antenna system, multiple users can share the same 
conventional channel within the same cell. As shown in Fig. 2.4 (b), the 
adaptive array can simultaneously support two mobile users. This way, the 
system capacity is also increased. 

To compare the two beamforming techniques, their coverage 
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capabilities in scenarios with different interference levels are shown in Fig. 
2.5. The performance of the conventional sectorized antenna system is also 
described in the figure. The figure reveals that the adaptive antenna system 
always gives the best performance, followed by the switched beam 
antennas. The performances of both beamforming methods greatly exceed 
the conventional antenna system. In the scenarios with significant 
interference, the performance improvement of the adaptive arrays over the 
switched beam antennas is more obvious due to its narrower beamwidth 
and the ability to reject the interference [34]. 

 

(a)                            (b) 
Figure 2.5 Coverage patterns in (a) low interference environment and (b) significant 
interference environment for conventional antenna system, switched beam antenna 
system and adaptive antenna system [30]. 

2.4 Influence of Correlation, LOS and Polarization on 
Multiple Antenna System 

In the above discussions on the ideal channel capacity and antenna 
diversity, the IID channel as described in Eqs. (1.9)-(1.11) are assumed. 
However, due to the spatial correlation, the line of sight (LOS) component, 
the gain imbalance, etc., the channel matrix H can deviate significantly 
from that of the IID channel. Those influential factors are included in the 
channel matrix H, and are crucial for attaining a satisfying data rate and a 
reliable link during the communication. In this section, the impact of each 
factor on the MIMO performance is studied.  

2.4.1 Correlation  

The correlation in the channel describes the independence of the signals. 
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With the correlations, the channel matrix H can be modeled by 

1/2( ) ( )wvec vec=H R H ,                (2.20) 

where Hw is the channel matrix for the IID channel, vec(Hw) stacks the 
matrix Hw into a column vector, and R is the covariance matrix with the 
dimension of MT MR×MR MT, and defined by 

{ ( ) ( ) }Hvec vece=R H H .                  (2.21) 

Though Eq. (2.20) can capture any correlation effects in H, the 
calculation is complicated in practice. Hence, Kronecker channel model 
[38], with a simpler expression, is proposed and widely used in several 
IEEE standards, such as IEEE 802.11n. The Kronecker channel model 
assumes that the fading processes at the receiver are uncorrelated with 
those at the transmitter, and the channel matrix is expressed as 

1/2 1/2
r w t=H R H R ,                     (2.22) 

where T TM M
t C ×∈R and R RM M

r C ×∈R are the transmit and receive 
antenna correlation matrices, respectively. This model is correct in most 
NLOS scenarios with rich scattering. There are also some other channel 
models, such as the Weichselberger model [40] and the virtual channel 
representation [40] [41], but the details are not introduced here. 

The channel matrix Hw for an IID channel is a full rank matrix, 
indicating that there are M parallel independent channels for an M×M 
MIMO system. However, in the presence of the transmit and receive 
correlation, the rank of H is constrained by min(r(Rr), r(Rt)), where r(A) 
denotes the rank of matrix A.  

For spatial multiplexing which aims to increase the channel capacity, 
the lower rank indicates that there are fewer subchannels for the correlated 
MIMO system, resulting in lower channel capacity. Even if the Rr and Rt 
are full rank matrix, substituting Eq. (2.22) to (2.19) gives 

1/2 /2
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M N

= +I R H R H R .       (2.23) 

Assume that MR=MT=M, at high SNRs, the capacity of the correlated 
MIMO channel can be written as  

2 2 2
0

log det( ) log det( ) log det( )HT
w w r t

T

PC
M N

≈ + +H H R R .  (2.24) 
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It is calculated that 2log det( ) 0r ≤R and 2log det( ) 0t ≤R [11]. Thus, it is 
derived that the spatial correlation brings a loss of ( 2log det( )rR ＋

2log det( )tR ) bps/Hz to channel capacity.  

Antenna Correlation 

From the expression of the Kronecker model in Eq. (2.22), it is observed 
that the antenna correlation matrix is critical to the multiple antenna system. 
The correlation matrix Rr (or Rt) can be expressed as: 
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where ρc,ij is the complex correlation coefficient between antenna element i 
and antenna element j. Based on the far field patterns, ρc,ij is expressed as 
[42][43]: 
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where * *
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the polarized electric far field pattern of the antenna, Φ is the azimuthal 
angle in the xoy plane from the positive x axis with 0< Φ ≤ 2π, θ is the polar 
angle from the positive z axis with 0< θ ≤ π, XPR (cross polarization ratio) 
is the ratio of the averaged vertical power to the averaged horizontal power 
of the incident field [44], and P is the angular density function of the two 
orthogonally polarized planes. In this thesis, for simplicity, 3D uniform 
distribution is assumed and the XPR is set to be unity. 

In the mobile communication system, the envelope correlation 
coefficient is frequently used due to easy accessibility. The envelope 
correlation coefficient is defined as [27]: 

2
ce ρρ ≈ .                         (2.27) 
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2.4.2 LOS Component 

The LOS component exists by virtue of a direct path between the 
transmitter and the receiver. It deviates the channel from the Rayleigh IID 
channel. The channel with LOS component can be approximately modeled 
as the sum of a fixed component and a variable (scattered) component [11]: 

1
1 1 w

LOS component fading component

K
K K

= +
+ +

H H H
(( ((

,             (2.28) 

where K is the Rician K-factor of the system, defined as the ratio of the 
power in the LOS component to the power in the fading component. K = 0 
indicates a pure Rayleigh channel, whereas K = ∞ indicates a non-fading 
channel. 

The impact of the K factor on the channel capacity largely depends on 
the fixed component of the channel matrix H . Take two extreme cases for 
example: if channel matrix H  is orthogonal, the channel capacity 
increases with the increase of the K factor; on the contrary, if the channel 
matrix H  is rank-deficient, the channel capacity deteriorates when the K 
factor increases [11]. 

The diversity (SER) performance always improves with the increase of 
the K factor, since the LOS component stabilizes the communication link 
and guarantees the reliability. 

2.4.3 XPD Component 

Using antennas with orthogonal polarizations can lead to gain imbalance 
between the elements in H. However, ideal orthogonality does not exist. 
Certain amount of signals in one polarization can leak into the signals in 
another polarization, which is defined as cross-polarization discrimination 
(XPD). XPD tells how well one antenna discriminates its polarization from 
the other antenna.  

The capacities of MIMO channels with perfect XPD (α = 0) and poor 
XPD (α = 1) are presented in Fig. 2.6 [11]. It is concluded that, in achieving 
good channel capacity, high XPD is better than low XPD at high SNR, and 
low XPD is better than high XPD at low SNR. 

For diversity performance, antennas with good XPD can combat 
fading using different polarizations, thus enhances the diversity gain. 
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h 

Figure 2.6 Capacity of a MIMO channel with good XPD and no XPD [11].  
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Chapter 3 

General Decoupling Methods 
for MAS 

Recently, standards for multiple antenna systems have been established, 
such as in IEEE 802.11n [39], WiMAX [45] and LTE [46]. To take full 
advantage of the MIMO antenna technology, it is desirable to implement as 
many antennas as possible both at the base station and at the terminals. 
From the antenna design perspective, utilizing multiple antennas at the 
base station is not difficult since enough space is available, whereas the 
number of antenna elements is limited in terminal devices due to their 
limited size. Thus, antennas implementation at the terminals becomes the 
primary factor limiting the theoretical MIMO performance in the wireless 
communication systems. The two fundamental limitations are [47]: 

• The physical size of the antenna: any practical antenna occupies 
some volumes. Hence the number of the antennas that could be 
physically integrated in the terminal depends on the size of each 
single antenna and the total available volume for antenna 
implementation in the terminal. Corresponding to this limitation, 
the technique of antenna miniaturization was discussed in Paper X 
and Paper XI. 

• Mutual coupling: closely packed antennas have strong 
electromagnetic coupling among each other, leading to high spatial 
correlation and low efficiency (received power). The channel 
capacity and diversity gain is hence deteriorated.  

In this chapter, different decoupling methods based on various 
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mechanisms are introduced, including defected ground structure (DGS), 
current localization, collocated orthogonal polarization, decoupling 
networks, neutralization line and parasitic elements. 

3.1 Defected Ground Structure 
The name of Defected Ground Plane (DGS) explains itself, and it is easy to 
understand its working principles, i.e., introducing changes in the ground 
plane to vary the current distribution and surface wave on it. The DGS can 
provide both slow wave and stopband characteristics [48], [49]. In the 
conventional antenna design, it has been utilized to suppress harmonics 
and cross polarization of a patch antenna [50], [51]. It was also used to 
improve the isolation of a dual-polarized patch antenna [52]. 

In the MAS, the effect of bandstop filter is employed to reduce the 
mutual coupling between antenna elements. A common realization is to 
introduce multiple slits on the ground plane [53]-[58]. We use the DGS 
structure in Paper I to illustrate the effectiveness and drawbacks of the 
DGS technique. 

A compact four antenna elements system working at 2.4 GHz is 
introduced in Paper I. It is desired to have similar polarizations of the 
antennas. For the purpose of isolation, two different antenna types are 
employed and printed on different sides of the substrate, as presented in 
Fig. 3.1. One antenna type is the quarter wavelength slot antenna (antennas 
2 and 3), and the other is the square ring patch antenna (antennas 1 and 4). 
The slot antenna is etched in the ground plane and simply fed by a 
microstrip line. The microstrip square ring patch is proximity fed by a 
T-shaped strip on the FR4 substrate. This feeding structure is simple and 
easy for impedance matching.  

A DGS, consisting of several slits interleaved with strips, is introduced 
in the ground plane between the half slot antenna and the square ring patch, 
as shown in Fig. 3.1(c). To study the resonant characteristics of the DGS 
itself, the DGS-part of the structure is extracted from the MAS. It is 
composed of seven slits on the FR4 substrate with the same dimensions as 
in our four-element antenna system. The slits are connected by a strip of 
perfect electric conductor (PEC) on one end, and the other end of the slits is 
kept open. Two transmission lines are connected to the DGS structure to 
test its reflection and transmission characteristics. The DGS structure 
under test and its frequency response are shown in Fig. 3.2. The simulated 
results of S11 and S21 exhibit a stopband of the DGS structure from 1.95 
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GHz to 2.85 GHz. One sees that across the WLAN band, most of the power 
is reflected back to port 1 and little is transmitted to the other port. From 
the perspective of mutual coupling in MAS, little electric current can be 
coupled from one antenna to the others, leading to an improved isolation.  
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Ground
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(b)                                                                       (c)   
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Figure 3.1 Geometries of the compact MIMO antenna system with four antenna 
elements (a) side view; (b) top view; (c) bottom view.  
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Figure 3.2 Resonant characteristics of the DGS as a bandstop filter. 

To further illustrate the effectiveness of the DGS on isolation, the 
electric current distributions on the ground plane of the antenna system 
with and without the DGS are shown in Fig. 3.3 (a) and (b), respectively. In 
this comparison, one slot antenna (antenna 3) is excited, and the other 
antennas are terminated with the standard 50 Ω matching loads. From the 
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figure, one sees that without DGS, strong current is coupled from the 
excited slot antenna to the ground below the square patch and also to the 
other slot antenna. In presence of the DGS as in Fig. 3.3 (b), the electric 
current is trapped around DGS due to its bandstop effect. The DGS 
structure improves the isolation of the antenna system by 10 dB, only with 
a slight sacrifice in antenna bandwidth. Details can be found in Paper I. 
The measured total efficiencies of the four antenna elements are all around 
70%, indicating good power balance between antennas. The loss in 
efficiency is mainly due to high loss tangent (0.03) of FR4. The envelope 
correlation coefficients between any two antennas are below 0.03. More 
details about the antenna prototype and the measurements are in Paper I.  

 

Figure 3.3 Magnitude of the current distributions normalized to the maximum value on 
the ground plane for (a) the antenna system without the DGS and (b) the antenna 
system with the DGS. 
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Figure 3.4 Geometries of the orthogonally polarized MAS with four slots (a) without 
DGS; (b) with DGS.  
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Utilizing the similar DGS technique, another MAS with four quarter 
wavelength slot antennas is proposed in Paper XVIII. In this MAS, each 
slot antenna is polarized orthogonally to the neighboring ones, further 
reducing the size of the MAS. The geometries of the four-slot MAS with 
and without the DGS are shown in Fig. 3.4. The DGS comprising three 
slits is etched in the ground plane between each two slot antennas. For the 
MAS without DGS, the most serious coupling exists between antenna 1 
and antenna 3, or equivalently antenna 2 and antenna 4, because they 
have the same polarization. The envelope correlation coefficient is around 
0.2, and the efficiency of all the slot antennas are around 70%. With the 
presence of the DGS, the isolation is enhanced from 10 dB to 20 dB. The 
correlation coefficients between any two antennas are below 0.01, and the 
efficiencies are improved to above 85%. Better multiplexing and diversity 
performances are expected. 

(a) (b)

 

Figure 3.5 (a) ring-shaped DGS; (b) DGS as a magnetic resonator. 

The shape of the DGS can also be different. For example, a simple ring 
shaped DGS is applied around a cylindrical dielectric resonator antenna 
(DRA) as shown in Fig. 3.5 (a) [59], leading to a considerable reduction of 
mutual coupling of 5dB.  

The DGS can also operate as a magnetic resonator to reduce mutual 
coupling [57]. As presented in Fig. 3.5(b), two coupled quarter wavelength 
slits are etched on the ground plane of a handheld device, with the 
openings of the slits on different edges. By optimizing the distance 
between the two slits, they can form an effective loop together with the 
ground plane, and resonate at a certain frequency. Thus, a transmission 
zero is introduced in the coupling path between the two antennas at the 
shorter edges, leading to high isolation. As a result, an isolation of 50 dB 
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can be achieved at the resonant frequency of the magnetic loop.  
The DGS method is a very general and effective decoupling method 

that can be applied to various kinds of antennas. The DGS structure does 
not need much modification when it is applied to different MAS, since its 
operation depends on the resonant frequency, rather than the antenna types. 
It is very easy to implement such a structure on the ground plane. However, 
in practice there are some limitations. One serious drawback is that the 
etchings in the ground plane destroy its integrity, which is not allowed in 
many cases due to the needs of circuit integration.  

3.2 Current Localization Structure 
Current distribution on the shared ground plane is a critical coupling 
source in the MAS. The DGS method in the previous section forms a 
bandstop filter to trap the current, and prevents it from flowing to the other 
antennas. The current localization structure in this section aims to reduce 
the current distributed on the ground plane from the perspective of the 
antenna itself, i.e., designing antennas with the capability of current 
localization [60]-[62].  

Using a small local ground plane that is separated from the main 
ground is an efficient method to localize the current induced by the antenna 
to the confined local ground. The antenna configuration is presented in Fig. 
3.6 [61]. The PIFA element is modified by introducing a small local ground 
plane between the PIFA and the main ground plane. The current is 
localized underneath the antenna, rather than distributed along the whole 
ground plane, and the isolation between the antennas exceeds 20 dB. 

(a) (b)

Local ground 
plane

Antenna 1

Antenna 2

 

Figure 3.6 The geometries of the MAS with local ground plane [61]. 

In Paper II, to localize the current, we load the antenna capacitively 
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with a metal plate. The capacitive load can both reduce the dimension of 
the antenna and enhance the isolation between the antenna elements.  

The proposed MAS comprises two dual band PIFAs on the ground 
plane of a mobile handset, working at 900 MHz and 2.4 GHz. For the low 
frequency band of 900 MHz, the compactness of the single antenna is the 
precondition for implementing multiple antennas on such a small device. A 
spiral shaped inverted-F antenna, curled from a long straight copper strip is 
used, as shown in Fig. 3.7. The total length of the strip corresponds to 
approximately a quarter wavelength at 900 MHz. The capacitive load is 
realized by adding a patch underneath the spiral PIFA. The patch is 
connected with the ground plane through a via. This way, a localized 
antenna with its current focused on the capacitive loading is constructed. 
Besides, the induced capacitance benefits the impedance matching and 
further reduces the antenna size, as the spiral PIFA presents high 
inductance in the lower frequency band.  

The higher frequency of the antenna is produced according to the 
resonant frequency of the traditional PIFA [62]: 

)(4 LW
cf
+×

=  ,                      (3.1) 

where c is the speed of light, W and L are the overall width and length of 
the radiation element, respectively.  
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Figure 3.7 Configurations of the MAS with capacitive loading (a) side view of a single 
antenna; (b) top view of a single antenna including the spiral PIFA and the capacitive 
load; (c) locations of the two PIFAs on the mobile ground.  

The current distributions on the mobile ground plane induced by the 
single PIFA (PIFA 1) with and without the capacitive loading are shown in 



30                    Decoupling and Evaluation of Multiple Antenna Systems in Compact MIMO Terminals 

Fig. 3.8 (a) and (b), respectively. The results indicate that with capacitive 
loading, there is less current coupled to the ground, thus better isolation is 
expected when multiple antennas are implemented.  
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Figure 3.8 Current distributions on the ground plane induced by the spiral antenna (a) 
without capacitive loading; (b) with capacitive loading. 

The proposed MAS consists of two such PIFAs orthogonally situated 
on the ground plane, as shown in Fig. 3.7 (c). The two PIFAs are placed at 
the edge of the ground plane, as a common practice in commercial mobile 
applications. The distance between the two PIFAs is 22/λ  at 900 MHz. 
Diversity gains of 8.9 dB and 9.7 dB are achieved at 900 MHz and 2.4 GHz, 
respectively. The measurement results and the low mutual coupling level 
were reported in Paper II. 

The decoupling method of current localization can maintain the 
integrity of the ground plane, making it convenient to integrate other 
components on it. However, the method of current localization has the 
drawback that the localization structure designed for one antenna cannot be 
directly applied to other antennas, since its effectiveness largely depends 
on the geometries and the type of the antennas.  

3.3 Collocated Antennas with Orthogonal Polarization 
To further shrink the size of the MAS, collocating multiple antenna 
elements is desired, where there is no physical separation between each of 
them. In this case, it is impossible to add any decoupling structures in the 
MAS, thus orthogonal polarization becomes the most efficient decoupling 
method.  

In recent years, several collocated radiating structures for MIMO 
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applications have been proposed [63]-[65]. Those collocated multiple 
antennas make maximum use of the space, since the antenna elements are 
not juxtaposed as in the usual spatial diversity antenna system. However, 
most of the co-located antenna systems are 3D and not ideal for handset 
terminals.  

In Paper III, a compact planar collocated MAS with high port isolation 
was proposed. The most important objective in designing collocated MAS 
is to design orthogonally polarized antenna elements with low cross 
polarization level. In the meantime, the two planar antennas should be 
suitable to be collocated together and resonate at the same frequency. The 
proposed collocated MAS consists of two types of antennas. One is the 
proximity-coupled fed square-ring patch antenna, and the other is the 
coaxial fed PIFA, located inside the square ring patch, as shown in Fig. 3.9. 
The performance of the microstrip square ring patch antenna is similar to a 
conventional λ/2 patch antenna, but with a smaller size. The inside PIFA 
takes no extra space for the MAS. The feed of the microstrip ring patch is a 
balanced T-shaped strip on the substrate, which is critical for low cross 
polarization level.  
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Figure 3.9 Geometries of the proposed collocated MAS (a) side view; (b) top view. 

The normalized current distributions of the square ring patch antenna 
are shown in Fig. 3.10 (a). It denotes that the electric current along the x 
direction, which is induced by the current on the T-shaped microstrip feed, 
is in the opposite directions for the two half patches, canceling each other 
in the near field. Therefore, a pure y-direction polarization is achieved 
with low cross polarization level. On the contrary, the current of PIFA is 
mainly along the x-direction (Fig. 3. 10(b)), orthogonal to that of the 
square ring patch. 

To make the two antennas resonate at the same frequency, a higher 
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degree of freedom is introduced in PIFA, including the length of the 
shorting wall and the dimensions of the two small notches on the two 
non-radiating edges. The measured radiation patterns of the two antennas 
on the x-z and y-z planes are shown in Fig. 3.11. A cross polarization ratio 
of 20dB is observed for broadside radiation on both planes. 

 

Figure 3.10 Normalized current distributions of the collocated MAS (a) when the 
square ring patch is excited; (b) when the PIFA is excited. 

   

(a)                            (b) 

Figure 3.11 Measured radiation patterns of the collocated MAS on (a) x-z plane; (b) y-z 
plane. 

The measured S parameters and the MIMO performance of the planar 
collocated MAS are plotted in Figs. 3.12 (a) and (b), respectively. An 
isolation null as deep as 45 dB is observed around the resonant frequency 
in Fig. 3.12 (a), which is due to the lowest cross polarization level achieved 
at the center frequency.  

The channel capacity in Fig. 3.12 (b) is calculated under the equal 
power (EP) conditions for SNR = 20 dB. In this thesis, without further 
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illustration, the parameters used to calculate the channel capacity are 
described below. The Kronecker model and uniform 3D angular power 
spectrum (APS) are assumed. There is no correlation between the (base 
station) transmit antennas, whereas the (mobile terminal) receive antennas 
are correlated according to their radiation patterns and the 3D APS. The 
channels are normalized with respect to the IID Rayleigh case, which 
means that the correlation, total efficiency and power imbalance 
(efficiency imbalance) are taken into account in the capacity evaluation. 
The capacity is averaged over 10,000 realizations. As a reference case, the 
average capacity for the 2 × 2 IID Rayleigh channel with the EP 
combination is 11.29 bps/Hz. Fig. 3.12 (b) shows that the channel capacity 
of the collocated MAS at the center frequency is close to the capacity of 
the IID channel. The average channel capacity within the WLAN band is 
around 10.3 bps/Hz. The diversity performance, which is expressed as 
EDG under selection combining (SC), has the same trend as the capacity. 
The capacity and the EDG together indicate a good planar collocated MAS, 
which is suitable for portable devices due to its low profile. 

 

(a)                              (b) 

Figure 3.12 (a) Measured S parameters of the planar collocated MAS; (b) Capacity and 
EDG of the planar collocated MAS. 

As described in section 2.2.1, three kinds of diversity techniques, 
including spatial diversity, angle diversity and polarization diversity, are 
often used together. In the collocated MAS, spatial diversity does not exist.  
However, besides the polarization diversity, the angle diversity also 
contributes to the decoupling, as shown in Fig. 3.11. 

In order to evaluate the XPR of wireless MIMO channels, it is 
desirable to design a reference MAS with only polarization diversity. In 
[67] (Paper XII), a collocated MAS comprising an electric dipole 
(E-dipole) and a magnetic dipole (M-dipole) was introduced. The E-dipole 
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and the M-dipole are designed to have identical radiation patterns so that 
angle diversity disappears in the MAS. The prototype of the reference 
collocated MAS are shown in Fig 3.13. The E-dipole is a conventional λ/2 
dipole in the vertical plane, with a bazooka balun to keep the good 
radiation pattern [68]. The M-dipole is a shielded multiple-fed loop in the 
horizontal plane, which is a modified version of the loop in [69]. To ensure 
the uniform current distributions along the loop, the circular loop is broke 
into four equal sections by four feed gaps, and is connected with four radial 
arms. Each section is fed by a bent feed line, which is fixed at the center of 
the square hollow tube.  

 

Figure 3.13 The prototype of the reference collocated MAS. 

 

(a) (b)

 

Figure 3.14 Measured full spherical radiation patterns of the reference collocated MAS 
at the resonant frequency in (a) xoy plane; (b) yoz plane. 
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The measured radiation patterns of the E-dipole and the loop, 
normalized to their respective maximum values, are plotted in Figs. 3.14 (a) 
and (b), respectively. One sees, from the co-polarization pattern, that both 
antennas have the figure-eight patterns in the elevation plane and the 
omni-directional patterns in the azimuth plane. The cross-polarization 
ratios of each antenna in both planes are above 20 dB. It reveals that pure 
and perfect polarization diversity is achieved. The simulated isolation 
between the reference antenna elements exceeds 60 dB, indicating 
extremely low mutual coupling.  

3.4 Other Decoupling Methods 
Besides the decoupling methods discussed above, some other techniques 
are also frequently used in the MAS design. They are briefly described in 
this section for completeness. 

Decoupling Network 

The motivation of the decoupling network is to reduce the mutual 
impedance or transmission coefficients between antennas to zero, and at 
the same time keep the good impedance matching of each antenna element. 
Some design approaches for the decoupling matching networks are 
described in [71]-[74]. Different realizations of the decoupling network are 
proposed, such as a combination of lumped elements (including capacitors 
and inductors) [75]-[76], distributed elements [71], the hybrid 180° 
coupler [77]-[80] and decoupler line [71]. 

 

Figure 3.15 The π-shaped equivalent circuit of a closely packed antenna system. 

A simple realization of the decoupling network based on the equivalent 
circuit was proposed in [79] (Paper XIII). As shown in Fig. 3.15, a dual 
antenna system is modeled by a π-shaped circuit, where two shunt 
admittances YR1 and YR2 refer to the radiation admittances and series 
admittance YC denotes the coupling admittance between the two antennas. 
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With the knowledge of the scattering matrix of the antennas, the detailed 
values of YR1, YR2 and YC can be obtained. In order to attain better 
performance of the antennas, including lower mutual coupling and better 
self-impedance matching, single lumped element is added between the 
antenna ports or between the feed lines of the antennas to change the values 
of YR1, YR2 and YC.  

The decoupling of a closely packed patch antenna system is illustrated 
in Fig. 3.16. In the coupled antenna system, the transmission coefficient 
(S21) between the antennas is -5.43 dB at the resonant frequency. After the 
calculation and optimization with the equivalent network, an inductor of 
0.88 nH is added at the optimized between the feedlines of the two 
antennas. The S parameters and the diversity gain are obtained and 
presented in Fig. 3.16 (b). It is observed that the decoupled patch antennas 
are well matched, and the port isolation is enhanced by 6dB (S21>11.8 dB), 
compared with the coupled patch antennas. The diversity gain within the 
whole operating band is above 9 dB.  

 

 

(a) (b)

 

Figure 3.16 (a) The schematic drawing of the patch antenna system; (b) S parameters 
and the diversity gain of the decoupled patch antenna system. 

EBG Structure 

Electromagnetic band-gap (EBG) structure [81]-[84] behaves as the 
bandstop filter in the antenna decoupling. It is constructed by arranging the 
cells periodically, such as in Fig. 3.17. A typical EBG cell is a mushroom 
structure, consisting of a patch and a via connect to the ground. The EBG 
structure can operate as a magnetic wall by which the reflection phase 
becomes zero for an incident wave, and thus the surface wave propagation 
is suppressed. The EBG structure can provide a wide stopband with high 
attenuation. An isolation improvement of over 10 dB can be achieved at 
the resonant frequency [84]. However, restricted by the Bragg reflection 
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condition, the EBG structure requires a large circuit area, especially for the 
low frequencies [56]. Due to its complexity and large size, it is not 
commonly used in practice. 

Antenna 1

EBG structure

Antenna 2

 

Figure 3.17 The geometry of the EBG structure for decoupling in MAS. 

Neutralization Line 

Neutralization line technique is frequently used to decouple two PIFA 
antennas [85]-[87]. It is a connecting line between the feedings or the 
shorting strips of the PIFAs. The neutralization line prevents the currents 
flowing from one antenna to the other, and traps the currents on the line.  
The neutralization line can be viewed as a specific realization of 
decoupling networks, replacing the lumped elements with distributed 
transmission lines. Its working principle can also be understood from the 
following aspects.  

• The entire MAS with two PIFAs can be considered as a dual-port 
antenna structure. The addition of the neutralization line changes 
the current distributions so that the two ports can excite orthogonal 
modes, leading to low mutual coupling [47].  

• Besides over the air (OTA) coupling and the ground plane current 
coupling, the neutralization line creates a new current coupling 
path between the two PIFAs, offering a higher degree of freedom 
for decoupling. By varying the length of the neutralization line, the 
couplings from all paths cancel each other at the other port of the 
PIFA. Thus, high port isolation is achieved. 

With the neutralization line, 8 dB improvement in the port isolation and 
2 dB improvement in the diversity gain were reported in [85]. The edge to 
edge distance between the PIFAs is reduced to 0.027 λ [87]. The technique 
is also applied to the folded monopole, offering a diversity gain of 9.95dB 
in the WLAN band [88]. The principal advantage of the neutralization line 
technique is its simplicity and compactness. However, its designing 
approach needs to be studied further. 
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Parasitic Scatterer 

In the single antenna systems, parasitic scatterers are often used to create 
multi-resonance to enhance the bandwidth [89] or design pattern 
reconfigurable antennas [90]. In the MAS, it is added in between two 
radiating elements as a reflector to reduce the mutual coupling between 
them [91]-[95].  

Similar to the neutralization line, a parasitic scatterer artificially creates 
an additional coupling path between the antenna elements. In order to 
suppress or cancel the existing coupling, the amplitude and the phase of the 
coupling coefficient can be varied by changing the structure of the scatterer. 
Alternatively, the effectiveness of the parasitic scatterer can also be 
understood in perspective of mutual impedance. A mathematical design 
approach using parasitic element for dipole antennas was proposed in [92]. 
A complete decoupling (zero transmission coefficient between antennas) 
was achieved at the center frequency but with a sacrifice of bandwidth. In 
[94], the mutual distance between radiating antennas was reduced to 
0.0294 λ. In [95], the port isolation was enhanced from 3.5 dB to 25 dB 
with a parasitic element. 

The structure of the parasitic elements needs to be specifically 
designed for different multiple antenna systems. Even though only the 
distance between the antennas is changed, it is necessary to alter the 
structure of the scatterer, in order to get efficient decoupling. This 
characteristic limits the application of the parasitic element in the mass 
production.
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Chapter 4 

Decoupling of Antennas with 
Chassis Excitation 

In modern cellular phones, more than one antenna element is required to 
increase the communication data rate and achieve complex functionalities. 
Compared with the multiple antennas in Chapter 3, the decoupling of 
mobile antennas is much more difficult in low frequency bands below 1 
GHz. This is due to the following reasons. First, the wavelength at a low 
frequency is longer than that at a high frequency. Thus, for the same PCB, 
the available electrical distance between the antennas is smaller. Second, 
some decoupling techniques, such as the DGS and the neutralization line, 
also base their mechanisms on wavelength. Longer wavelength indicates 
larger decoupling structures and more space taken on the PCBs. The most 
important reason is that the mobile chassis is excited and radiates like an 
antenna at low frequencies, which dramatically influences the radiation 
patterns and deteriorates the MAS performance.  
   In this chapter, the multiple antenna systems with chassis excitation are 
analyzed based on the theory of characteristics mode, and different 
decoupling methods are proposed accordingly.  

4.1 Characteristic Mode Theory Review  
The theory of characteristic mode was first introduced by Robert Garbacz 
in [96] and later refined by Roger Harrington in [97] and [98]. According 
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to [97], characteristic modes are real current modes that can be computed 
numerically for conducting bodies of arbitrary shapes. The characteristic 
modes form a series of orthogonal functions, which can be used to expand 
the total current on the conducting surface. The analysis of characteristic 
mode is a method commonly used in electromagnetics. It gives insight into 
the potential resonant characteristics of a structure by finding and 
examining the inherent modes of the structure.  

Considering a conducting body with surface S, an external electric field 
(or voltage) exE  can induce a surface current Js on it. This surface current 
will further generate a scattered field sE . According to the boundary 
condition, the tangential component on the surface of the conducting body 
satisfies 

tan( ) 0ex s+ =E E .                         (4.1) 
Eq. (4.1) can be rewritten with an operator L(●) 

                    tan tan[ ( )] 0exL − =sJ E  ,                        (4.2) 

where the term ( )sL− J  can be considered as the electric field intensity at 
any point in space due to the surface current Js. The operator L(●) has the 
dimension of impedance, and the following notation is hence introduced 

                   
tan( ) [ ( )]s sZ L=J J .                         (4.3)  

Since Z is symmetric, its Hermitian parts are real and given by 

*1 ( )
2

R Z Z= +  ,                           (4.4)  

*1 ( )
2

X Z Z
j

= −  .                          (4.5)  

Thus, the impedance Z can be expressed as 

                 ( ) ( ) ( )s s sZ R j X= +J J J .                       (4.6) 

Among all the eigenfunctions that can diagonalize Z( sJ ), only R( sJ ) 
can give orthogonality of the radiation patterns (or currents). Thus the 
eigen equation is defined as: 

, ,( ) ( )s n n s nZ Rn=J J  ,                    (4.7) 

where nn  are the eigenvalues, ,s nJ  are the eigenfunctions 
(eigencurrents), and R is the real symmetric operator in (4.4). 

 Let 

http://en.wikipedia.org/wiki/Electromagnetics
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1n njn λ= + ,                             (4.8) 

one obtains:  

                 , ,( ) ( )s n n s nX Rλ=J J .                          (4.9) 
The eigen currents ,s nJ  are orthogonal with each other and satisfy: 

*
, ,, ( )s m s n mnR δ< >=J J  ,                      (4.10) 

*
, ,, ( )s m s n n mnX λ δ< >=J J   ,                   (4.11) 

 *
, ,, ( ) (1 )s m s n n mnZ jλ δ< >= +J J   ,                (4.12) 

where mnδ  is the Kronecker delta (0 if m n≠ , and 1 if m n= ). 

It should be noted that the existence of the modes is independent of the 
excitation, and only depends on the structure, materials, frequency and 
boundary conditions of the object. However, different kinds of excitations 
or excitations at different locations/frequencies are expected to excite 
different modes, to satisfy different requirements. From this perspective, 
the characteristic mode analysis can provide physical insight into the 
fundamental electromagnetic properties of scattering objects and give 
valuable information on antenna design.  

4.2 Characteristic Mode Analysis of Multiple 
Antennas on Chassis  
The mobile chassis can be viewed as a metal object that scatters the 
incident electromagnetic field. As a result of scattering, an electric current 
is formed on the surface of the chassis. The electric current can be 
decomposed into a series of characteristic currents, which in turn create 
characteristic fields. Those characteristic fields of the chassis will greatly 
influence the performance of the antennas implemented on it.  

Research has been carried out on the chassis mode’s impact on the 
antenna performance [99]-[108]. In [100], it was shown that with the 
chassis as the radiating structure, the self-resonant antenna elements can be 
replaced by smaller, non-resonant antenna elements (or “coupling 
elements”), thereby reducing the volume of the mobile terminal antenna. 
Based on the current distributions on the mobile chassis, wave traps were 
introduced to control the near-field around the handset for EMC purpose 
[101]. Antenna bandwidth was also greatly enhanced by taking advantage 
of the antenna-chassis interaction [102]-[104], and multiple resonances 
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were created [105]. Besides, equivalent circuits for antenna-chassis 
interaction were proposed and analyzed in [107] and [108]. While useful 
insights are provided by these studies, the results are mostly based on the 
single antenna case, and hence may not be directly applicable to multiple 
antennas implemented on the same chassis. 
    In paper IV, the characteristic mode of a mobile chassis with the 
dimension of 100 mm × 40 mm, which is the size of a typical 
candybar-type mobile phone, is analyzed.  The linear eigen equation in 
(4.9) is transformed to a matrix equation using the method of moments 
(MOM) [109]. With the matrix equation, the eigenvalues (λn), eigenvectors 
(Js,n) and characteristic fields of the chassis are calculated in Matlab. 

 
Figure 4.1 The eigenvalues against frequency for the mobile chassis. 

The eigenvalues over a frequency range from 0.5 GHz to 1.5 GHz are 
shown in Fig. 4.1. As known from [97], the smaller the magnitude of λn, 
the more important the mode is for radiation and scattering problems. λn = 
0 corresponds to a resonant mode. To display the importance of each 
eigenvalue in a more intuitive way, modal significance (MS), which 
represents the inherent normalized amplitude of the characteristic modes, 
is shown in Fig. 4.2. The MS is defined by [99]: 

1MS
1 njλ

=
+

.                       (4.13) 

As observed from Figs. 4.1 and 4.2, the first resonant frequency of our 
chassis is around 1.35 GHz. Due to the flat slope of λ1 in Fig. 4. 1 and the 
stable modal significance in Fig 4.2 around 1.35 GHz, a large bandwidth of 
the first characteristic mode (or chassis mode) is expected. It is also 
observed that the other modes only contribute slightly to the current 
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distribution at this frequency, with MS < 0.2 in Fig. 4.2. Thus, for the 
mobile antennas operating around 1 GHz, we mainly focus on the first 
mode of the chassis.  

. 

 

Figure 4.2 The modal significance (MS) against frequency for the mobile chassis. 

The electric field En and the magnetic field Hn produced by an 
eigencurrent (Jn) on S are called the characteristic fields corresponding to 
Jn. The characteristic electric and magnetic fields on a plane 5 mm above 
the chassis corresponding to the first characteristic mode are shown in Fig. 
4.3, in which Figs. 4.3 (a) and (b) present the total characteristic E and H 
fields, and Figs. 4.3 (c)-(h) show the three orthogonal components (x, y, z) 
of the characteristic E and H fields, with each component normalized to 
the maximum total E or H field. Several conclusions can be drawn from 
Fig. 4.3: 

• The characteristic E field is stronger at the shorter edges, especially 
at the corners, and it becomes very weak at the center of the chassis. 
On the contrary, the characteristic H field is stronger at the center 
of the chassis. 

• The Ez component dominates the characteristic electric field, 
whereas the Hx component dominates the characteristic magnetic 
field. 

• In order to strongly excite the chassis mode for a single antenna at 
one shorter edge of the chassis, which is a common case in mobile 
handsets, the antenna element should have a strong electric field 
(especially along z direction) in the near field (henceforth called 
‘‘electric antenna’’). In the dual antennas case, if two electric 
antennas are placed at the two chassis edges, both antennas will 
excite the chassis as their radiator, causing severe mutual coupling.  
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Figure 4.3 The normalized magnitude of (a) total electric field; (b) total magnetic 
field; (c) electric field along x direction; (d) magnetic field along x direction; (e) 
electric field along y direction; (f) magnetic field along y direction; (g) electric field 
along z direction; (h) magnetic field along z direction for the characteristic mode of 
chassis at 1.35 GHz. 
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• On the contrary, according to Fig. 4.3 (b), if an antenna at a shorter 
edge stores mainly magnetic power but little electric power 
(henceforth called ‘‘magnetic antenna’’) in the near field, the 
antenna is unable to excite the chassis.  

According to the characteristic mode analysis, different decoupling 
methods were introduced in Paper IV and Paper V.  

4.3 Location Optimization for Dual Antennas on 
Mobile Chassis  

According to the characteristic mode analysis in 4.2, an intuitive method to 
reduce mutual coupling between antennas is to avoid placing two electrical 
antennas at the two shorter edges of the chassis. As an alternative, one 
antenna (e.g., slot monopole) is placed at the chassis edge to excite the 
characteristic mode in order to get a larger bandwidth, and the other 
antenna (e.g., PIFA) locates around the chassis center to avoid chassis 
excitation. This way, though the mutual distance between the antennas is 
reduced by half, the isolation increases.  

The current distributions of the MAS with different locations of the 
PIFA are presented in Figs. 4.4 (a) and (b), respectively. In the simulation, 
the slot monopole is excited, and the PIFA is loaded with 50Ω impedance. 
When the PIFA is located at the chassis edge, though it is not directly fed, 
the currents on the PIFA are still very strong due to the indirect excitation 
from the chassis mode. With the PIFA being at the center, the chassis only 
acts as a normal ground plane for it, and hence the currents coupled from 
the chassis are small.  

The S parameters for the two cases are shown in Fig. 4.4 (c). It is 
observed that the isolation improves by 6 dB with the PIFA at the center, 
compared with the PIFA being at the edge. The other phenomenon is that 
the bandwidth of the PIFA is greatly reduced without the help of chassis 
excitation. 

In practice, the slot monopole is used as the main antenna to cover both 
downlink and uplink frequencies, whereas the narrowband PIFA is used as 
a diversity antenna for only the downlink frequencies [110]. For the 
downlink frequencies of GSM, a bandwidth of 20 MHz is enough. To 
evaluate the MIMO performance of the MAS, the EDG and capacity of the 
two antenna systems are calculated and compared. For fair comparison, 
those parameters are averaged within a bandwidth of 20 MHz. The results 
are presented in Table 4.1. 
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Figure 4.4 (a) Normalized current distributions of PIFA at the edge; (b) Normalized 
current distributions of PIFA at the center; (c) The simulated scattering parameters for 
different PIFA locations. 

Table 4.1 Comparison of MIMO performance over 20 MHz for different 
PIFA locations 

 Bandwidth 
(MHz) 

Efficiency  
(%) 

Antenna 
correlation 

EDG 
(dB) 

Capacity 
(bps/Hz) 

Mono. PIFA Mono. PIFA 
PIFA at 

edge 
80.5 27.5 30.58 39.15 0.6 5.73 5.52 

PIFA at 
center 

93 8 80.27 35.69 0.123 8.531 7.96 

The following conclusions can be drawn from Table 4.1: 
• The bandwidth of the monopole remains constant regardless of the 

positions of the PIFA. However, the bandwidth of the PIFA greatly 
decreases from 27 MHz to 8 MHz when it moves to the center, due 
to its increased Q factor, which is inversely proportional to the 
bandwidth. 

• The total efficiency of an antenna is given by: 

( )2 2
total rad 11 211 S Sη η= − − .             (4.14)

 

From Table 4.1, we see that the total efficiency of the monopole 
greatly increases when the PIFA locates at the center, which is due 
to the reduced mutual coupling (S21). The efficiency of the PIFA 
does not change much due to the opposite effects of the reduced 
mutual coupling (S21) and the reduced radiation efficiency (ηrad). 
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• The correlation coefficient calculated from the far field patterns is 
lower with the PIFA at the center. 

• The EDG, calculated with the maximum ratio combining (MRC) 
method and taken at 1% probability, increases by 2.8 dB with PIFA 
at the center. Similarly, the channel capacity under the equal power 
(EP) condition for a SNR = 20 dB improves by 2.4 bps/Hz with 
PIFA at the center.  

In conclusion, by optimizing antenna locations, the MIMO 
performance of the MAS with chassis excitation can be upgraded by 45%.  
It is worth noticing that the underlying principles are based on electrical 
dimensions, and it can be applied to other devices with different chassis 
size. It can also be applied to other antenna types, such as folded monopole 
antennas, patch antennas and slot antennas.  

One can refer to Paper IV for more details of the antenna prototypes 
and the measurement results. 

4.4 Orthogonal Modes for Decoupling of Antennas 
with Chassis Excitation 

According to the characteristic mode analysis in section 4.2, the chassis 
does not only function as a ground plane, but also as a radiator shared by 
the two electric antennas at the edges. Thus, the radiation patterns of the 
antennas are strongly influenced by the chassis, so that angle and 
polarization diversities are difficult to achieve for the purpose of 
decoupling. The location optimization in section 4.3 has efficiently 
mitigated the chassis excitation and attained great improvements. However, 
considering the common layout of the device components on the PCB, it is 
preferable to place the antennas at the edges. To consider practical 
fabrication and to create more angle and polarization diversities, another 
method using magnetic antenna at the shorter edge was introduced in 
Paper V. As analyzed in section 4.2, the magnetic antenna at the chassis 
edge will not excite the chassis mode, leading to high isolation between the 
antennas. 

The typical magnetic antenna is the small loop. However, it cannot be 
directly used due to its small radiation resistance Rr  [68]: 

4
220r

CR π
λ

 =  
 

 ,                     (4.15) 

where C = 2πa is the circumference of the loop with radius a. The typical 
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resistance of a small loop is below 1Ω. Such small resistance complicates 
the impedance matching and leads to an extremely low radiation efficiency 
below 10%. To overcome the problem, the coupled feed loop, which was 
proposed in [111]-[113], is modified and used in our dual antenna system. 
The structure of the dual antennas system on the mobile chassis is shown in 
Fig. 4.5(a). The coupled feed small loop comprises two half square rings, 
with the inner ring acting as the matching feed and the outer ring as the 
main radiator. The half outer ring, together with the chassis, forms a 
complete loop for radiation. As known from section 4.2, the characteristic 
E field of the chassis is mainly along z direction at the edge. Thus, the field 
created by the coupled loop, with its magnetic field along z direction, is 
orthogonal to the characteristic field of the chassis. The simulated S 
parameters of the dual antenna system are shown in Fig. 4.5 (b), in which 
an isolation exceeding 30 dB is obtained by using the magnetic antenna. 
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Figure 4.5 (a) The structure of the dual antenna system, including a folded monopole 
and a coupled loop; (b) The simulated scattering parameters of the dual antenna system. 

The normalized far-field patterns of the dual-antenna system are shown 
in Fig. 4.6, with the E-theta and E-phi components separated. The folded 
monopole antenna has a linearly polarized “donut” radiation pattern, which 
is similar to that of a conventional half wavelength flat dipole along the y 
axis. It verifies that the chassis contributes a lot to the radiation when the 
monopole is excited. The coupled loop has the same “donut” radiation 
pattern as a magnetic dipole, with its peak gain along the plane of the loop. 
The angle diversity is easily observed in the figure, as the peak gains, for 
both E-theta and E-phi components, of the two antennas compensate each 
other in angle. For polarization diversity, it is more intuitive if we choose a 
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2D plane to analyze. Take the plane of phi = 90° for example, the E-phi 
component is the dominant polarization for the monopole antenna, 
whereas the main polarization for the coupled loop is the E-theta 
component. Owing to both angle and polarization diversities, the 
correlation coefficient calculated from the far-field patterns is 0.003 at 0.93 
GHz. Besides, the high isolation (S21 < -30dB) leads to high total 
efficiencies of the monopole antenna (92%) and the coupled loop (80%). 
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Figure 4.6 The normalized far-field antenna patterns for the folded monopole and the 
coupled loop at 0.93 GHz. 

The dual antenna structure in Fig. 4.5 (a) has verified and realized the 
idea of placing an electric antenna at one chassis edge to excite the chassis 
and a magnetic antenna at the other edge to achieve orthogonal patterns. In 
practice, variations can be made to the dual antenna structure in Fig. 4.5 (a). 
to satisfy different application requirements. 

To increase the operating bandwidth of the coupled loop antenna, the 
loop can be designed to be frequency reconfigurable by replacing the 
inter-digital capacitor in between the two arms of the outer ring with a 
varactor diode. With different capacitance values of the varactor diode, the 
frequency can be tuned continuously within a bandwidth from 780 MHz to 
980 MHz.  

To save the space of the antenna implementation on the PCB, the 
folded monopole and the coupled loop can be collocated on the same edge 
of the chassis, with the prototype presented in Fig. 4.7 (a). Only slight 
changes are made on the antenna structures, in order to ensure good 
impedance matching and isolation. The measured S parameters are shown 
in Fig. 4.7 (b), with good impedance matching and an isolation exceeding 
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20 dB in the operating band. 

 

  (a)                                          (b) 

Figure 4.7 (a) The prototype of the collocated dual antenna system; (b) The measured 
scattering parameters of the collocated dual antenna system. 

For multi-band application, e.g, GSM900, GSM1800 and LTE2600, 
one more branch was added to the coupled loop to create new resonances at 
higher frequencies. Accordingly, the feeding structure (the inner half loop) 
is modified to efficiently match the loop at different frequencies. Two 
switches are employed to hop between the low frequency band (900 MHz) 
and the high frequency bands (1800 MHz and 2600 MHz). The details of 
the antenna structures and its performances are illustrated in Paper V. 

Another important decoupling method introduced in Paper V is 
controlling the phase of the current when the mutual coupling is caused by 
the proximity of the antenna feeds. Take the collocated loop antenna and 
the microstrip feed monopole antenna as an example. When the loop is 
excited, if the currents on the two sides of the monopole’s feedstrip are out 
of phase, their electric fields will cancel each other in the near field. Thus, 
the monopole is not influenced much by the excited loop. The phase 
differences on the two sides of the feedstrip can be optimized by slightly 
changing the distance between the two feeds or by modifying the antenna 
structure itself according to the specific antenna designs.  

To compare the proposed collocated monopole-loop antenna system 
with the typical monopole-PIFA configuration in Fig. 4.4 (a), the 
multiplexing efficiency in section 2.2 is employed. The multiplexing 
efficiencies for the two system setups are presented in Fig. 4.8. For the 
proposed antenna system, the multiplexing efficiency is around −2 dB, 
which is mainly attributed to practical limitations in antenna efficiency. ηg 
almost overlaps with ηmux, since the impact of the correlation coefficient is 
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negligible (~ 0 dB). On the other hand, the reference antenna system has a 
significantly lower multiplexing efficiency of −6 dB, where the lower 
average antenna efficiency (-4 dB) contributes to a loss of 3 dB and the 
high correlation coefficient (0.6) is responsible for a further 1 dB loss, with 
respect to that of the proposed collocated monopole-loop system.  

 
Figure 4.8 Multiplexing efficiencies of the proposed and reference dual-antenna 
systems. ηmux and ηg for the proposed antenna system almost overlap with each other. 

4.5 Current Localization for Decoupling of Antennas 
with Chassis Excitation 

Decoupling methods in section 4.3 and section 4.4 were introduced from 
the perspective of electromagnetic fields. They can also be inspected from 
current distributions. Antennas of different types, loaded with different 
materials or implemented on different ground planes show different 
current distributions, and hence influence the mutual coupling between 
antennas. For example, the currents of PIFA on an infinite ground plane are 
more localized than the monopole on the same ground plane. The influence 
of the current localization was analyzed in Paper VI. 

To provide a general study on the impact of the current distributions, 
we use COMSOL Multiphysics with a 3D RF module to simulate the 
current source of different areas. The size of the current source indicates 
the current distribution level of the antenna: a large current source means 
that the current is distributed in a large area, whereas a small current source 
implies a more localized current. The simulated structure is shown in Fig. 
4.9 (a). Considering the characteristic current of the chassis, uniform 
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current density on the surface current source is set along x direction, i.e., Jx 
= 1A/m, Jy = Jz = 0 A/m. The distance between the chassis and the current 
source is 5 mm. Perfect matched layer (PML) is used as the boundary 
condition to absorb the electromagnetic waves and ensure that there is no 
reflection at the boundary.  

In Fig. 4.9 (b), the currents along the length of the chassis are 
calculated, normalized and compared for four cases, i.e., the characteristic 
current of the chassis, the chassis with a large source at the chassis edge, 
the chassis with a small current at the chassis edge and the chassis with a 
large source in the chassis center. The results demonstrate that a large 
current source induces much more similar currents with the characteristic 
currents of the chassis. In the perspective of decoupling, the less the 
characteristic current is excited, the lower is the mutual coupling. Thus, the 
distributed current (large source) contributes more to the chassis excitation 
than the localized current (small source), leading to poor isolation. The 
current source in the center excites the least characteristic mode, which is 
expected from the results in section 4.3.  
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Figure 4.9 (a) Geometries of surface current source above the mobile chassis in 
COMSOL; (b) Normalized surface current density along the chassis for four different 
cases. 

The simulations in COMSOL are verified in the CST Microwave 
Studio with monopole-PIFA setups. Different degrees of current 
localization of the PIFA are realized by only varying relative permittivity 
values (εr) of its dielectric loading. To keep the same resonant frequency, 
the PIFA is miniaturized with the increase of the permittivity, and hence the 
current becomes more localized. The slot monopole remains unchanged 
during the process. The current distributions are presented and compared 
in Fig. 4.10. The conclusion is that with a more localized PIFA, the current 
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distributed along the chassis and coupled to the monopole becomes less. 
Higher isolation and hence higher efficiencies are expected.  
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Figure 4.10 Normalized magnitude of current distributions for: (a) εr = 1; (b) εr = 6; 
(c) εr = 20. 

The MAS performances within a bandwidth of 20 MHz for the three 
monopole-PIFA setups are compared in Paper VIII. The cases with PIFA 
located at the chassis center are also taken into consideration. For the 
antennas with lossless materials, the channel capacity is improved by 21% 
when the permittivity of PIFA’s loading varies from 1 to 21. However, the 
lossless cases are unrealistic and only aim to give an upper bound of the 
achievable performance with the localized PIFA. The capacities for lossy 
antennas are presented in Table 4.2. The loss tangent of the dielectric 
loading of the PIFA for all system setups is 0.01. For the PIFAs at the edge, 
though the improvement is slight, the localized PIFA still performs better 
than the original PIFA in respect of the shrunken dimension. Current 
localization benefits the MIMO performance due to higher isolation and 
efficiencies. For the PIFAs at the center, current localization results in an 
extremely small bandwidth without the chassis excitation, deteriorating the 
averaged channel capacity over 20 MHz. Thus, it is not suggested to place 
the localized PIFA at the chassis center. More details on the antenna 
prototypes and the measurement results can be found in Paper VI. 

Table 4.2 Comparison of the averaged channel capacity (over a bandwidth 
of 20 MHz) for six antenna setups.  

 PIFA at the edge PIFA at the center 
εr = 1 εr = 6 εr = 20 εr = 1 εr = 6 εr = 20 

Capacity 5.61 6.2 6.28 8 6.8 4.51 
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4.6 Summary 

In this chapter, the decoupling methods for dual antenna system with 
chassis excitation were proposed and evaluated from theory to practical 
applications. First, the characteristic mode study shows: 

• the characteristic E field (especially z component) of the chassis is 
strong at the chassis edges; 

• the characteristic H field (especially x component) is strong at the 
chassis center; 

• the localized current induces less characteristic mode than the 
distributed current. 

According to the first observation, one electric antenna (PIFA) was 
moved to the chassis center to avoid chassis excitation, with the other 
electric antenna (monopole) maintained at the chassis edge. Higher 
isolation is achieved, and the channel capacity is improved by 50%. 
Inspired by the second phenomenon, another decoupling method was 
proposed, i.e., replacing the electric PIFA at the chassis edge with a 
magnetic coupled feed loop antenna. This monopole-loop configuration 
can be made collocated at the same chassis edge, and it can also be made 
reconfigurable and operate at three bands. The multiplexing efficiency of 
the proposed collocated configuration is 4 dB larger than the traditional 
monopole-PIFA configuration. The third observation introduced the 
method of current localization of the PIFA, which is realized by loading the 
PIFA with dielectric of high permittivity (e.g., εr = 20). The size of the 
PIFA was greatly reduced and its MIMO performance was improved. 
Compared with the former two methods, the performance improvement of 
current localization is less; however, it still benefits the system considering 
that the space taken by the PIFA on the PCB was reduced by 80%. 

As illustrated above, the antenna design frameworks were provided for 
optimal implementations and structures of multiple antennas on a mobile 
chassis. It is worth noticing that the application in this chapter focuses on 
the mobile handsets, but the underlying principles are based on the 
electrical dimensions rather than the absolute dimensions, and hence more 
general. 
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Chapter 5 

Correlation Coefficient in MAS 
Measurement 

In the MAS, correlation coefficient is a critical figure of merit that greatly 
influences the channel capacity and diversity order, as illustrated in Section 
2.4.1. The correlation coefficient is calculated with Eq. (2.23), in which the 
full spherical antenna patterns, including the phase and polarization 
information in all the directions, are required. In the measurement, the 
method requires special measurement equipment and is very 
time-consuming. As an alternative way, S parameters, which are easy to 
measure, are utilized to derive the correlation coefficient. In this chapter, 
the correlation coefficients in lossless and lossy MAS are calculated from 
S parameters and the antenna efficiencies. 

5.1 Correlation Coefficient in Lossless MAS 

In lossless multiple antenna systems, the correlation coefficients can be 
calculated by S parameters in a closed form. It is based on the conservation 
of energy and was proposed by S. Blance et al in 2003 [116]. The method 
is reviewed in this section, and it is utilized in calculating the correlation 
coefficients in lossy MAS in section 5.2. 

The model of a lossless two port antenna network is shown in Fig. 5.1, 
where ai represents an incident wave at the ith port, and bi represents a 
reflected wave from that port. There is no conducting loss or dielectric loss 
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in the MAS. 

Lossless

Port 1 Port 2

a2 b2a1b1

 
Figure 5.1 General model for lossless two port antenna network. 

From the perspective of S parameters in the network, the total power 
accepted (Pin) by the antenna system is calculated by 

2 2 2 2
1 2 1 2 2( )H H H H

inP a a b b= + − − = − = −a a b b a I S S a ,    (5.1) 

where I2 is the 2×2 identity matrix, and S is the scattering matrix for the 
MAS. 

From the perspective of radiation, when both antennas are excited, the 
electric field at the point (r, θ,Φ ) is calculated by 

1 1
1 2 1 1 2 2( , ) ( , )

4 4

jkr jkrD De ea Z a Z
r r

θ θ
π π

− −

= + = Φ + ΦE E E F F ,   (5.2) 

where Z is the free space wave impedance, Di is the maximum directivity, k 
is the wave number, ( , )i θ ΦF is the far field radiation pattern of the antenna 
system when port i is excited and the other antenna is loaded with a 
reference impedance (e.g., 50 Ω). The total radiated power of the MAS is 
expressed as 

2 2 2 * *
1 11 2 22 1 2 12 2 1 21

4

1 H
radP ds a C a C a a C a a C

Z π

= = + + + =∫∫ E a Ca .    (5.3) 

By substituting Eq. (5.2) into (5.3), it is derived that: 
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= Φ Ω∫∫ F ,                    (5.4) 

and 
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*
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π
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= Φ • Φ Ω∫∫F F .             (5.5) 

Since the MAS is lossless, according to the conservation of energy, all the 
power accepted by the network is radiated to the free space, i.e., Ptot = Prad. 
Comparing Eqs. (5.1) and (5.3), we get 

= H
2C I - S S .                       (5.6) 

The envelope correlation coefficient (ρe) from the far field patterns in a 
dual antenna system is expressed as: 
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1 2
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Substituting Eqs. (5.4)-(5.6) to Eq. (5.7), we attain 
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Eq. (5.8) offers a simple and cost effective method for calculating the 
correlation coefficients in a lossless MAS. 

5.2 Correlation Coefficient in Lossy MAS 

In practical MAS, attributed to non-ideal materials, both conducting loss 
and dielectric loss are ineligible. In some applications, especially mobile 
terminal antennas, the power loss is severe, and the efficiencies of the 
antennas can be lower than 50% due to the squeezed size, high mutual 
coupling and the surrounding environments. Different from the lossless 
MAS, the total power in the lossy MAS should be re-expressed as: 

lossradtot PPP += .                       (5.9) 

Eq. (5.8) is not directly applicable, since the power loss is not included, 
which can result in inaccurate calculation. The accuracy of Eq. (5.8) 
decreases with the decrease of the antenna total efficiency. 

Several publications have described the relationship between the 
correlation coefficients and the antenna efficiency [117]-[120]. In [117], 
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the upper limit of the correlation coefficient as a function of the poorest 
antenna efficiency was calculated and plotted. Similar upper bounds were 
also given by [118], with the loss correlation introduced. However, those 
upper bounds are far from precise in estimating the actual correlation 
coefficients, which are often much lower. Moreover, the estimated upper 
bounds are larger than unity when the radiation efficiency is lower than 
50%, making the estimation meaningless. In [119] and [120], loss matrix 
was introduced to give a more realistic model. However, to get the loss 
matrix, the currents on the antennas are required, which are much more 
difficult to obtain in the measurement. 

A method to estimate the correlation coefficients using equivalent 
networks was proposed in Paper VII. The equivalent circuit model of a 
lossy dual antenna array is presented in Fig. 5.2. Compared with the 
generally used circuit model [47], the self-impedance (Z11 and Z22) in the 
proposed model is decomposed into two parts: the loss resistance (rloss) and 
the radiation impedance. The radiation impedance includes the radiation 
resistance (rrad) and an imaginary part. In this way, the loss is separated 
from the other parameters. 

V1

ZL1

I1

Z12I2

r1,loss

Z11, rad

I2

Z21I1

r2,loss

Z22, rad ZL2

V2

Z11 Z22

 

Figure 5.2 Equivalent circuit of a lossy dual antenna array. 

For simplicity, we first assume that the two antennas are identical, so 
that r1, loss = r2, loss=rloss and r1,rad=r2,rad= rrad. The load impedance of a typical 
coaxial line is ZL1=ZL2=ZL=50 Ω.  

To measure the total efficiency of antenna 1, antenna 2 is not excited 
(V2=0), and it is loaded with 50 Ω. From the equivalent circuit, we obtain 
that 

LZZ
IZI
+

=
22

121
2 .                  (5.10) 

For the convenience of the calculation, the absolute value of the ratio of I1 
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and I2 is defined by: 

21

22

2

1

Z
ZZ

I
Ic L+

== .                (5.11) 

The value of c can be measured with the network analyzer or calculated 
from the S parameters. 

The antenna efficiency can be obtained in the reverberation chamber, 
which is commonly used in antenna measurements. The dual antenna 
system can be understood in two different ways. On one hand, it is a 
two-port network, with port 2 loaded with 50 Ω and not excited. On the 
other hand, it can also be considered as a single-port network, where the 
50Ω load is a loss resistance.  

When the dual antenna system is considered as a two-port network, 
the total efficiency of antenna 1 is expressed as: 

)1( 2
21

2
11,1,1 SSradtot −−=ηη ,               (5.12) 

and the radiation efficiency of antenna 1 ( rad,1η ) is calculated by: 
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  (5.13) 

where Prad is the total radiated power when antenna 1 is excited, Pin is the 
total input (accepted) power and Ploss is the power loss in the imperfect 
conductor and dielectric. 

When the dual antenna system is considered as a single-port network, 
the total efficiency is  

)1( 2
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'
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S
radtot −=ηη ,                  (5.14) 

where the radiation efficiency '
,1 rad

η  is different from Eq. (5.13) and 
expressed as: 
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  (5.15) 

Substituting Eq. (5.11) to Eqs. (5.13) and (5.15), we obtain that  
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From Eqs. (5.16) and (5.17), rloss is calculated: 
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in which rad,1η  and '
,1 rad

η  are easy to obtain from Eqs. (5.12) and (5.14) 
using the measured total efficiency and S parameters.  
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Figure 5.3 (a) Model for the lossy dual antenna network; (b) The cascade connection 
network of the lossy dual antenna system. 

From the equivalent circuit, the network model of the lossy dual 
antenna network is proposed in Fig. 5.3 (a). Compared with the lossless 
MAS in Fig. 5.1, loss resistance is added at each port in the proposed 
model. An assumption is made that there is no mutual loss resistance, and 
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all the loss can be extracted from the antenna system and added at the 
antenna ports. It is worth noticing that the impact of antenna 2 has been 
already included in r1, loss, and vice versa.  

From the model in Fig. 5.3 (a), the envelope correlation coefficient of 
the whole lossy dual antenna system is equivalent to that of the imbedded 
lossless MAS, with  representing an incident wave and  representing 
a reflected wave. Thus, Eq. (5.8) can be applied.  

To obtain the S parameters of the lossless part, we represent the lossy 
antenna network model as a cascade connection of three two-port antenna 
networks in Fig. 5.3 (b). After matrix operation, the ABCD matrix of the 
lossless part is expressed as 

,          (5.19) 

where 

,      (5.20) 

and  is easy to be converted from the measured S parameters. 
From the S parameters in the matrix , the correlation coefficient of the 
lossy dual antenna system is obtained.  

Figure 5.4 (a) The geometries of the dipole antenna system. The dimensions are: W = 
40 mm, L = 100 mm, h = 2mm, Ld = 60mm (b) Simulated S parameters of the dipole 
antenna system.  

To better illustrate the procedure, two closely packed identical dipole 
antennas are taken as an example. The configurations of the dipole antenna 
system are presented in Fig. 5.4(a). Two printed dipoles with a mutual 
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distance of 10 mm (λ/15) are implemented on a substrate with a 
permittivity of 1 and a loss tangent of 0.1. The dipoles are made of copper, 
with an electric conductivity of 5.8×107 S/m. The corresponding S 
parameters of the antenna system are plotted in Fig. 5.4(b). An isolation of 
5 dB is observed at the center frequency, indicating severe mutual 
coupling.  

The parameters used to calculate the correlation coefficients between 
the dipoles at the center frequency are listed in Table 5.1. 

Table 5.1 Required parameters in calculating the correlation coefficient. 

S11=S22 S21=S12 η1,tot= η2,tot 

-0.12+j0.057 0.54-j0.08 44.15% 

From the Eqs. (5.12) and (5.14), it is calculated that rad,1η = 64.82% and 
'
,1 rad

η = 44.94%. From the S parameters and Eq. (5.11), it is obtained that 
Z12=56.56-j6.03 Ω, Z22=66.3-j1.32 Ω, and c=2.04. Apply those values into 
(5.18), a loss resistance (rloss) of 7.68 Ω is obtained.  

Accordingly, the ABCD matrix of the dipole antennas system and the 
loss resistance are: 

1 2
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From Eq. (5.20) and after matrix conversion, the scattering matrix of the 
lossless part is attained as: 

'
 -0.25 + 0.08 0.65 - 0.1

[ ] .
0.65 - 0.1 -0.25 + 0.08

scattering matrix

j j

j j

 
=  
  

S  

Now the complex correlation coefficient (ρc) of the dipole antennas system 
is obtained from Eq. (5.8), and its value is 0.7.  

With the same procedure, the ρc over the whole operating band are 
calculated and shown in Fig. 5.5. For comparison, the precise correlation 
coefficients calculated from the far field patterns and the correlation 
coefficients estimated directly from the lossless method in Eq. (5.8) are 
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also shown in the figure. It is observed that with the proposed method, a 
great improvement in accuracy has been achieved, and at the same time the 
measurement is greatly simplified and very cost effective. 

 

Figure 5.5 The comparison of the correlation coefficients calculated with different 
methods in a lossy MAS with two dipoles. 

The method can be applied to various kinds of antennas, such as UWB 
antennas and patch antennas. The geometries and the correlation 
coefficients of a dual patch antenna system are presented in Fig. 5.6. It is 
observed that the correlation coefficients from the proposed method in the 
patch antenna system are less accurate than that in the dipole antenna 
system. This is due to the presence of the shared ground plane, making the 
mutual loss resistance not negligible. The mutual distance between the two 
patches is on sub-wavelength level, and the errors of the obtained results 
are within 10%, which are very satisfying compared with the existing 
methods. In the figure, we only show the frequency bands with high 
correlation coefficients, since low correlation coefficients will not affect 
the performance of MAS. 

The method is also effective in calculating antenna systems with 
different antenna types. As a practical example, the correlation coefficients 
of the dual antenna system in section 4.3 (see Fig. 5.7(a)), including a 
monopole and a PIFA at the two chassis edges, are measured with the 
proposed method. Fig. 5.7 (b) reveals that the correlation coefficients from 
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the proposed method are much closer to the true values than those 
calculated directly from Eq. (5.8). The inaccuracy is mainly attributed to 
the very strong chassis excitation, which induces a large mutual resistance. 
The fabrication tolerance also contributes to the inaccuracy in the 
measurement. 

With the proposed method, the measurement of the lossy MAS is 
greatly simplified. More studies will be carried out to further improve the 
accuracy of the method in the future work. 

substrate

Patch antenna

Coaxial feed

   

(a)                                      (b) 
Figure 5.6 (a) The geometry of the patch antenna system; (b) The correlation 
coefficients of the patch antenna system.  

     

(a)                                         (b) 
Figure 5.7 (a) The prototype of the mobile antenna system; (b) The correlation 
coefficients of the mobile antenna system.  
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Chapter 6 

Reconfigurable Antennas  

In the MAS, the space available for the multiple antennas is no greater 
than that available for a single antenna before. Indeed, due to the more 
compact mobile devices, the space available for the antennas is shrinking 
all the time. When the antenna becomes electrically smaller, its 
performances, such as bandwidth and the realized gain, deteriorate. To 
solve those problems and design more flexible antennas, antenna 
reconfiguration is introduced.  

Reconfigurable antennas can be used to support multiple functions at 
multiple frequencies, greatly reducing the hardware size and the cost. To 
obtain antenna reconfiguration, PIN diodes, varactors and MEMs 
switches [122] are frequently used. With those devices, three different 
kinds of reconfigurable antennas can be designed: frequency 
reconfigurable antenna, pattern reconfigurable antenna and polarization 
reconfigurable antenna. Frequency reconfigurable antennas can be used 
in the MAS to enlarge its bandwidth or achieve multi-resonances, such as 
the coupled loop in section 4.4. Pattern and polarization reconfigurable 
antennas in the MAS can enhance the diversity performance of the 
system and also be used to estimate the angle of arrival (AOA) of the 
signal, making the system smarter. 

In this chapter, frequency reconfigurable and pattern reconfigurable 
antennas are designed and discussed. The technique of reconfiguration is 
also applied to the MAS in highly integrated devices to provide better 
antenna performance.  
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6.1 Frequency Reconfigurable Antenna 

Frequency reconfigurable antenna reuses its entire volume at different 
operating bands, and provides narrower instantaneous bandwidths rather 
than covering all the bands simultaneously. This way, the bandwidth is 
enlarged and the interference is also reduced.  

Existing literatures on frequency reconfigurable antennas covers most 
of the antenna types. With eight switches, a PIFA was tuned to cover a 
bandwidth from 407.8 MHz to 463.1 MHz [123]. A monopole with 
switched length operated from 2 GHz to 5 GHz [124]. The patch antenna 
can hop among four frequencies by controlling the on/off states of four 
switches [125]. In [126], a compact single band tunable slot antenna was 
proposed, with a frequency-tuning ratio of 1.7:1. Frequency 
reconfiguration can also be realized though external control or port 
matching [127], [128]. Another research direction of reconfigurable 
antennas is the transition from wideband antennas to narrow/notch band 
antennas with band rejections [129], [130].  

A simple and compact slot antenna with a very wide tuning range is 
proposed in Paper VIII. The slot is etched at the edge of the metallic 
ground plane and fed by a microstrip line printed on the other side of the 
substrate, as shown in Fig. 6.1. A common off-center microstrip line is 
used to feed the slot for efficient excitation (see Fig. 6.1 (b)). A PIN diode 
is placed at the edge of the slot to switch the working modes of the slot 
between a standard slot antenna (when the switch is on) and a half slot 
antenna (when the switch is off). Since a standard slot resonates at half 
wavelength [131], while a half slot operates at quarter wavelength [132], 
frequency hopping is achieved by the switching of PIN diodes. A varactor 
diode is added in the slot to provide continuous tuning over some wide 
frequency range at both modes. Two DC blocking capacitors are used to 
prevent the DC current from flowing into the diodes. 

Frequency tuning ratio is defined as the ratio between the highest 
achievable frequency to the lowest achievable frequency in a continuous 
frequency band. To increase the frequency ratio of the proposed slot 
antenna, the frequency ranges of the two modes are stitched together by 
carefully choosing the capacitance range and the location of the varactor.  
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(a)

     

(b)

PIN diode Varactor diode

Capacittor
Vertical strip

 
Figure 6.1 Geometries of the proposed frequency reconfigurable slot antenna (a) front 
side; (b) back side. 
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Figure 6.2 The measured reflection coefficients of the proposed reconfigurable slot 
antenna (a) in half slot mode (PIN diode off); (b) in standard slot mode (PIN diode 
on). 

The measured reflection coefficients of the proposed reconfigurable 
slot antenna are shown in Figs. 6.2 (a) and (b), with the PIN diodes off 
and on, respectively. The reconfiguration of the slot is realized in our 
experiment by tuning the voltage applied to the diodes. When no bias is 
applied to the PIN diode (see Fig. 6.2 (a)), it presents a capacitance of 
0.15 pF and a resistance of 25K Ohms, forming an open circuits at the 
end of the slot. In this case, the antenna works in the half-slot mode. A 
tuning range from 0.42 GHz to 0.96 GHz is attained with different 
voltages applied to the varactor diode. When a reverse bias is applied to 
the PIN diode, it behaves as a 3 Ω resistor. A short circuit is formed at the 
end of the slot and the antenna operates in the standard slot mode. A 
bandwidth from 0.8 GHz to 1.48 GHz is covered with different voltages 
applied to the varactor diode. The two operating ranges of the slot overlap 
a bit with each other, and can hence be stitched together, providing an 



68                    Decoupling and Evaluation of Multiple Antenna Systems in Compact MIMO Terminals 

overall tuning range from 0.4 GHz to 1.48 GHz. Besides, the slot antenna 
gives consistent radiation patterns within the whole tuning range. 

It is important to ensure that the coaxial line does not contribute to the 
radiation, especially at low frequencies below 1 GHz. In the experiment 
we touched and added some tiny scatterers around the SMA coaxial line, 
and it was observed that any disturbance did not affect the measured input 
impedance and S parameters. 

The proposed frequency reconfigurable antenna can be applied to 
radar or L-band communications, reducing the size of the terminal 
devices and increasing the covered bandwidth. 

6.2 Pattern Reconfigurable Antenna  

The radiation pattern of an antenna depends on its current distribution, 
including the magnitude and the phase. To design a pattern reconfigurable 
antenna, the antenna current distributions, which correspond to different 
resonating structures, need to be altered. In the meantime, the resonant 
frequencies and the impedance matching of the antenna should be similar. 

The pattern reconfiguration can be obtained by switching the antenna 
structures [133]-[136], the antenna loads [137] or the feeding networks 
[138]. The patterns can be changed between two radiation patterns with 
different maximum beam directions (e.g., broadside and endfire in [133]), 
or among several radiation patterns together covering the whole plane 
[135]-[136]. To achieve better diversity performance in the MAS, 
multiple pattern reconfigurable antennas were employed [139]-[140]. 
However, the isolation between antenna elements is limited.  

In Paper IX, a dual antenna array with two identical pattern 
reconfigurable antennas was proposed. The geometries of the 
reconfigurable antenna array are presented in Fig. 6.3. Considering the 
possibility of placing more than two elements in the array, the elements 
are located in the same orientation. The mutual distance between the 
antennas is λ/11 at the operating frequency.  Each antenna comprises two 
layers, i.e., the monopole layer and the PIFA layer, with substrate loaded 
in between. The configuration of the monopole layer is shown in the top 
view of the array (Fig. 6.3 (b)). It consists of a small patch and a via 
connected to the ground plane. A PIN diode (i.e., switch 1) is used to 
reconfigure the antenna. When switch 1 is on, the two parts are connected 
and a top loaded monopole mode is excited. The PIFA layer is shown in 
Fig. 6.3(c). It is formed by a shorting wall and a square patch, where a 
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slot is inserted and two PIN diodes (i.e., switch 2) are applied. When 
switch 2 is on, the patch and the shorting wall are connected, and the 
PIFA mode is excited. Thus, two modes are obtained for one antenna. In 
the dual antenna array, 2×2 operating modes are achieved, as shown in 
Table 6.1. 
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Figure 6.3 The geometries of the proposed pattern reconfigurable antenna array: (a) 
side view; (b) top view; (c) the PIFA layer. 

To attain high isolation between closely packed antennas, two 
decoupling structures are added, i.e., the decoupling slits and the shield 
wall in Figs. 6.3(a) and (b). The effectiveness of the decoupling slits has 
already been discussed in section 4.3. In this MAS, only two slits are 
utilized due to the limited space on the ground plane. To further reduce 
the mutual coupling without taking extra space, a shield wall working as 
a reflector is employed. It changes the direction of the radiation patterns, 
forming an efficient decoupling structure together with the slits. 

Table 6.1 The operating modes and the switches status of the proposed 
dual antenna array. 

 Antenna 1 Antenna 2 
Switch 1 Switch 2 Switch 1 Switch 2 

PIFA-PIFA (PP) mode off on off on 
PIFA-monopole (PM) mode off on on off 
Monopole-PIFA (MP) mode on off off on 

Monopole-monopole (MM) mode on off on off 
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The antennas are carefully designed so that the resonant frequencies 
of all the modes fall in the same frequency band. Fig. 6.4 gives the S 
parameters of the proposed antenna array at the four operating modes. 
Only the resonant frequency of antenna 2 in the MP mode deviates 
slightly from the others. Isolation above 15 dB is obtained for all the 
cases, indicating good antenna efficiencies and diversity performances.  

 

Figure 6.4 The S parameters of the proposed pattern reconfigurable antenna array: (a) 
PP mode; (b) PM mode; (c) MP mode; (d) MM mode. 

The radiation patterns of the proposed antenna array at 2.65 GHz are 
plotted in Fig. 6.5. The radiation patterns are more diverse than the 
typical monopole pattern and the broadside PIFA pattern, attributed to 
finite modified ground plane and the existence of the other antenna. Take 
the PP mode and the MP mode for example. In both cases, antenna 2 
operates at the PIFA mode. However, their radiation patterns show great 
differences in the yoz plane and slight difference in the xoz and xoy planes, 
due to different loadings of antenna 1. In some cases, strong backward 
radiation exists, which is caused by the small ground plane and the 
current distributions along the slits. The total efficiencies of the antenna 
elements are between 69% and 90% for different modes and different 
antennas. The diverse radiation patterns offered by the proposed antenna 
array provide a more flexible MAS, giving larger diversity gain and 
channel capacity in certain scenarios. 



Chapter 6 Reconfigurable Antennas                                                           71 

xoz plane

yoz plane

xoy plane

PP Mode PM Mode MP Mode MM Mode

Figure 6.5 The radiation patterns of the proposed pattern reconfigurable antenna array 
at four operating modes: (––) antenna 1, (– –) antenna 2. 
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Chapter 7 

Conclusions and Summary of 
Papers 

7.1 Conclusions 

In this thesis, we have focused on multiple antenna design in compact 
mobile terminals. The background and the theory of multiple antennas 
were shortly introduced. Parameters including correlation, diversity and 
capacity were discussed, and they were used as figure of merits to 
evaluate the performance of the MAS in the thesis.  

For a MAS, mutual coupling is the most critical problem, since it 
deteriorates the bandwidth, efficiency and capacity of the wireless 
communication. To mitigate the mutual coupling, several decoupling 
methods for closely packed antennas have been proposed and analyzed. 
Etching structures in the ground plane forms good bandstop filters, 
leading to high port isolation in certain frequency bands. Capacitively 
loaded antennas have the ability to localize the current around the excited 
antenna, rather than flowing along the ground plane. This way, the mutual 
coupling was reduced, and the integrity of the ground plane was 
maintained at the same time. Polarization diversity is also taken full 
advantage of in designing the collocated antennas. Besides the 
modifications on the antenna structures, decoupling networks were also 
utilized to mitigate the mutual coupling by adding simple lumped 
elements. All these methods are effective in multiple antenna design in 
small terminals. 
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In some special cases, where the chassis of the device is excited as a 
radiator, the decoupling between antennas becomes complicated. From 
this aspect, the decoupling method with chassis excitation was discussed 
in both theory and practical design. Based on the characteristic mode 
analysis, the performance of multiple antenna terminals with respect to 
the locations of the antenna elements was provided. It was concluded that, 
for the purpose of decoupling, it is better to put one antenna at the chassis 
edge and the other antenna at the chassis center. At the same time, the 
antenna with more localized currents benefits the multiple antenna system 
in high isolation. An alternative method to enhance the port isolation is 
implementing a magnetic antenna on the chassis edge to obtain 
orthogonal patterns with respect to the chassis. A collocated dual antenna 
system on a mobile chassis was also designed, with a port isolation higher 
than 20 dB. 

The measurement of the correlation coefficients between antennas is 
critical in the MAS, but it is very cumbersome and expensive with the 
traditional method. In the thesis, a simple and cost effective method has 
been established to measure the correlation coefficients of a lossy antenna 
system. Only the S parameters and the antenna efficiencies are required. 
The method is practical and accurate compared with all the existing 
methods. 

Good single antenna design is a prerequisite for the multiple antenna 
systems. To increase the impedance bandwidth of the electrically small 
antennas, a frequency reconfigurable slot antenna was designed, covering 
a bandwidth from 0.5 GHz to 1.48 GHz. Besides, a pattern reconfigurable 
antenna array with four working modes was proposed to improve the 
wireless link reliability and reduce the interference. 

As for the matter of future work, we can say that there are several 
ongoing hot topics in the field of MAS. Physical limitations and 
trade-offs related to the bandwidth, directivity, correlation, and antenna 
volume have been investigated recently. Specific scenarios, e.g., rural 
environment or urban environment will be taken into consideration in the 
antenna design, to provide more practical antenna solutions. More 
complicated smart antenna arrays in the mobile terminal are to be studied. 
Multiple antennas can also be used in RFID systems to increase their 
reliability. In the RFID systems, the near field radiation overweighs the 
far field radiation, and becomes the main challenge for multiple antennas 
design.  
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7.2 Summary of Papers 

Paper I: This paper proposed a MAS composed of four elements with 
similar radiation patterns working at the WLAN band. The antenna 
system employed two antenna types, i.e., the slot antenna and the square 
ring patch antenna, printed on different sides of the substrate. A band stop 
filter consisting of several slits was etched on the ground plane to 
enhance the isolation between antennas by 10 dB. This filter can be 
applied to any MAS where current on the ground is the main cause of the 
mutual coupling. 
Contribution of the author: the author developed the antenna, conducted 
all the simulations and most of the experiments, and wrote the draft of the 
paper. The contribution was about 85%. 

Paper II: This paper proposed a dual band MAS composed of two 
extremely small PIFA antennas. The miniaturization was achieved 
through meandered PIFA and a capacitive load. The capacitive load also 
contributed to the low mutual coupling between antennas, since it 
localized the current around the antenna element, rather than flowing 
along the ground plane. The antenna system is easily integrated in the 
mobile phone. 
Contribution of the author: the author proposed the idea, carried out the 
simulations and the experiments, and wrote the draft of the paper. The 
contribution was about 90%. 

Paper III: This paper introduced a compact planar collocated MAS 
consisting of a square ring patch and a PIFA. A balance T-shaped 
microstrip was used to feed the patch antenna to provide low cross 
polarization level. The feed of PIFA was orthogonal to the feed of the 
patch antenna. An isolation null above 25 dB was obtained at the resonant 
frequency due to good polarization diversity. 
Contribution of the author: the author designed the antenna, conducted 
all the analysis and the experiments, and wrote the draft of the paper. The 
contribution was about 85%. 

Paper IV: This paper studied the multiple antennas on the mobile 
terminals with chassis excitation. The characteristic mode of the chassis 
was analyzed. According to the analysis, the conclusion was reached that 
to decouple the antennas on the chassis, it is better to place one antenna at 
one shorter edge of the chassis and place the other antenna at the chassis 
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center. In the meantime, the tradeoff analysis for the performance of 
multiple antenna terminals with respect to the locations of the antenna 
elements was provided, in terms of bandwidth, efficiency, correlation, 
diversity gain and capacity. 
Contribution of the author: the author performed the theoretical studies, 
conducted the analysis and the simulations, did some of the experiments, 
and wrote the draft of the paper. The contribution was about 75%. 

Paper V: This paper introduced a novel method to mitigate the 
chassis-induced mutual coupling on the mobile terminals at low 
frequency bands. Orthogonal modes were created by a folded monopole 
and a coupled fed loop on the chassis. The radiation pattern of the 
monopole on the chassis was similar to that of a flat dipole, whereas the 
coupled loop shared similar radiation patterns with a magnetic dipole. 
The proposed dual antenna system can be conveniently modified for 
frequency reconfiguration and multiband operation. Furthermore, the two 
antennas can be collocated at the same chassis edge. Good isolation and 
antenna efficiencies are achieved for all the cases. 
Contribution of the author: the author performed the simulations, 
fabricated the antenna prototypes, did some of the experiments, and wrote 
the draft of the paper. The contribution was about 80%. 

Paper VI: This paper studied the impact of current localization on the 
performance of multiple antennas on chassis. PIFA antenna at the edge of 
the chassis was taken as an example. Different levels of current 
localization are realized by different permittivities of the dielectric 
loadings of PIFA. The conclusion was reached that when the PIFA 
became more localized, not only the dimensions of the antenna were 
greatly reduced, its diversity and capacity averaged over 20 MHz 
bandwidth also improved, or at least kept constant. 
Contribution of the author: the author proposed the idea, constructed the 
models, carried out the simulations and the experiments, and wrote the 
draft of the paper. The contribution was about 75%. 

Paper VII: This paper proposed a simple and cost effective method to 
measure the correlation coefficients between the antennas in lossy MAS. 
With this method, only the S parameters and the total efficiencies of the 
antennas were required. Equivalent network of the lossy MAS was 
provided. The accuracy of the method was fairly good.  
Contribution of the author: the author proposed the idea, developed the 
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main part of the method, performed the calculations and the simulations, 
and wrote the draft of the paper. The contribution was about 70%. 

 
Paper VII: This paper proposed a compact frequency reconfigurable 
antenna with a very wide tuning range. The antenna can hop between two 
different frequencies since it operates between a standard slot antenna and 
a half slot antenna with different status of the PIN diode. At the same 
time, a varactor diode was utilized to tune the frequency continuously at 
each frequency band. When the two frequency bands were stitched 
together, a wide tuning range from 0.5 GHz to 1.48 GHz was achieved.  
Contribution of the author: the author proposed the idea, designed the 
antenna and the circuit, carried out most of the experiments, and wrote 
the draft of the paper. The contribution was about 85%. 

Paper IX: This paper proposed a compact pattern reconfigurable MAS. 
Each antenna can be switched between the PIFA mode (broadside pattern) 
and the monopole mode (endfire pattern) with two switches. The two 
modes were designed to operate in the same frequency band. To decouple 
the two antennas, shield wall and decoupling slits were utilized. With four 
different combinations of the switches, eight different antenna patterns 
were achieved, enhancing the reliability of the wireless channel. 
Contribution of the author: the author developed the idea, simulated the 
antenna, did most of the experiments, and wrote the draft of the paper. 
The contribution was about 85%. 
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