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Chapter 1

Introduction

1.1 Background to the need for variable antennas

In these days, many kinds of wireless communication systems are increasing
rapidly. For example, not only cellular phone systems but also wireless LAN,
Bluetooth, RF-ID, etc. has been already used widely all over the world. As
the number of wireless devices increases, the devices are inevitably required
to be compact and low-cost in order to be easily attached to anything or car-
ried with a person. On the other hand, needless to say, the number of devices
failing to connect would also increase as the total number increases. And
each device is required to meet the specs of connection rate, throughput, etc.
regardless of the surrounding environment in the vicinity and propagation
environment.

Of course, the remarkable progress in digital signal processing and dig-
ital/analogue circuit technology support to get rid of the above-mentioned
problems. An antenna, however, as the end part of a wireless terminal plays
very important role to capture a radio signal, and the signal is largely influ-
enced by the propagation environment and in the vicinity of various object,
e.g. a desk, attached wall, a user’s hand/head, etc.

In these situations, for wireless terminals

e Downsizing in order to install them anywhere and not to spoil the fine
sight of the original appearance

e Increasing internal devices other than wireless devices like sensors, that
leads to high-density packaging of terminals

are still been required. Although also built-in antennas of wireless terminals
eventually are required to be small, high-efficiency, wideband and robust



Social needs

-Downsizing of wireless terminals
-Increase in functional device
=>High-density packaging

Technical

Technical problem
needs

Physical limitations on small

Small, high-efficiency, antennas: trade-off among
wideband and robust antenna volume, efficiency and BW

Technical seeds !

Variable antennas for operating
frequency or directivity are beneficial.

Figure 1.1: The needs and seeds related to variable antennas

performance at the same time, physical limitations on electrically small an-
tennas, or trade-off among the volume, efficiency and bandwidth of the
antennas are revealed [1,2]. Therefore, variable antennas for operating fre-
quency or directivity are supposed to be beneficial to break through this
conflicting requirements. These relationships are shown in Fig. 1.1.

As shown in [3], once the volume for an antenna and other scatterers
around them are determined, the physical limitations can be calculated.
Therefore, tunable and steerable antennas are expected to enhance this lim-
itations in real time as Fig. 1.2 shows the ultimate target image of the
variable antennas.

1.2 Conventional studies of variable antennas

There are many conventional studies of variable antennas especially for op-
erating frequency, a so-called tunable antenna [14-16,19-22]. However, the
problem is they did not fully cover wideband cellular systems from 704 MHz
to 2690 MHz, with relatively small sized antenna and high-efficiency. In ad-
dition, a tunable antenna is thoroughly optimized with some special method
to accelerate the simulation and finally its advantage over non-tunable an-
tenna has been confirmed by comparing with the physical limitations [2]. In
addition, tunability in real time is required in actual situations. A cellphones
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Figure 1.3: The schematic diagram of a conventional automatic tunable
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can be used in the vicinity of various objects, e.g. a user’s hand /head, desk,
etc. So for them an automatic tunable antenna has been studied in this pa-
per. Although there are some automatic ones among papers about tunable
antennas [21,22], and as shown in Fig. 1.3 they solely uses a directional cou-
pler which causes some general problems: an insertion loss, low input SNR
of a detector, and especially narrower the operation bandwidth of the total
system. Therefore a novel auto-tuning system containing a probe which is
located near the tip of an antenna has been proposed and demonstrated in
this paper.

There are also conventional study of variable antennas for directivity,
or steerable antennas [34-36]. Here, an antenna array the system taking
advantage of that, e.g. a phased array, a MIMO system can be also regarded
as a kind of steerable. Then, in this paper a small-sized steerable antenna
for MIMO system has been studied. The schematic of a MIMO system
with steerable antennas The whole structure is small enough as a built-
in antenna for a mobile terminal, and the simple combination of a MIMO
system with a conventional steerable antenna for each branch would not
be able to achieve that size. And also the advantage of the MIMO system
with steerable antennas over that with non-steerable antennas would be
confirmed.

The motivation to undertake steerable antennas with MIMO is that it
is supposed to be beneficial in some situation as shown in Fig. 1.5. The

10
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figure shows the two branches of vertically crossed dipole antennas both
for the transmitting and receiving end. Supposing both sides can adaptively
select the polarization depending on the propagation environment, obviously
this system improve the channel capacity more than without the switching
because this system completely includes the system without steerability.
Although the steerability is focused on polarization, there are other degree of
freedom on radiation, i.e. directivity and phase. The general mathematical
discussion is done in Chapter 5.

1.3 The difficulty of variable antenna design as a
multi-objective problem

The design of variable antennas are usually multi-objective problems, and
heuristic algorithms, e.g. Genetic Algorithm (GA), Particle Swarm Opti-
mization (PSO), Annealing method, etc. are suitable to solve it because
of their pseudo thorough searching performance. However, there is still a
trade-off between the degree of freedom in a design and computation time,
or number of iteration. In order to accomplish these works, some special
method to design variable antennas has been applied. Figure 1.6 summarize
the above.

They are commonly taken advantage of to design both a tunable an-

12
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Figure 1.6: Multi-objective problems arising from variable antennas and the
approach for it
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tenna and steerable antenna for MIMO. GA on which the method based on
can perform a global search for the topology of an antenna. On the other
hand, its repetitive procedure consumes long time and the design is possi-
bly trapped around local minimum. For those reasons, some acceleration
techniques for linear algebra in an electromagnetic calculation and an ap-
propriate function to avoid local minimum has been proposed and applied
in the optimization.

1.4 Composition of this dissertation

Lastly, the composition of this dissertation is as stated below and also see
Fig. 1.7. The commonly used design method for a tunable antenna and
steerable antenna is introduced in Chapter 2. Chapter 3 and 4 are related
to a tunable antenna. A normal tunable antenna without a control block
is introduced and discussed in Chapter 3, and an automatic one with a
feedback control system is in Chapter 4. Chapter 5 and 6 are about a
steerable antenna for MIMO system. The design and fundamental features
of the antenna are noted in Chapter 5. The mechanism of the steerability
and the performance of the antenna as a part of MIMO system are discussed
in Chapter 6. Chapter 7 concludes this study.

1.5 Summary

Tunable/steerable antennas can be a solution for built-in antennas of small
wireless terminals because there is a conflict between the need for downsizing
and physical limitations.

Target of this study is specified: the design and confirmation of

e Small and wideband tunable antenna for cellular systems and

e Small steerable antenna to enhance MIMO channel capacity.

14
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Chapter 2

Design method for variable
antennas

2.1 Introductory remarks

Figure 2.1 shows the schematic outline of variable antenna design consis-
tently used in this paper. The process is based on genetic algorithm, or
GA as a whole. For applying GA to an antenna design, the area where
antenna will be formed is modeled with small metal patches at first. The
structure filled up with all patches is called a ‘raw structure’. The randomly
determined structure that is a set of small patches is computed by electro-
magnetic simulator and the S-parameters are extracted. The S-parameters
and external variable circuits are connected and calculated with a circuit
simulator. Finally, the each cost function in terms of some antenna charac-
teristics for each design is calculated and GA updates the bits corresponding
to a set of antenna patches for next generation, based on selection, crossover,
mutation, etc.

Although many conventional studies have already worked through the
above-mentioned method [70-72], there are some issues to be solved:

e Long simulation time

— Repetitive EM simulations for generation, frequencies, the states
of variable lumped elements, etc.

— The number of possible configurations is so enormous that useless
designs frequently arise.

e Local minimum

16
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Figure 2.1: Schematic outline of variable antenna design
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— The weights for multiple objectives should appropriately be set
to avoid local minimum.

e Singular structural point

— Two patches connected at the corner each other are illegal in the
EM simulation.

For each problem, some special techniques are applied, i.e.

e Numerical Green’s Function (NGF) [73-75] and S-parameter analysis
accelerates the electromagnetic simulation.

e Barrier Function (BF) which have a non-linear profile mitigate the
problem of local minimum caused by the trade-off among plural char-
acteristics.

e Configuration error avoidance method based on maze solving algo-
rithm supported by geometric matrices for graph theory completely
eliminates singular structural points.

2.2 Numerical Green’s Function (NGF) for the ac-
celeration of simulation

Before the introduction of NGF, brief explaination of moment methods
(MoM) is necessary. Figure 2.2 shows the impedance between discretized
parts for moment methods (MoM). In the MoM analysis for antennas of
arbitrary shape, the whole structure usually fragmented to small parts and
each current and voltage on each part are related by the summation weighted
with an impedance determined by the geometry. In the case in Fig. 2.2, the
voltage on ith part V; is induced by currents from all parts, J;, Ji, etc. and
they are weighted with Z;;, Z;, etc., respectively. i.e.

n

Vi = ) Zjl;. (2.1)
j=1

Thus, a linear simultaneous equations

vl = (2] (2.2)

18



Figure 2.2: The impedance between discretized parts for moment methods
(MoM)
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or the expression with elements

Wi Zn o Zin J1
o= : (23)
Vn an e Znn Jn
can be obtained. In most cases, the Z matrix is decomposed to the product

of L and U matrix because Z is a dense matrix. LU matrix is mathematically
expressed as

1 0 Un Ui -+ Uy
Loy 1 Uy - Uy

w = | T a
Lnl te Ln(n—l) 1 O Unn

and the usage of memory in the actual computation is

Un Uiz -+ Uy
Loy Uz --- Uy

LU = . oo . (2.5)
Lnl Ln2 e Unn

Hereafter, for simplification, LU matrices have elements as shown in the
equation (2.5).
Here, the whole structure can be categorized into two parts:

e fixed part— ground plane, dielectric substrate, etc.
e variable part— antenna,

as the image of categorization shown in Fig. 2.3. Zj;, Zy,, Zyf, Zyy are
impedances between both the voltage V and the current J in a fixed part,
V in a fixed part and J in a variable part, V in a variable part and J in a
fixed part, both V and J in a variable part, respectively.

Then if these parts are separated into the first part and second part, the
equations is expressed as

Vi Zir Zgo ] [ Ty ]
= , 2.6
|: Vo :| |: va Zyy Jy ( )
where the suffix ‘f’ denotes the element related to the fixed part and the
suffix ‘v’ related to the variable part. In the propose method, a Z matrix

20



Figure 2.3: The image of the categorization for a fixed part and variable
part
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is decomposed until the elements related to fixed elements, in other words,
the elements which have suffix ‘f” are decomposed as

(2.7)

va Zvv

This matrix is kept in memory while the optimization, and the rest part of
the matrix which has not been decomposed for each design is decomposed
as

LUs; U
LUPost = |: fv :| (28)
L LU

2.3 S-parameter analysis to accelerate the calcu-
lation for variable antennas

An S-parameter analysis can combine the result of a electromagnetic simula-
tion and non-radiating circuits and calculate them all in a circuit simulation,
and then it is beneficial to simulate variable antennas. Figure 2.4 shows the
schematic diagram of S-parameter analysis combined with an electromag-
netic simulation (EMS). The S matrix Sy indicated at the upper box in the
figure is obtained from an EMS and #1,--- ,#4,--- ,#j4,---, and #n are
the internal ports of this total system. The four boxes in the lower part in
the figure are the external circuits. As is conventionally done [77], incident
(ax) and reflected (by) power waves are defined at all internal and external
ports and the whole matrix can be obtained from the required condition at
each port. Then with external boundary conditions— excitations and loads
at the external ports— give the waves at the internal ports.

The way the S-parameter analysis is configured in the case of Fig. 2.4
is as the following. At first, focusing on the internal port 1, the equations
there

a = S§2b1+551am1 (2.9)
by o= Y Sha (2.10)
k=1

22
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Figure 2.4: Schematic diagram of S-parameter analysis combined with an
electromagnetic simulation (EMS)
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are obtained. Similarly,

a; = O-bi+1-am- (2.11)
bi = Z S?kak (2.12)
k=1
aj = Sb; (2.13)
by = > Sha (2.14)
k=1
bn = > S (2.16)
k=1
are obtained. Then a linear simultaneous equations
[Allz] = [y] (2.17)
is configured, where a total matrix
1 S, -~ 0 0 -~ 0 0O --- 0 0 ]
591 -1 ... 5(1]1' o --- S?j o --- S?n 0
0 O --- -1 0 --- 0 0O --- 0 0
5?1 o --- SiOi S SZO], o --- S?n 0
I T S T A
0 0O --- 0 0o --- -1 5{1 .. 0 0
0 0 0 0
S 0 o 8% -1 . 8% 1 800
0 o --- 0 0 --- 0 0 --- -1 8%
_521 o --- ng‘ o --- 52]_ 0o --- Sv _1_
(2.18)

an unknown signal vector at the internal ports
] = [a1, b1, -+, ai, by, -+, aj, by, o, an, by]T,  (2.19)
and a given excitation vector at the external ports,
[yl = [~Shas1, 0, -+, —agi, 0, -+, 0, 0, -+, =S¥ agn, 0]
(2.20)

24



Then, setting ayr = 1 and agzm = 0(m # k) gives Spr(p = 1,2,--- ,n) of S
parameters for the external ports.

The problem of applying an S-parameter analysis to an antenna sim-
ulation is that the currents, loss, radiation efficiency, and other antenna
characteristics are changed depending on the waves at the internal ports.
Therefore, these characteristics should be calculated repeatedly everytime
the waves at the internal ports changes. In order to reduce the time, the
responce for the unit incident wave at every internal port is kept in mem-
ory and the antenna characteristics are calculated with using that data and
flowchart as shown in Fig. 2.5. First the internal current when each port
is excited step by step, and Y matrix and S matrix for internal ports are
serially calculated. Combining the S matrix with the S matrix for external
circuits, a total matrix and terminated S matrix are obtained. The ter-
minated S matrix gives the input power, and the internal voltages which
reconstruct the actual internal current distribution. Then the loss of an
antenna and the radiation efficiency are determined.

Figure 2.6 shows the total flowchart to calculate a cost function. This
chart includes the evaluation for a multiple frequencies, ports, and state of
circuits analysis. The part lower than blue box in the figure corresponds
to Fig. 2.5. After the evaluation for each port excitation with the best
combination of ports, the worst evaluation among all excited ports is se-
lected. Similar process is repeated at each frequency, and the worst evalua-
tion among all frequencies is selected. A barrier function is described in the
next section.

2.4 Barrier Function (BF)

Barrier function is defined as

2 arct —t
BF(z,a,t) = min ( arctana(e —t) 1> . (2.21)

™

Fig. 2.7 shows some examples of barrier functions with various parameters.
Apparently every function sharply drops at a target parameter ¢, and also
is equal where x is greater than ¢t. Therefore, if some performance A corre-
sponding to the above x deteriorates even slightly from the target value t,
GA operation tends to reject the design because the cost function sharply
drops near the point.

And if another performance B is far from the target value at the same
time, the change of B is less sensitive to the cost function than the change

25
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of A. Exactly speaking this is when the cost function is the product of two
barrier function as shown in Fig. 2.8. The surface has two ridgelines along
a target value, t = 0.8 in this case, which keeps satisfied objective value and
promote another in a multi-objective optimization.

The value of this function is 1 when both x and y are greater than or
equal to the target value ¢, and sharply decrease in the domain where either
of x or y is slightly less than ¢, and the steepness is proportional to a.

2.5 Configuration error avoidance method

In this section, the method to eliminate the illegal patches causing error in
electromagnetic simulation and trivial patches that are less likely to improve
an antenna performance. The patches of interest are

e corner-touching patches— which cause an error in electromagnetic sim-
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Figure 2.9: corner-touching patches and floating patches, and their elimina-
tion

ulations, and

e floating patches— which are not directly connected to a ground or sig-
nal line and probably useless because they must grow to about half
wavelength to resonate and occupy a wide area

as shown in Fig. 2.9.

At first, each patch has a numbering in sequential order for GA as shown
in Fig. 2.10. Then the geometrical relation between each patch and others
can be expressed as in a graph theory manner.

For example, the adjacency on the edges and the connectivity at the
corners between each patch and another are expressed with an ‘adjacent
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Figure 2.10: Numbering of patches for GA

matrix’:

(2.22)

FT FTFF F F FF F F F
T F T F T F F F F F F F F
FT F F FTFF F F F F F
T F FFTFF FTFF F T
rT FT FTFF FTF FF
F FTFTVFFFF FTVFF
rFFF FFF FTFFFTF
F F F FF FTFTVFUFFT
rF FFTFFFTFTVF F F
F F F FTFFFTVFTVFF
F F F F FTFFFTFFF
FF F FF FTFUFFUFFT
F F FTFFFTFFFTF
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and a ‘corner-connectivity matrix’:

r F F FTFF FF FF FT
rF F FTFTUVFFF F F FF
r F F FTFUFFF F F FF
rF T F F F F FTFTUFFF
T FT FFF F FTFTFF
r T F F F F F F FTUFFF
Cc = F F F F FF FF F F F F T]|,(223
rF F FTFFFFFFFTUF
rr FFTFFFFF FFT
r F FTFTUFFFFF FF
F F F FTFF F F F F F F
r F F FFFFTUFFF FF
T F F F F F T FTF F F F

respectively, where T denotes true and F' denotes false. Then, some process
to find geometrical relation becomes briefly coded, e.g.

e The matrix A™ denotes an indirect connectivity with n-th steps.
e Two matrices show the connectivity of patches for easy reference, e.g.

— The matrix C' shows the patch 4 and 10 are corner-touching.

— The matrix A shows the deletion of either depends on the exis-
tence of patch 5 or 9 that are adjacent to both the patch 4 and
10.

These trimming process can avoid geometrical errors and accelerate the com-
putation at the same time. On the other hand, that can decrease the number
of patches rapidly. In order to avoid this problem geno and pheno type chro-
mosomes are used in GA operation. Althoug geno-type chromosomes are
inherited down the next generation, for the evaluation pheno-type ones are
used. This way, it helps to avoid an error by hiding corner-touching patches
and to accelerate the calculation by hiding floating patches. In fact, it was
confirmed that optimized structures without the process of hiding floating
patches have never had useful floating patches, e.g. the characteristics of the
structure without the floating patches is almost the same with the floating
patches. Lastly, the bits for the patches directly connected to a port are
added to simplify the coding. This thing has already been shown in Fig.
2.10 and Fig. 2.11.
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Figure 2.11: Example of geno and pheno type chromosomes

2.6 Summary

GA has been applied to designs of tunable/steerable antennas as multi-
objective optimization problems. And 4 techniques to solve three problems
in the optimization:

e NGF and S-parameter analysis for acceleration of simulation
e Barrier functions for the avoidance of local minima
e Magze searching, etc. for configuration error avoidance

have been introduced.
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Chapter 3

Tunability design of
electrically small antenna

3.1 Introductory remarks

Built-in antennas of mobile terminals are required to be smaller and to cover
more frequency bands than ever before as the number of available wireless
systems has burgeoned recently. On the other hand, in principle, small
antennas have a trade-off between size and performance [1,2]. Therefore,
utilizing tunability [14-16,19-22] is expected to be one of the solutions to
enhance the performance of small antennas.

This chapter proposes a multi-band tunable antenna as one of the so-
lutions for the above-mentioned problems. The antenna has been designed
with GA based algorithm introduced in chapter 2. At first the idea of match-
able impedance is discussed beforehand to choose the topology of a matching
circuit. Next, an antenna has been designed with a selected matching cir-
cuit. Finally, the designed tunable antenna performance has been evaluated
and compared with some conventional studies of a tunable antenna.

3.2 Matchable impedance

In order to choose a topology of a matching circuit in advance of antenna
design, a matchable impedance was studied. Figure 3.1 shows the explana-
tory diagram related to matchable impedance. Z, is an input impedance
of an antenna, F', Z are 2-port matrix of a matching circuit, and Zj, is
an input impedance of the antenna with the matching circuit. The match-
able impedance of this diagram is the range of Z, where Z;, can realize the
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Figure 3.1: Explanatory diagram related to matchable impedance

VSWR less than a certain value with all variations of variable capacitances.
The detailed calculation is introduces in the appendix A.

Figure 3.2 shows the matchable impedance of three matching circuits
with 2, 3, and 4 lumped elements including 2 variable capacitances. The
target VSWR is 3 and all inductances are 4 nH. The charts in the leftmost,
middle and rightmost columns indicate the matchable impedance of match-
ing circuits with 2, 3, and 4 lumped elements as shown in the top row in
the figure, respectively. Judging from the charts, the range of matchable
impedance with 4 lumped elements is larger than others and include the
original matching range indicated with blue circles. The reason is easily
found because capacitances change the matchable region in one direction,
that is minus in reactance or susceptance.

Then the matching circuit with 4 lumped elements covers have a large
area of matchable impedance and also intuitively that is supposed to make
an antenna design easier compared with the original matching range.
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GHz

Figure 3.2: Matchable impedance of three matching circuits with 2, 3, and
4 lumped elements including 2 variable capacitances.
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3.3 Antenna design and the performance

Figure 3.3 shows the optimized tunable antenna with the matching circuit
including 4 lumped elements shown in Fig. 3.2. The multiband antenna
design without a matching circuit [25] was used as an initial model to make
the input impedance go through the matchable impedance shown in the
rightmost column in Fig. 3.2.

The calculated VSWR, radiation efficiency of the designed tunable an-
tenna are shown in Fig. 3.4. Light- and dark-colored lines show the char-
acteristics with all variations of varicap diodes and the optimum envelope,
respectively. Blue and red lines indicate VSWR and total efficiency, respec-
tively. In this paper, total efficiency is defined as radiated-to-incident power
ratio, which is equal to the product of transmission coefficient and radiation
efficiency [69]. The red dotted lines indicate the radiation efficiency regard-
less of the lossless matching circuit. The VSWR is lower than 3 and the
total efficiency is higher than —4 dB over the five frequency bands of typical
wireless communication systems, i.e. LTE, GSM, DCS, PCS and UMTS
indicated with bidirectional arrows, except for a part of lower LTE band
around 0.7 GHz and UMTS around 2.1 GHz. The radiation efficiency indi-
cates the potential total efficiency that is achieved with the perfect matching
of the antenna, and could not be improved with a matching circuit. It is
deteriorated by the ohmic loss on the antenna and the ground plane, and
dielectric loss. Therefore, the improvement depends on the design and the
material of the antenna structure.

3.4 Benchmarking of tunable antennas

Although the antenna has been designed only in a small area of 60 mm Xx
10 mm and covers the wideband for LTE, GSM, DCS, PCS and UMTS as
shown in the previous section, the absolute figure of merit is unclear. So
in this section the designed tunable antenna is compared with the physical
limitations on (non-tunable) antennas and conventional studies.

At first, to confirm the accuracy of the physical limitations and the
antenna optimization by GA, the performances obtained with these two
method are compared. Figure 3.5 shows the comparison between the de-
signed tunable antenna shown in Fig. 3.3 and physical limitations [2] for
the parameter L. The figure of merit is G/(k3a?Q), where G is a realizable
maximum gain, kg is a wavenumber, a is the radius of the smallest circum-
scribing sphere of the whole structure, and @ is a quality factor. Obviously,
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Figure 3.3: Optimized tunable antenna with the matching circuit including
4 lumped elements shown in Fig. 3.2
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Table 3.1: Benchmark of tunable antenna

Tunability
Wireless LTE700 EES LTE2600 Size (W x LxT) m o
System EGSM UMTS [mm] 3 3 %
S0 =
Band | fmin 704 1710 | 2500 Antenna Ground 23
(MHz) Frnax 960 2170 | 2690

This work v 749 MHz— v v 60 x 10x 1| 60x90x 1 > 40
Takemural14] v v 50x 10 x 1| 50x90x1 > 40

Liul1s] 823 MHz— v 38 x10x 6| 40x90 x 1 =
Chenl16] v v v 64 x 11 x 6|64 x 129 x 1.5| > 30
Xialt7] v v v 45x6x6 | 45x110x 1 | >50
Ramachandrantt8l v v 45 x 12 x 6| 66 x 110 x 1 | > 35

they denote the same tendency for L and the antenna designed with GA
provide comparable performance with that of the physical limitation.

Next, the absolute bandwidth of the designed tunable antenna shown
in Fig. 3.3 and the physical limitations for the parameter H are compared
each other as shown in Fig. 3.6. This comparison only focus on the lower
frequency band less than 1 GHz. The designed tunable antenna has a three
times wider bandwidth of the physical limit.

Lastly, the designed tunable antenna is benchmarked with conventional
studies on tunable antennas as shown in Table 3.1. The conventional studies
in the table except for [16] does not cover all cellular wireless systems. Al-
though [17] appears to cover all, in the paper LTE700 and EGSM is obtained
by physical switching the line in a matching circuit. [16] covers all, however
the size of the antenna is a little larger than this work and the radiation
efficiency is also a little worse than this work.

To confirm that the designed tunable antenna is on the frontier in the
trade-off among the size, bandwidth and efficiency of an antenna, a bubble
chart of efficiency on the size-bandwidth map is shown in Fig. 3.7. The size
is determined without a ground plane in the upper chart, and with a ground
plane in the lower one. The size of bubbles denotes the efficiency and the
center is located on the size-bandwidth map. Since the result marked Xia is
obtained physically shorted wire, and the result marked Liu does not clarify
the efficiency in the paper, it is valid that this work on the frontier in the
trade-off among the size, bandwidth and efficiency of an antenna.
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Antenna design area

Figure 3.5: Comparison between the designed tunable antenna shown in
Fig. 3.3 and physical limitations [2] for the parameter L
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3.5 Summary

Based on matchable impedance, 4-element matching circuit was adopted. It
is confirmed that the designed tunable antenna achieves wideband operation
with a small size:

e 3 times wider bandwidth than physical limitation, and

e on the frontier in terms of tunability and the size of an antenna com-
pared with conventional studies.
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Chapter 4

Automatic tunability and its
verification

4.1 Introductory remarks

This chapter proposes a multi-band automatic tunable antenna system for
wide frequency bands of 704-2690 MHz for cellular wireless communica-
tion systems. The proposed system controls variable capacitors connected
between the antenna and a transmitter based on the received power of a
probe. Locating the probe near the tip of the antenna enables frequency-a
operation. The antenna is a multi-band two-arm monopole antenna printed
on a 60 mmx10 mm area of a 60 mmx100 mm FR-4 printed circuit board
(PCB). The probe is a small dipole antenna capacitively coupled with the an-
tenna. Fine-tuning based on simple hill-climbing optimization compensates
the mismatch due to the surroundings, e.g., a user’s hand/head or desk as-
suming channel-informed rough-tuning beforehand. A prototype consisting
of varicap diodes and some other devices demonstrates automatic tunability.

Built-in antennas of mobile terminals are required to be smaller and to
cover more frequency bands than ever before as the number of available
wireless systems has burgeoned recently. On the other hand, in principle,
small antennas have a trade-off between size and performance [1,2]. There-
fore, utilizing tunability [19-21] is expected to be one of the solutions to
enhance the performance of small antennas.

However, narrower frequency bandwidth in each state of variable ele-
ments while downsizing the antenna tends to cause a mismatch due to the
surroundings, e.g., a user’s hand /head or desk. Therefore, the problem could
be severer than in the case of a larger passive (non-tunable) antenna, and
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automatic tuning [22] is useful for a small built-in tunable antenna.

This paper proposes a multiband automatic tunable antenna system as
one of the solutions for the above-mentioned problems. The proposed system
includes a probe located near the tip of an antenna to detect transmission
power, and a field-programmable gate array (FPGA) that controls varicap
diodes based on the received power of the probe. The proposed system
is advantageous in terms of the operational bandwidth, the loss caused by
additional blocks, and high input signal-to-noise ratio (SNR) of a detector
for low reflection of the antenna, compared with a conventional system using
a directional coupler to detect the reflection from an antenna.

In this chapter, the proposed system is introduced in Sect.2. The de-
sign approach for an antenna and a control part of the system is described
in Sect.3. The calculated and measured results are shown in Sect.4 and
5, respectively. Following a discussion of the operating mechanism of the
proposed antenna in Sect.6, the final section is devoted to a conclusion.

4.2 Proposed system

Figure 4.1 shows the conventional method and the proposed automatic tun-
ing method. An automatic tuning system requires information about the
input impedance matching of the antenna. The conventional method uses a
directional coupler connected between a matching circuit and a transmitter.
The proposed method uses a probe capacitively connected with an antenna
instead of a coupler.

Whereas the conventional system is based on the reflected signal from
the antenna via the matching circuit to control the matching circuit, the
proposed system is based on the received power of the probe. This difference
results in the advantages of the proposed system listed in Table 4.1.

e Although the operational bandwidth is limited by the isolation of the
directional coupler in the conventional system, the proposed system is
frequency-independent because a small probe is located near the tip
of the antenna (see the discussion section).

e Although the directional coupler has substantial insertion loss [23,24],
if the ratio of the received power of the probe to the input power is less
than —20 dB, that corresponds to less than 0.1 dB loss, for example.

e Whereas the low reflection from the matching circuit directly gives low
input SNR of the detector in the conventional system, the opposite
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Figure 4.1: Conventional and proposed automatic tuning method
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relation applies in the proposed system. E.g. when Sy; = —10 dB,
the coupling of a directional coupler in the conventional system is —20
dB, and the coupling between an antenna and a probe in the proposed
system is also —20 dB, input SNR of the detector is approximately 10
dB higher in the proposed system than in the conventional system.

Table 4.1: The feature of the conventional and proposed method

Performance Conventional Proposed
. Limited by isolation Frequency
Bandwidth of directional coupler independent
Loss Typ. 0.3-1 dB <0.1dB
Input SNR Low reflection Low reflection
of detector gives low SNR gives high SNR

4.3 Design approach for antenna and control

Figure 4.2 shows the matchable impedance region with the matching circuit
shown in Fig. 4.1 at each frequency. The circuit consists of two inductances
and two variable capacitances. Both inductances are 4 nH. Both variable
capacitances can be 1, 2, 3, 4, 5 and 6 pF. The impedance is easily calculated
from the F parameters of the matching circuit (see appendix A). The union
of the area enclosed with multiple red circles is the matchable impedance
region. If the input impedance of an antenna is in this region, the matching
circuit can decrease the voltage standing wave ration (VSWR) to less than 3
indicated with a blue circle. As shown in Fig. 4.2, the matchable impedance
region is obviously advantageous to match the VSWR of an antenna without
a matching circuit. Although the matchable impedance region does not cover
the original VSWR<3 area only at 0.7 GHz, the antenna design is easier in
the external region of the smith chart than near the center because the input
impedance changes more slowly as the frequency changes.

We modified the original multiband antenna designed without a match-
ing circuit [25] as an initial model to make the input impedance go through
the matchable impedance shown in Fig. 4.2. Figure 4.3 shows the config-
uration of the antenna and the probe to be incorporated into the proposed
automatic tunable antenna system shown in Fig. 4.1(b). The antenna is
printed in a 60 mmx10 mm area on a 60 mmx100 mm FR-4 (e, = 4.4,
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circuit shown in Fig. 4.1
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Figure 4.3: Configuration of the antenna and the probe

tand = 0.02) PCB. The probe is printed near the tip of the antenna and its
length of 4 mm is substantially shorter than that of the antenna. The an-
tenna and the probe are coupled capacitively. Assigning the feeding points
of the antenna and the probe to port #1 and #2, respectively, Sa; indicates
the coupling between them.

Figure 4.4 is a schematic diagram of the original idea of applying hill-
climbing optimization to the antenna system. The received power of a probe
Pyet converted from an RF signal received by a probe via a power detector
is converted to 8-bit binary data via an Analog-to-Digital Converter (ADC).
The comparator indicated as CMP compares a previous binary data Pge (t—
At) with the current one Pyet(t), and the result determines whether the two
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sets of 8-bit binary data are counted up or down for the bias Vi and V5 to
varicap diodes via Digital-to-Analog Converters (DACs) indicated as DAC1
and DAC2. Two varicap diodes are alternately controlled. Eventually, the
block enclosed with dotted line is realized in an FPGA in the prototype. In
addition, it is possible to integrate the control section, a power detector, an
ADC, two DACs and two variable capacitors into a small IC, e.g., with a
footprint of a few square millimeters.

4.4 Calculated results

Figure 4.5 shows the VSWR, radiation efficiency and total efficiency of the
proposed antenna in free space shown in Fig. 4.3. Light- and dark-colored
lines show the characteristics with all variations of varicap diodes and the
optimum envelope, respectively. Blue and red lines indicate VSWR and to-
tal efficiency not, respectively. In this paper, total efficiency is defined as
radiated-to-incident power ratio, which is equal to the product of transmis-
sion coefficient and radiation efficiency 7,,4. The red dotted lines indicate
the radiation efficiency regardless of the lossless matching circuit. The value
when Ss; is at the maximum value agrees with the optimum value at ev-
ery frequency. This means at least the matching circuit is optimized when
the controller can maximize the received power of the probe. The VSWR
is lower than 3 and the total efficiency is higher than —4 dB over the five
frequency bands of typical wireless communication systems, i.e. LTE, GSM,
DCS, PCS and UMTS indicated with bidirectional arrows, except for a part
of lower LTE band around 0.7 GHz and UMTS around 2.1 GHz. The radi-
ation efficiency indicates the potential total efficiency that is achieved with
the perfect matching of the antenna, and could not be improved with a
matching circuit. It is deteriorated by the ohmic loss on the antenna and
the ground plane, and dielectric loss. Therefore, the improvement depends
on the design and the material of the antenna structure.

Figure 4.6 shows the model of the proposed antenna in the vicinity of a
hand. The hand is modeled with a dielectric block that has the same area
as a PCB and is 10 mm in thickness. The dielectric constant £, = 50 and
the conductivity ¢ = 1 S/m are determined with reference to the values of
human muscle at around 1 GHz shown in [26]. The proposed antenna PCB
model shown in Fig. 4.3 is located right above the hand model with 8 mm
gap. A chassis surrounding a PCB and supporting the gap in practical use
is not modeled.

Figure 4.7 shows the VSWR, radiation efficiency and total efficiency of
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Figure 4.4: Schematic diagram of the original idea to realize hill-climbing
optimization applying to the antenna system
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posed antenna in free space shown in Fig. 4.3
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Figure 4.6: The model of the proposed antenna in the vicinity of a hand

the proposed antenna in the vicinity of a hand shown in Fig. 4.6. The
legend and the meaning of each plot or line are identical to those in Fig.
4.5. Although the total efficiency averagely decreases over all frequencies,
the VSWR and the total efficiency when So; is at the maximum value agree
with the optimum values at every frequency, respectively. Therefore, the
VSWR and the total efficiency is optimized if the received power of the
probe were maximized as is the case in free space.

4.5 Measured results

Figure 4.8 shows the prototype of the proposed antenna system. A vector
network analyzer (VNA) feeds an RF signal into the antenna printed on an
FR-4 PCB via the matching circuit that includes two varicap diodes and
two inductors. A power detector converts the received power of the probe
to DC voltage, and an ADC converts the DC voltage to 8-bit binary signal.
An FPGA controls the varicap diodes based on the 8-bit binary signal via
DAC1 and DAC?2 to bias the diodes with DC voltage. Then the voltage can
be in 256 steps from 1 V to 10 V, and the corresponding capacitance is from
around 1 pF to around 6 pF. The hill-climbing optimization is realized in
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posed antenna in the vicinity of a hand shown in Fig. 4.6
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Figure 4.8: Prototype of the proposed antenna system

the FPGA.

The measured VSWR, and impedance of the prototype are shown in Fig.
4.9. The VNA sweeps a 20 MHz span for each center frequency (700, 750,

MHz) and the VSWRs converge to low values around 3 over a wide
frequency range approximately from 700 MHz to 950 MHz. Apparently the
impedance of the prototype for each frequency range is scattered around
the center of the Smith chart and the distribution is unlikely to be realized
without variable elements in such a small antenna design.

Figure 4.10 shows the change in the VSWR of the prototype when the im-
pact of the proximity of a hand is included. The red line indicates the value
when the varicap diodes are NOT controlled after convergence is achieved
in free space, and the blue line is the re-converged VSWR. The converged
VSWRs at 700 MHz and 800 MHz in free space (See also Fig. 4.9) are
significantly deteriorated and improved again from around 2.5 to less than
1.5. This performance leads to power savings of around 20%.

The above results are for lower frequency band of less than 1 GHz. On
the other hand, for higher frequency band of more than 1.7 GHz, the VSWR
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Figure 4.11: The VSWR of the prototype in free space and in the vicinity
of a hand

of the prototype in the vicinity of a hand indicated with blue lines in Fig.
4.11 changes only slightly and can even be improved from the state in free
space indicated with red lines in Fig. 4.11. It is thought that the coupling
between the antenna and a hand in higher band is less than in lower band
because of the distance between them in wavelength. Therefore, the tuning
system is important for lower band but not for higher band.

4.6 Discussion

In this section, referring to the calculated results, the relation between the
received power of the probe and the matching of the antenna in the pro-
posed antenna system is discussed. The calculated results shown in Fig.
4.5 and Fig. 4.7 ensure the best matching state at least when So; is at the
maximum. In order to ascertain the behavior in the course of the optimiza-
tion, we confirmed the correlation between Sy; and VSWR of the proposed
antenna system in free space as shown in Fig. 4.12. S9; and VSWR have
strong negative correlation and most of the plots are aligned in a curve at
every frequency. Hence, the VSWR decreases as So; increases regardless of
frequencies. The range of S9; is 33 dB from —52 to —19 dB. This is easily
covered by a usual power detector. In addition, if the system can receive the
information of the frequency of a transmitted signal, the required dynamic
range of a power detector can be limited to a much higher part.
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Figure 4.12: Correlation between S3; and VSWR of the proposed antenna
system in free space (calculation)
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Figure 4.13 shows the correlation between So; and VSWR of the pro-
posed antenna system in the vicinity of a hand. The correlation is sustained
when the antenna is in the vicinity of a hand as shown in Fig. 4.6 as well.
Although the correlation is a little weak at 750 MHz, it does not substan-
tially matter because the plots out of a curve are localized around where
the VSWR is lower than 3. The slight increase of S9; is thought to be due
to the reflection and intensified field caused by a hand. Hence, the required
dynamic range is narrower than that in free space.

Figure 4.14 shows the distribution of S3; and VSWR for the shunt (Cy)
and series (Cy) capacitances shown in Fig. 4.1. The left-hand and right-
hand graphs show S3; and VSWR at each frequency captioned just below
the two graphs, and a red x-mark in each graph indicates the maximum Ss;
and the minimum VSWR. The locations of the red x-marks are identical at
each frequency. Both So; and VSWR have the unimodal distribution for
the variation of two varicap diodes and are complementary. This permit the
proposed system to control capacitances with the hill-climbing optimization
for the received power of the probe.

The proposed antenna system can be matched independently of fre-
quency, due to the strong negative correlation shown in Fig. 4.12. And
it seems that depends on locating the probe near the tip of the antenna
because the better the matching, the greater the charge density regardless
of the frequency. To confirm this, we offset the probe nearer to the feed
point and further from the tip of the antenna as shown in Fig. 4.15. The
distance between the center line of the feeder of the antenna and the probe
is 8 mm. The correlation between S21 and VSWR is supposed to be lower
than the model shown in Fig. 4.3 because the charge density and the elec-
trostatic coupling vary with frequency. Therefore, a probe is required to be
located near the tip of an antenna as in Fig. 4.3 for frequency-independent
operation, i.e. the impedance matching is obtained as long as the received
power of the probe is increased at every frequency.

Figure 4.16 shows the calculated result of the probe-offset model shown
in Fig. 4.15. The explanation of this chart is the same as that for Fig. 4.5.
The figure shows that the difference between the characteristics when S is
at the maximum and at the optimum is greater at lower frequencies.

The probe-offset model also lowers the correlation between S5, and
VSWR. Figure 4.17 shows the correlation between So; and VSWR of the
probe-offset model shown in Fig. 4.15. The plots are distributed not in a
curve as shown in Fig. 4.12 and Fig. 4.13 but in the band with the signif-
icant width at every frequency. At lower frequencies, So; and VSWR are
uncorrelated.
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Figure 4.18 indicates the tunability for each wireless communication sys-
tem that is widely available in the world. The proposed system is assumed to
use a transmitted signal from a mobile terminal. Therefore, after a matching
circuit has been tuned to Tx band, the antenna performance at Rx band
might be a problem. Each curve shows the best performance matched to Tx
band, and the lines parallel to the abscissa show the Tx/Rx band of each
wireless communication system and the boundary of the target performance
(VSWR<3 and total efficiency nor > —4 dB). Although the VSWR and the
total efficiency achieve the target value both in Tx and Rx band in the cases
of GSM850, DCS, PCS and LTE2500, they do not in other cases: LTET700,
EGSM and UMTS. However, the antenna performance in Tx band is more
important than in Rx band in terms of the battery life of a mobile terminal
in many actual situations.

Now, although we should consider the possibility of malfunction when
a hand gets closer to the proposed antenna, that has not happened in the
prototype. One of the reasons is that the distance between the probe and
the tip of the antenna is quite close. Therefore, the radiated power is more
absorbed and the input impedance is much easier to match when a hand
gets closer. In fact, the radiation efficiency is deteriorated much as shown
in Fig. 4.7, and the number of matching state is greater in the vicinity of a
hand than in free space as shown in Fig. 4.19.

4.7 Summary

A novel multiband automatic tunable antenna system was proposed and
demonstrated. Based on the received power of a probe located near the tip
of a multiband antenna, frequency-independent operation is realized. The
proposed system using a probe is advantageous also in terms of the input
SNR of a detector compared with the conventional system that detects the
reflected signal from an antenna.
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Chapter 5

Steerable antenna design for
MIMO system

5.1 Introductory remarks

For maintaining and raising channel capacity or connection probability in
wireless communications, we have proposed a low-cost, simple directivity-
switching antenna. The antenna consists of two-branch diversity antenna
and a parasitic element between the branches connected to a ground through
a switch. The shape is optimized with genetic algorithm to obtain a high
efficiency, well-matched and low correlation antenna. A characteristic mode
analysis reveals that depends on the change of the power distribution to
each mode. The channel capacity calculated with Rayleigh distribution of
the proposed antenna is higher than that of lossless two dipoles with a
probability of 65 percent.

As cellular phone system, wireless LAN, Bluetooth, etc. are gaining
in popularity, many amount and kinds of wireless devices are connected to
those wireless systems these days. Hereafter, it is estimated that the number
explosively keeps increasing with the penetrating of IoT: Internet of Things
and M2M: Machine-to-Machine. How to accomplish this scenario is up to the
maintenance or enhancement of connection probability and channel capacity
of each terminal. On the other hand, enormous number of terminals are
required to be simple and low-cost at the same time. Therefore, the authors
are thinking of apply an antenna array with steerable elements for each to
intermediate concentrators to solve this problem.

Steerable antennas [34-36] or diversity antennas [48-52] have been stud-
ied and taken advantage of as one of the technologies to improve connection
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probability, and MIMO to enhance channel capacity in the past, respec-
tively. Our exploration, however, the study of the combination of these has
been stayed within the simple arrangement of conventional steerable anten-
nas as an array for MIMO system. [60] combine sector-beam antennas with
MIMO, for example. Thus, conventional studies have focused on propaga-
tion channel and channel capacity rather than antennas themselves. Then
this study emphasize on the downsizing of the antenna array to be incorpo-
rated in a few-centimeter small-sized terminal, the two-branch composition
with a single switch to change the directivity simultaneously for the sim-
plicity, and the confirmation of the advantage over the conventional MIMO
without steerability for each branch.

ESPAR (Electrically Steerable Passive Array Radiator) antenna is well-
known as a conventional study of the simple and low-cost antenna to realize
steerability [34,35]. By the appropriate control of the rotation-symmetrically
arranged parasitic elements, the directivity of beam and null is changed to-
ward required directions and also the input impedance can keep matching
in a certain operation bandwidth [36]. However, an ESPAR antenna occu-
pies the space in the order of the wavelength for the operation frequency.
Therefore, it must be difficult to install that in such as a smartphone which
is small and operates microwaves, and it is supposed for ESPAR antennas
to be used in higher frequency like millimeter wave, or considerably large
apparatus such as, base stations, intermediate repeaters, and gap-fillers.

There are also various diversity antennas [48-51], which are suitable
for small terminals, improve the communication performance within a sim-
ple and low-cost mounting. Especially, there are some remarkable studies:
polarization diversity for MIMO to obtain low correlation even in a small
terminal [48,49], including estimation of the channel capacity with the con-
sideration of propagation channel models [50,51].

Moreover, following the recent paper theoretically deriving the equiva-
lence between S-parameters and correlation of directivity [61], the decou-
pling circuits between antenna branches are actively studied [62-64]. How-
ever, decoupling circuits include transmission lines with a certain length in
the order of wavelength or a considerably large inductance, and their actual
size will be comparable with an antenna. Therefore the application of decou-
pling circuits to small terminals is supposed to be difficult for now. Then in
this paper, a two-branch directivity-switching antenna using a single switch
for 2.4 GHz band, which has a size of a quarter wavelength on a size and is
simple and low cost, has been proposed.

The contents of this chapter is as below. From the concept to the actual
design of the proposed directivity-switching antenna are described in sec-
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Figure 5.1: Conceptual model of the proposed directivity-switching antenna

tion 2. Section 3 shows the fundamental characteristics and the remarkable
features seen from them. Further constructive analysis would be discussed
in the next chapter.

5.2 Proposed directivity-switching antenna

Figure 5.1 shows the schematic showing the concept of the directivity-
switching antenna proposed in this chapter. There is a common finite ground
plane, two branches of antenna elements excited on the ground plane at port
1 and port 2, and a parasitic element between the two antennas connected
to the ground via switch.

Both two antennas are supposed to be capacitively connected with the
parasitic element, therefore also to be changed the current distributions and
the directivity by the state of the switch. The vector g,; denotes the gain
distribution when the port i (i = 1,2) is excited and the state of the switch
j (7 = l:open and j = 2:short), where gi; is a vector consists of the gain
corresponding to electric fields Ey and E, radiating toward (6, ¢) discretized
over all solid angle 2 on a spherical coordinate system.
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where g%(@, ¢) and gf}(@, ¢) are the gains corresponding to the electric
field radiating toward (6, ¢) on a spherical coordinate (0, ¢) when the port i
is excited and the state of the switch is j, respectively. All the combinations
of the two ports and the two states of the switch makes totally four kinds
of gain distributions g,; (i = 1,2 and j = 1,2). So for them, if the switch is
set to the state which gives higher signal-to-noise ratio or channel capacity,
the combined antenna system of the conventional directivity diversity and
array antenna for MIMO is realized. Hence, in a actual propagation envi-
ronment, defining the vector of incoming wave distribution p which has the
components toward the same directions as g;;, the received signal

H .
jadﬂ gi;psind (5.2)

is supposed to change in various ways. Where s denotes the Hermitian
transpose. The following actually designed proposed antenna would be con-
firmed whether it can increase the channel capacity by the switching by
simulations in the next chapter.

Figure 5.2 illustrates the raw structure of the proposed antenna. The
coordinate shown at the lower left in the figure indicates the width along X
axis, the length along Y axis, and the height along Z axis. The left figure
is the whole structure and the right one shows the only antenna part to be
designed. A rectangular finite ground plane has the width of 28 mm x the
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length of 30 mm. Port 1 and port 2 assumed to excite two antennas with
the characteristic impedance of 50 €2 are on the two corners adjacent each
other on the ground plane. There is a switch just midpoint between the
port 1 and port 2 connecting between the midpoint on a edge of the ground
plane and antenna design region. The ports and the switch are modeled
with wires with the radius of 0.1 mm. A surface of a cuboid with the width
of 28 mm X the length of 8 mm X the height of 10 mm as an antenna design
region which is spaced at a distance of 2 mm from the ground plane. The
parts of this 2-mm gap between the cuboid and the ground plane apart from
the wires by 2 mm are also used as a part of the antenna design region. The
whole structure is a conductor with the conductivity of 5.8 x 107 S/m. The
antenna design region consists of the pieces of the squared patches with the
area of 2 mm x 2 mm, and the shape of antenna, or the combination of the
patches can be optimized by mapping them to the chromosomes in genetic
algorithm.

In addition, if there is much space for the design, although two antennas
usually designed with the constraint of symmetry in order to obtain the
same performance of each antenna, at this time the space is small and both
antennas are connected to the common ground plane in the near point each
other. Therefore no limitation of the symmetry are applied in order to
suppress the coupling and to diversify the directivity for low correlation
between two antennas. As shown in the next section, actually the antenna
has an asymmetric design.

Although the antennas for MIMO without steerability can be downsized
as mentioned in chapter 1, this study focus on the confirmation of the ad-
vantage of the MIMO system with steerable antennas. As the result of
feasibility study of the size, it is found that the antenna requires the size
shown in Fig. 5.2 to keep the input impedance matching and low corre-
lation of directivity for the change of the state of the switch. The study
of downsizing the antennas for MIMO with steerable antennas is a future
work. Additionally the mesh size of the antenna design area is set to 2 mm
because it is small enough and less than a sixtieth of a wavelength at the
lowest frequency 2.4 GHz in the operational bandwidth, and in the light of
the trade-off between the degree of freedom in the shape of the antenna and
the computation time.

At this moment of this raw structure shown in Fig. 5.2, the boundary
between each antenna directly connected to portl and another to port 2
and between each of them and a parasitic element are not determined, and
the freedom of the design especially in the connection relation remains. The
total size of the proposed antenna system, the width of 28 mm X the length
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Figure 5.2: Raw structure of the proposed antenna (Dimensions unit: mm)
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of 40 mm x the height of 10 mm, corresponding to 0.224\ x 0.32X x 0.08\
where A is the wavelength at the lowest frequency 2.4 GHz in the operational
bandwidth, is fairly small and suitable to be mounted in a small terminal.
It had been found to be difficult for the antenna to lower the correlation of
directivity with the height of less than 10 mm in the preliminary study with
genetic algorithm. It is supposed that this is because the longest dimension
of the total size of the antenna including the ground plane is about a quarter
wavelength, and the different polarization along Z axis is expected to obtain
lower correlation of directivity with the height of 10 mm.

The cost function to evaluate and optimize the antenna should include
the degree of impedance matching, e.g. |S11| or VSWR when each port is
excited, the radiation efficiency as well, the correlation of directivity between
the states of the switch at each port and between two ports at each state of
the switch. As is the case in the gain g,;, Ti;, I'ij, n;; and nfj are the power
transmission coefficient, reflection coefficient, radiation efficiency and total
efficiency when the port 7 (¢ = 1,2) is excited and the state of the switch is
open (j = 1) or short (j = 2), respectively, where the total efficiency defined
in [69]:

iy = Tignly = (1= Ty *)nf; (5.3)

is the antenna efficiency including the loss by mismatch. For the balanced
optimization and without biased improvement, the cost function is

i=1,2
2}

j=1,2
2
} yQeyte | s (5'4)

x BF|]] {1—H7§ dQ 2§,y sin 6
Q

i=1.2

H {1 - Hf dQ g1%gy;sin 6
Q

j=1,2

where BF' is a barrier function to avoid the biased optimization and is
defined as

2 arct —t
BF(z,a,t) = min ( arctana(z =) | | 1> . (5.5)
T

Figure 5.3 shows some examples of barrier functions with various pa-
rameters. Apparently every function sharply drops at a target parameter t,
and also is equal where z is greater than .
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Figure 5.4 shows the product of two barrier functions. The surface has
two ridgelines along a target value, t = 0.8 in this case, which keeps satisfied
objective value and promote another in a multi-objective optimization.

The value of this function is 1 when x is greater than or equal to the
target value ¢, and sharply decrease in the domain where x is slightly less
than t, and the steepness is proportional to a. In the actual optimization,
ar = a, = a. = 10, t7 = 0.75 corresponding to the VSWR of 3, ¢, = 0.8
aiming at the total efficiency of 0.6 (= 0.75 x 0.8), and t. = 0.0625 = 0.5%
aiming at all the four correlation of directivity of 0.5.

The value of the first product [] in the cost function (5.4) becomes
larger as the four power transmission coefficients T;; and the four radiation
efficiencies 7;; increases. The value of the second and third product increase
and approach to 1 as the correlation of directivity decreases and decrease
and approach to 0 as the correlation of directivity increases. The second
product is the evaluation of the correlation of directivity between the state
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of the switch at each port, and the third product is the one between the
ports at each state of the switch. Every evaluation term mentioned above is
in each barrier function and each barrier function expressed in the product,
then the optimization always proceed to Pareto optimal region. In addition,
even if just one characteristic deteriorates, the cost function rapidly drops
owing to barrier functions, and on the contrary there is no order of merit
between the characteristics over the target. For those reasons, a balanced
optimization with the degree of freedom can be expected. This cost function
f is calculated at 2.4 GHz and 2.5 GHz and the worse value is set to a
individual evaluation in GA. Besides, note that since gain includes radiation
efficiency, in order to avoid doubling that, gain is normalized as § = g/|g|.

5.3 Calculated results

Figure 5.6 shows the VSWRs and total efficiencies of the proposed antenna
shown in Fig. 5.5. As mentioned in the explanation of cost function in the
previous section, total efficiency is the product of power transmission and
radiation efficiency. The figure in the upper and lower row is the results
when the port 1 is excited and when the port 2 is excited, respectively. In
each figure, broken lines and solid lines indicate the results when the switch
is open (j = 1) and short (j = 2), respectively. VSWR of blue lines and the
total efficiency of red lines refer the left and right axis, respectively. The
VSWR is around 3 and the total efficiency is around 0.6, or 60% within the
operation bandwidth from 2.4 GHz to 2.5 GHz. Judging from the curves
when the switch is short indicated with solid lines, the antenna seems to
match around the center frequency of a single resonance. On the contrary,
the curves when the switch is open indicated with broken lines implicit that
the antenna is in the intermediate state of a double resonance. This thing
is reconfirmed in the next chapter.

Figure 5.7 shows the current distribution and gain patterns of the pro-
posed antenna at 2.45 GHz when the port 1 is excited and the switch is open
(7 = 1). The left, center and right figures show the current distributions, the
gain with the electric field of Ey component, and the gain with the electric
field of Ey component, respectively. The viewpoints of all perspective figures
are the same. The intensity of the current and gain are indicated on the top
row with color bars. Note, however, that since the moment method which
deal with incident voltages as a boundary condition was used, the absolute
value of currents depending on the input impedance of an antenna is not
important, and the distribution showing relative intensity are taken notice.
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Figure 5.5: The proposed antenna optimized with genetic algorithm (Di-
mension unit: mm. The front faces are invisible in the right figure to see
the back faces. Lower two figures are extended ones for the antenna.)
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Figure 5.6: The VSWRs and total efficiencies of the proposed antenna shown
in Fig. 5.5
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Figure 5.7: The current distribution and gain patterns of the proposed an-
tenna at 2.45 GHz when the port 1 is excited and the switch is open (j = 1)

Therefore the dynamic range is fixed 40 dB here and hereafter. Similar to
Fig. 5.7, the antenna characteristics when the switch is short (j = 2) are
shown in Fig. 5.8. Comparing Fig. 5.8 with Fig. 5.7, the gain with the elec-
tric field of Ey toward the direction parallel to the ground plane increases,
and this is supposed to be caused by the current on the part perpendicular
to the ground plane. Also the gain with the electric field of Fy is rotated a
little around Z axis, and also the directions of the main radiation are dif-
ferent toward left and right on the paper. This is supposed to be caused by
the current on the edge of the ground plane near the antenna.

Similar to Fig. 5.7 and Fig. 5.8, Fig. 5.9 and Fig. 5.10 shows the
current distribution (left) and gain patterns (center, right) of the proposed
antenna at 2.45 GHz when the port 2 is excited and the switch is open
(j = 1) and short (j = 2), respectively. The way to see these figures are
identical with Fig. 5.7 and Fig. 5.8. The figures show both the current and
gain distributions are similar to them when the port 1 is excited. However,
the change of the gain distribution for the state of the switch seems to
be less than that when the port 1 is excited. In order to quantitatively
evaluate this actually, the correlation of directivity is calculated as shown
in Table 5.1. The correlation of directivity between ports— g;; and gy;—,
is greater than the one between the state of the switch— g;; and g;5. The
correlations of directivity influencing the effectiveness of diversity are the
one between g;; — g,; of 0.11 and the one between g;5 — g95 of 0.07. On
the other hand, the correlations of directivity the state of the switch are
0.5 and 0.83 at port 1 and 2, respectively, and the switch changes the both
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Figure 5.8: The current distribution and gain patterns of the proposed an-
tenna at 2.45 GHz when the port 1 is excited and the switch is short (j = 2)

Table 5.1: The correlation of directivity of the proposed antenna

‘ H (2551 ‘ gio ‘ 921 ‘ 922 ‘

gyp || 1.00 | 0.50 | 0.11 | —

912 1.00 | — | 0.07
go1 1.00 | 0.83
g9 1.00

directivity to some extent, at port 2, however, seems to be not enough. Then
the enhancement of the effectiveness of diversity with switching remains.
Therefore, the improvement of MIMO channel capacity is verified in the
next chapter.

5.4 Summary

Compact two-branch directivity-switching antenna using a single switch for
2.4 GHz band has been proposed. The raw structure shown in Fig. 5.2 as an
embodiment of the concept model shown in Fig. 5.1 was optimized to ob-
tain the matching, high-efficiency, low correlation among 4 set of directivity,
for both 2 ports, at both states of the switch. In order to accomplish this,
an appropriate cost-function including barrier functions and those charac-
teristics as their terms has been applied. Successfully VSWR is around 3
and total efficiency is around 60 percent at every situation, and also low
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Figure 5.9: The current distribution and gain patterns of the proposed an-
tenna at 2.45 GHz when the port 2 is excited and the switch is open (j = 1)
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Figure 5.10: The current distribution and gain patterns of the proposed
antenna at 2.45 GHz when the port 2 is excited and the switch is short
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correlations of directivity are also obtained. At least, it is supposed that
the less-than-one correlation between the state of the switch improves the
communication performance.
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Chapter 6

Advantage and mechanism of
steerability

6.1 Introductory remarks

In the previous chapter, successfully two-branch directivity-switching an-
tenna using a single switch for 2.4 GHz band has been designed, and the
less-than-one correlation between the state of the switch seems to improve
the communication performance, at least, however the quantitative eval-
uation has not been confirmed. Before that, since the antenna has been
designed based on genetic algorithm, the shape is too complicated as shown
in Fig. 5.5 to understand the operating principle. Therefore, in this chapter,
by applying the characteristic mode analsis [68] to the proposed antenna,
the mechanism is attempted to clarify.

6.2 Analysis of operational mechanism

Figure 6.1 shows some current distributions and directivity of modes when
the switch is open. Although the current distributions on the antenna el-
ement appear complicated, judging from the series of corresponding direc-
tivity, the mode 1 is the electric dipole along Y-axis (or length dimension),
the mode 2 is the electric dipole along X-axis (or width dimension), the
mode 3 is the magnetic dipole along Z-axis (or height direction), and the
mode 4 is the magnetic dipole along Z-axis (or height direction), respec-
tively. These concise properties are graspable from the directivity but not
from the current distribution. On the other hand, focusing only on the cur-
rent distribution on the ground plate, those are alike their corresponding
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dipole’s current, then the unrelated currents for example the current near
the antenna on the ground plane along X-axis (or width direction) in the
mode 1 is almost canceled out with the current on the antenna element.
However, unfortunately the every mode hardly resembles the current distri-
bution and directivity when the state of the switch is open and each port
is actually excited shown in Fig. 5.7 and Fig. 5.9, the actual operation is
difficult to be explained with a specific mode.

Therefore, by projecting the current distribution J when each port is
excited onto the mode current distributions J, (n =1,2,3,---), the power
distribution ratio of modes were calculated. Figure 6.2 shows the cumulative
power distribution by mode current when each port is excited and the switch
is open. The curves show the cumulative line chart from mode 1 to 4, and
both when port 1 is excited and when port 2 is excited, the mode 4 accounts
for grater rate than other mode 1 to 3. The reason why the correlation of
directivity between ports regardless of the slight change in the power ratio
of modes is thought to be the phase difference for incoming waves by the
displacement of the port, i.e. space diversity effect. In addition, although
the dominant mode could not be found from their appearance of the current
distributions and directivity and actually the sum of these 4 modes reaches
into 50 to 60 percent, computationally the mode 4 occupies near the half of
the total radiated power.

Next, the current distribution and radiation pattern of four modes when
the switch is short are shown in Fig. 6.3. The figure shows that although the
current distributions are slightly different from the ones when the state of
the switch is open shown in Fig. 6.1, the series of directivity are almost the
same. Especially, the current near the antenna on the ground flows straight
from one corner to another when when the state of the switch is open, on
the other hand, it is interrupted at the center when the state of the switch is
short. Therefore the reason why the similar directivity is formed regardless
of that is the current on the antenna especially the component along z-axis
(or width direction) is supposed to contribute.

Next, the cumulative power distribution by mode current when each
port is excited and the switch is short are shown in Fig. 6.4. Similar to
those when the state of the switch is open shown in Fig. 6.2, there is
no large difference in the power distribution ratio of modes between ports.
Therefore it is supposed that the spatial correlation mainly contributes to
the correlation of directivity between ports. On the other hand, comparing
Fig. 6.2 and Fig. 6.4, apparently the power distribution ratio of modes
changes between them, and it is found that the coupled mode at each port
is changed by the state of the switch. That is, the operation principle on the
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how the proposed antenna realize low correlations of directivity is not based
on the change in modes themselves but on the power distribution ratio of
modes changed by the coupled modes at each port caused by the state of the
switch, and between ports, it depends almost all on the spatial correlation.
The power distribution of other modes which are not shown in Fig. 6.2
and Fig. 6.4 is also confirmed that they are relatively small compared with
that the total power of four modes discussed above reaches 50-80 percent.

6.3 Calculated results of MIMO channel capacity

In order to confirm the advantage of the steerability, the MIMO channel
capacity of the proposed antenna in a propagation environment is discussed
by comparing it with a MIMO system without the steerability, i.e. just the
conventional MIMO system. Especially the proposed antenna including the
ground plane has only the size of a quarter wavelength in each dimension,
and that is substantially small as the antenna system of two branch. The
radiation efficiency, however, deteriorate down to around 60 percent and
also the correlation of directivity, 0.83 when the port 2 is excited between
the state of the switch is not enough. Then, referring to some papers [57-59]
that have analyzed MIMO channel capacity with a propagation model, the
improvement of the MIMO channel capacity by the directivity switching
of the proposed antenna is verified. Using a geometric-based 3-d channel
model supposing a uniform Rayleigh distribution and randomly rotating
polarization, the MIMO channel capacity between two dipole antennas as a
transmitting end the proposed antenna or two dipole antennas as a receiving
end were calculated. As an arrangement of the two dipoles, a parallel and
perpendicular arrangement shown in Fig. 6.5 have been studied. The total
length of all dipoles are 55 mm or 0.45 wavelength at 2.45 GHz for the best
impedance matching at the test frequency, 2.45 GHz. The distance between
antennas is 30 mm or a quarter wavelength for the parallel arrangement and
a small gap of 2 mm for the perpendicular arrangement. S11is —14.2 dB, so
there is almost no reflection loss and the Sy corresponding to the coupling
loss is —9 dB.

Figure Fig. 6.6 shows the cumulative distribution of channel capacity
with the parallel dipole antennas. About the receiving end, a dotted line,
solid line, and broken line indicate the value when the state of the switch
is open, short, adaptively selected, respectively. And a dot-and-dash line
indicates the value of the two parallel dipole antennas. The transmitting
end is the two parallel dipole antennas for all variations of the receiving end.
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Figure 6.5: The two arrangements of dipole antennas for calculating channel
capacities

The channel capacities when the state of the switch is open and short are
less than that of the parallel dipole antennas by around 1 bit. It is supposed
that this is because the total efficiency of the proposed antenna deteriorates
down to around 60 percent. However, the channel capacity when the state of
the switch is adaptively selected is greater than the parallel dipole antennas
within the range where the CDF is less than 65 percent. This means that the
switching adapt the propagation environment in real time and compensate
more than the deterioration caused by the downsizing of the antenna, for
example. Although the necessary area for the parallel dipole antennas is
55 x 30 = 1650 (mm?), it is just 40 x 28 = 1280 (mm?) for the proposed
antenna even including the ground plane, two thirds the area for the parallel
dipole antennas. In addition, the net area for the antenna in the proposed
antenna is yet small.

The reason why the proposed antenna realize the greater channel ca-
pacity than the parallel dipole antennas can be clearly understood by the
investigation in the eigenvalue. Figure 6.7 shows the cumulative distribu-
tion of eigenvalues with the parallel dipole antennas. The explanation of
the legend is the same as that for Fig. 6.6. The graph shows that the 1st
eigenvalue of the proposed antenna is approximately 1 dB less than that of
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Figure 6.6: The cumulative distribution of channel capacity with the parallel
dipole antennas
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Figure 6.7: The cumulative distribution of eigenvalues with the parallel
dipole antennas

the parallel dipole antennas on average caused by the deterioration in to-
tal efficiency. Since also the parallel dipole antennas have some loss caused
by the mismatch and the coupling between ports, the difference becomes 1
dB. However, the 2nd eigenvalue of the proposed antenna is greater than
that of the parallel dipole antennas within the range where the CDF is less
than 80 percent. Therefore, as a result of the merge of the inferiority in the
1st eigenvalue and superiority in the 2nd eigenvalue, the channel capacity
becomes greater than the parallel dipole antenna within the range where
the CDF is less than 65 percent as shown in Fig. 6.6. In other words,
although the proposed antenna is inferior to the parallel dipole antennas
when concentrating on just one propagation channel, the proposed antenna
is superior to the parallel dipole antennas when plural propagation channels
are available. Then, taking into account various propagation environments,
the proposed antenna is more likely to have an advantage over the parallel
dipole antennas.

Similarly, the cumulative distribution of eigenvalues with the vertically
crossed dipole antenna is shown in Fig. 6.8. The explanation of the legend is
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Figure 6.8: The cumulative distribution of channel capacity with the verti-
cally crossed dipole antennas

the same as that for Fig. 6.6. In this case, although the improvement of the
channel capacity from one state of the switch to the adaptive switching can
be seen, the improved channel capacity is yet inferior to that of the vertically
crossed dipole antennas. However, the dipole antennas have maintain their
orthogonality and the occupied area of 55 x 55 = 3025 (mm?) is too large
to install to a small device.

Nevertheless, similar to Fig. 6.7, the diversity effect of the proposed
antenna can be found from the eigenvalue. Figure 6.9 shows the cumulative
distribution of eigenvalues with the vertically crossed dipole antennas. Al-
though the 1st eigenvalue of the proposed antenna is 2 dB less than that of
the vertically crossed dipole antennas similar to the situation of the parallel
dipole antennas, the 2nd eigenvalue of the proposed antenna is greater than
than of the vertically crossed dipole antennas within the range where the
CDF is less than 45 percent. However, the total performance of the pro-
posed antenna in the propagation environment applied this time come short
of that of the vertically crossed dipole antennas.

As discussed above, although the proposed antenna does not have suf-
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ficient characteristics, e.g. the total efficiency, the correlation of directivity
between the state of the switch at port 2, nevertheless, the calculation of
the channel capacity results that of the proposed antenna is superior to that
of the parallel dipole antennas with a probability of 65 percent.

6.4 Summary

The proposed antenna has low correlations of directivity between ports for
each state of the switch depending almost all on the spatial diversity, and
also that between the state of the switch for each port caused by the change
in the power distribution of modes. In other words, the correlation between
the state of the switch is not based on the change in modes themselves but
on the power distribution ratio of modes. This low correlation gives an
advantage over the MIMO system without steerability in each branch. It is
confirmed that the channel capacity calculated with Rayleigh distribution
of the proposed antenna is higher than that of lossless two dipoles with a
probability of 65 percent.
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Chapter 7

Conclusion

7.1 Summary of preceding chapters

Tunable/Steerable antennas have been studied in order to overcome the
physical limitations on electrically small antennas.

e Tunable antenna has been designed for cellular systems.

— The advantage is confirmed in terms of operation bandwidth and
efficiency by comparing with physical limitations and some con-
ventional studies. The operation bandwidth is 3 times wider than
the physical limitation and the benchmark with the conventional
studies is shown again in Table 7.1.

— Novel multiband automatic tunable antenna using a probe was
proposed, demonstrated, and the frequency-independent opera-
tion has been confirmed.

e Compact two-branch directivity-switching antenna using a single switch
for 2.4 GHz band has been proposed.

— The low correlation of directivity has been explained in terms of
the power distribution of modes

— The enhancement of MIMO channel capacity has been confirmed.
For example, the channel capacity calculated with Rayleigh dis-
tribution of the proposed antenna is higher than that of lossless
two dipoles with a probability of 65 percent.
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Table 7.1: Benchmark of tunable antenna

Tunability
Wireless LTE700 EES LTE2600 Size (W x LxT) m o
System EGSM UMTS [mm] 3 3 %
S0 =
Band | fmin 704 1710 | 2500 Antenna Ground 23
(MHz) Frnax 960 2170 | 2690

This work v 749 MHz— v v 60 x 10x 1| 60x90x 1 > 40
Takemural14] v v 50x 10 x 1| 50x90x1 > 40

Liul1s] 823 MHz— v 38 x10x 6| 40x90 x 1 =
Chenl16] v v v 64 x 11 x 6|64 x 129 x 1.5| > 30
Xialt7] v v v 45x6x6 | 45x110x 1 | >50
Ramachandrantt8l v v 45 x 12 x 6| 66 x 110 x 1 | > 35

7.2 Remarks for future studies

This dissertation has mainly focused on

e verifying the fundamental function and performance of tunable/steerable
antennas, and

e benchmarking the absolute performance by comparing with some con-
ventional ones or physical limitations,

and their beneficial functionality and advantage over the antennas without
tunability or steerability have been cleared up. On the other hand, that
seems to be in a primary phase, and some advanced studies seems to remain
for the design of these antennas.

For example, although the proposed tunable antenna designed in this
dissertation is confirmed to be on the frontier as shown in Fig. 7.1, not
all the terms are satisfied from a viewpoint of general requirements. And
also the steerable antennas for MIMO system does not have all sufficiently
low correlations between ports and the state of the switch. Designing these
antennas with all terms of performances and compromised condition of the
design area should be studied in the future.

Similarly, it is also interesting topic that how much additive conditions—
such as, the size of the antenna, an increase in the number of switches or
variable lumped elements, etc.— enhance the operation bandwidth, MIMO
channel capacity of a tunable/steerable antenna, and also the combination of
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tunability and steerability. From the viewpoint of a communication system,
the advantage should be confirmed again with the control time, in other
words the transition time for the tunable/steerable antenna.

Although some of the above-mentioned issues are a little touched on at
the last part of each chapter, the quantitative discussions are expected to
follow this dissertation.
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Appendix A

Matchable impedance

An impedance matching circuit with passive element(s) operates as a bi-
linear transform for the input impedance of an antenna. Therefore, a disc
indicating the area where VSWR is less than a certain value on the I'-plane
is inverse-transformed to another circle indicating the matchable impedance
for the antenna. If any 2x2 parameter of a matching circuit is known, the
F' parameter can be calculated, e.g.,

_ 1| Zun |2
F = Z21 |: 1 Z22 ) (Al)
and we can obtain the matchable impedance Z,:
Z, = F7! { Zl } , (A.2)

where Z;, is the input impedance of the antenna and a matching circuit.
To obtain the boundary circle of the matchable impedance, we calculated
the three transformed points from the three points on the circle indicating
VSWR= 3, and the equation for the transformed circle by the formula.
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Appendix B

Method to trim discarded
patch cells

To accelerate the iterative electromagnetic simulations in the optimization
with genetic algorithm, and to avoid configuration error, here the method
to eliminate floating or corner-touching patches is noted. A floating patch
is defined as the one with no connection with any ports or ground plane.
Since basically floating patches require a half wavelength to resonate, it will
occupy too large area when designing electrically small antennas. A corner-
touching patch named in this paper is the two patches touching only at the
corner each other. Although there is no current through that touching corner
in many types of electromagnetic simulations, in the actual fabrication it is
impossible to layout. Then the process enumerated below has been coded
and executed every individual modeling in genetic algorithm to eliminate
these discarded patches.

1. Numbering every patch and construct adjacent matrix and corner-
touching matrix to refer and judge adjacent or corner-touching

2. After a modeling, check every patch whether connected to ports or
ground plane.

3. Confirm the commonly adjacent patches for existing pair of corner-
touching patches. — If no, eliminate the patch.
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