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ABSTRACT

This thesis presents a new switched-beam antenna called a phased array antenna of
switched-beam elements. It is a phased array antenna in which the main beam can be
steered using phase shifters and the null pattern can be varied by switching beam patterns
of individual array elements. The switched-beam elements are single patch antennas
which employ RF switches to switch the beam in two directions. Four switched-beam
elements are arranged in a circular array with the rz;dius of 0.54. The phase shifters are
designed to steer the beam of the array antenna in directions of 45°, 135°, 225° and 315°.
The characteristics of the individual antenna elements and the array are analyzed utilizing
the IE3D Simulator based on Moment Method. Next, the array antenna is fabricated and
tested. The phased array antenna of switched-beam elements shows the VSWR of less
than 2:1 over the desired frequency band. Sixty-four radiation patterns with changeable
null directions are available. For the switched-beam antenna, the correlation coefficient
and diversity gain are evaluated to determine an improvement in the received signal. The
theoretical investigation shows the lowest correlation coefficient of 0.37 and diversity
gain of 8 dB. The signal-to-interference ratio (SIR) improvement is accomplished by
using the switched-beam elements which change the null direction to eliminate the
interfering signal. Using this method the SIR can be improved more than 10 dB. In
addition, the prospective applications of the switched-beam antenna such as antenna for
multiple-input multiple-output (MIMO) communication system and antenna for Constant
Modulus Algorithm (CMA) adaptive array antenna are described. The preliminary results
show that using the switched-beam antenna in MIMO system the channel capacity can be
increased. For the CMA adaptive array antenna, the switched-beam antenna provides the
improve(i convergence property of CMA by using the knowlﬁ_edge of the maximum

received signal of the switched-beam antenna as an initial value in an iterative procedure.
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CHAPTER 1
INTRODUCTION

1.1 Historical notes on switched-beam antennas

In modern wireless communications, the performance of the system can be
seriously degraded by multipath fading and co-channel interference. The multipath fading
is caused by the different path lengths with different arrival angles that arise from the
transmitted signal impinging on objects in the environment, while the co-channel
interference is due undesired co-channel signals from other base stations or user
terminals. To overcome or reduce these problems, the switched-beam antenna can be an
effective solution. There are many switch-beam antennas proposed for wireless
communication systems. A four-beam switched array antenna which uses the 90° hybrid
couplers and switching input terminals of hybrid couplers to carry out the beam switching
was proposed [1]. Several switched-beam antennas employing switched parasitic
elements were proposed in [2] — [7]. The circular switched monopole array was proposed
by Sibille et al. [2]. In the presented solutions, beam switching is achieved through
switching the active monopole, acting as a radiator, whereas other monopoles, passive
monopoles, are connected to reactive loads serving as scatterers. In particular, Yagi
concept was utilized in the switched parasitic elements array antenna. The planar
microstrip Yagi array antenna was introduced by Huang [3], and later an electronically
steerable Yagi-Uda microstrip patch antenna array was developed and described by Gray
et al. [4]. Four Yagi-Uda antennas forming the array antenna were located along a radial
direction from a single reflector patch. By switching the four elements, the main beam of
the array was steerable. In [5], a five-element Yagi-Uda antenna was introduced. The
beam was switched in the forward and backward directions by driving the center patch
and switching shorted and opened parasitic patches to act as reflectors or directors. The
monopole array structure was also proposed for antenna diversity by employing the Yagi
concept [6]. The switched parasitic antennas were also presented in [7]. As an alternative
solution, an electronically steerable passive array radiator (ESPAR) antenna was designed
[8]. A monopole, active radiator, surrounded by monopoles, parasitic elements, loaded
with variable reactance at the bottom was proposed to switch beam By varying the

reactance of parasitic elements.



An antenna offering a discrete number of different beams can be accomplished by
employing phased array techniques. The phase shifter is used to shift phase of excitation
for each element to form beam in a desired direction. Minimum bit phase shifter is
preferred for realizing less complicated phased array antennas. A dividing/phasing
network using 1-bit phase shifters for a compact switched-beam array antenna was
described in [9], and a compact phased array antenna using 1-bit phase shifters to achieve
four-beam switching was presented in [10].

It should be noted that the preceding works were intended to switch the main
beam. Each of the above-quoted switched-beam antennas was able to switch main beam
successfully to track a mobile user. However, the desired user tracking is insufficient to
maintain good performance of a wireless communication system when the beam points in
the direction close to interference direction. In order to improve the performance of such
a system, a switched-beam antenna with the changeable null pattern should be employed

to eliminate the interference.

1.2 Purpose and scope of the thesis

In this thesis, a new switched-beam antenna is proposed to improve the
performance of a wireless communication system, which operates in the presence of co-
channel interference. The proposed antenna offers not only the capability of tracking the
desired signal, but also offers the changeable null pattern to suppress the interference.

The proposed antenna, called a phased array antenna of switched-beam elements,
is a phased array antenna which steers the beam with the use of phase shifters. In
addition, by employing switched-beam elements as the array elements it is able to change
the null pattern. First, two types of switched-beam antennas, a switched-beam single
patch antenna and a flat four-beam compact phased array antenna, are investigated to
form foundations for designing a phased array antenna of switched-beam elements. These
array antennas are described in Chapter 2. In the next step, the phased array antenna of
switched-beam elements is designed and developed by combining the design principles of
the flat four-beam compact phased array antenna and switched-beam single patch
antennas, which are used as the array elements. The VSWR and radiation patterns of the
phased array antenna of switched-beam elements are presented in Chapter 3. Chapter 4
addresses the performance of the phased array antenna of switched-beam elements when

it is used in a wireless communication system. The received signal improvement is



evaluated in terms of correlation coefficient and diversity gain. The interference
suppression is investigated experimentally in a multipath environment. New applications
of the phased array antenna of switched-beam elements are described in Chapter 5. This
antenna is investigated in the context of a multiple-input multiple-output (MIMO)
communication system and when applied in the Constant Modulus Algorithm (CMA)
adaptive array antenna system. The preliminary results concerning these investigations
are reported. Finally, Chapter 6 summarizes the results presented in earlier chapters. This

chapter also describes future directions which stem from the accomplished work.



CHAPTER 2
FOUNDATION OF A PHASED ARRAY ANTENNA OF
SWITCHED-BEAM ELEMENTS

2.1 Introduction

The design and development of a phased array antenna of switched-beam
elements is initiated with considering first a switched-beam single patch antenna [11] and
a flat four-beam compact phased array antenna [10]. The switched-beam single patch
antenna is a patch antenna whose beam can be switched in two directions by using PIN
diodes. The flat four-beam compact phased array antenna is a switched-beam array
antenna which uses four omnidirectional elements and 1-bit phase shifters to generate
four beams. In order to obtain a phased array antenna of switched-beam elements the
omnidirectional element is replaced by the switched-beam single patch antenna. The
purpose of employing switched-beam elements is to obtain interference suppression
capability. In this chapter, the design and development of the switched-beam single patch
antenna and the flat four-beam compact phased array antenna, which are the foundation

of a phased array antenna of switched-beam elements, is presented.

2.2 A Switched-Beam Single Patch Antenna

A single patch antenna is introduced that is ¢apable of switching the beam in
azimuth direction. This antenna element is excited at higher mode to obtain the radiation
pattern that has null normal to the patch and maximum in azimuth direction. The radiation
pattern of the antenna will be switched in azimuth with the use of PIN diodes. The

antenna operation, PIN diode models and the antenna results are described in this section.

2.2.1. Antenna operation

Since a switched-beam single patch antenna is purposely designed to switch the
radiation pattern in azimuth direction, in this context the radiation pattern that has null

normal to the patch and maximum in azimuth direction is desirable. Therefore, the
antenna is excited at the higher modes of TM,,, and TM,,, as shown in Fig. 2.1(a) and

2.1(b), to provide the mentioned radiation pattern switched to x and y directions,



respectively. The radiated fields of the antenna operating at these two modes are

analyzed.

Fig. 2.1 Field configurations for the microstrip patch: (a) TM;,,, (b) TM,,, .

By using the cavity model [12], the microstrip patch antenna is modeled as a
dielectric loaded cavity bounded by electric conductors at top and bottom walls of the
cavity and by magnetic walls along the perimeter of the cavity. The field configuration

within the cavity can be found using the vector potential approach [13]. Considering the

TM* mode shown in Fig. 2.1, the vector potential 4, must satisfy the wave equation of

V24, +k*4,=0. . @.1)

The solution is written as

A, =[4, cos(k,x)+ B, sin(k,x)]-[ 4, cos(k, y) + B, sin(k, y)]
(2.2)
-[4, cos(k,z) + B, sin(k,z)]

where k,, k,, k, are the wave numbers along the x, y, z directions, respectively. These

wave numbers will be determined subject to the boundary conditions. The electric and

magnetic fields within the cavity are related to the vector potential 4, by



( A2
E, =—J——1 g A’] (2.3a)
wue \ 0x0z
1 (84
E =—j—r0 o4, (2.3b)
e \ Oyoz
1 ( 2
E, =—j— cozys+'—a—2—JA, (2.3¢)
WUE \ Oz
H, =l(a‘42) (2.3d)
H\
1(04
H, =———( ’J (2.3¢)
H\ Ox
H,=0 (2.39)
subject to the boundary conditions of
E(0=<x'<10<y'<sw,z'=0)=E _(0<x'<],0<y' <w,z'=h)=0 (2.4a)
H (0sx'<l,y'=0,0<2'<h)=H (0<x'<,y'=w,0<2z'<h)=0 (2.4b)
H,(x'=0,0<y'sw0<z'<sh)=H (x=1,0<y <w,0<2z'<h)=0 (2.4¢)

The primed coordinates (x',y’,z") are used to denote the fields within the cavity.
By applying the boundary conditions E,(0<x'</,0<y'<w,z’=0)=0 and

E (0<x'<1,0<y" <w,z'=h)=0, it can be found that B, =0 and

k, = (L:_) p=0,1,2,.. 2.5)

Then, applying the boundary conditions H (0<x'<l,y'=0,0<z'<h)=0 and

H (0<x'<1,y'=w,0<2'<h)=0, it can be found that B, =0 and

k, = (ﬂ) n=0,12,.. (2.6)



Finally, applying the boundary conditions H (x'=0,0<)'<w0<z'<h)=0 and

H,(x'=1,0<y <w,0<z <h)=0, it can be found that B, =0 and

k, =(i”l—”-) m=0,1,2,.. 2.7

Therefore, the vector potential 4, within the cavity is

A, = 4, cos(k,x") 4, cos(k,y") 4; cos(k,z")

, ' (2.8)
= 4, cos(k,x")cos(k,y") cos(k,z")

where 4,,, represents the amplitude coefficients of each mnp mode. The wave numbers

k., k, and k, are equal to

\
k, = ﬂ) m=0,1,2,...
!
nw
ky=(—w—], n=0,1,2,.. &m=n=p¢0 2.9)
k,=(£ﬁ), p=0,1,2,..
h J

where m, n, p represent the number of half-cycle field variations along the x, y, z

directions. Since the wave numbers %, , k, and k, are subject to the constraint equation

2 2 2
k3+kj+k3=(ﬂl”—) +(i’-’-) +(p7”—) =k’ =olpe (2.10)
w

the resonant frequency for the cavity is given by

F Yy = ! \/(”’”) +[ﬂ’_j +(£’£) (2.11)
27~ ue l w h




Substituting (2.8) into (2.3a) - (2.3f), the electric and magnetic fields within the cavity are

written as

E, =5k g sinh ) cosh, y)cost, 2 2.123)
QuE
. kykz (AP ’ r
E =-j p Ay cOS(k, x")sin(k, y") cos(k, z") (2.12b)
(K =K2) ' ' '
E,=—j——*=4,,,cos(k x")cos(k,y")cos(k,z") (2.12¢)
oue
k y A G r
H, =-—4,, cos(k,x")sin(k,y")cos(k,z') (2.12d)
y7]
_k, . , ' '
H, = -;1— np SIN(K x")COS(K, Y ) cos(k,2") (2.12¢)
H,=0 (2.12)

After obtaining the electric and magnetic fields within the cavity, the equivalent electric
and magnetic current densities, J; and M;, are formed as the source of radiation, and the
radiated E and H fields are determined.

The equivalent current density is obtained using the Field Equivalent Principle
(Huygen’s Principle). Since the microstrip patch is modeled as a dielectric-loaded cavity
with perfectly conducting electric walls (top and bottom) and four perfectly conducting
magnetic walls (sidewalls), the four sidewalls represent four narrow apertures by which
the fields radiated. The microstrip patch is represented by an equivalent electric current
density J; at the top surface of the patch to account for the presence of the patch. There is
also a current density Jj, at the bottom of the patch, which is not needed for this model.
The four side apertures are represented by the equivalent electric current density J; and

equivalent magnetic current density M;, as shown in Fig. 2.2(a), each represented by

J, =hxH, 2.13)
M, =-ixE, (2.14)

where E, and H, are the electric and magnetic fields at the apertures. fi is normal vector.

For microstrip patch with very small height-to-width ratio, since the current density J; at



the top of the patch is much smaller than the current density J; at the bottom of the patch,
it will be assumed it is negligible and it will be set to zero. Also, the tangential magnetic
fields along the edges of the microstrip patch are very small, ideally zero. Therefore, the
corresponding equivalent electric current density J; will be very small, and it will be set
to zero. Thus, there is only the equivalent magnetic current density M along the side
periphery of the cavity radiating in the presence of the ground plane, as shown in Fig.
2.2(b). The presence of ground plane can be taken into account by image theory which
will double the equivalent magnetic current density. Therefore, the equivalent magnetic

current density will be finally given as

M, =—2ixE, (2.15)

around the side periphery of the patch radiating into free space, as shown in Fig. 2.2(c).

Fig. 2.2 Equivalent current densities on four sides of microstrip patch: (a) J;, M with

ground plane, (b) J; = 0, M; with ground plane, (c) M; without ground plane.

In order to find the fields radiated from an aperture, the fields are determined
using the geometries shown in Fig. 2.3, and the radiation equations of the E and H fields

are written as



10

E =0 (2.162)
ke™*
Ep=-j=, (L, +7N,) (2.16b)
v/'s
ke
E,=]j o= (Ly—71N,) (2.16¢)
H, = (2.16d)
- jkr
Hy=j ke (N, ——Ii’—) . (2.16¢)
4nr n
ke * L
H, =-j——W, +-2) 2.16f)
mr n

where N, N, L, and L, are obtained from

N, = .”[J* cos@cosg+J, cosOsing —J, sinfle’” ¥ ds’ (2.17a)
N
N,= I I[—Jx sing +J, cosgle™ ¥ ds’ (2.17b)
N
L, = ”[Mx cos@cosg+ M, cosOsing —M, sinfle™ ¥ ds’ (2.17¢)
s
L= j j[—Mx sing + M, cosgle™ ¥ ds’ (2.17d)
s

The geometries of aperture lied on the yz-plane, xz-plane and xy-plane aré shown in Fig.
2.3(a), 2.3(b) and 2.3(c), respectively.
For the TM;,, mode, Fig. 2.1(a), the electric and magnetic field components will

be reduced to

27

%)
E,= _]i—l_Azoo COS(-%IZX'j =E, cos(glzx') (2.18)
£2e

H =%Am sin(—”x')=H0 sin(—z-l’ix') (2.19)
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(c)
Fig. 2.3 Coordinate positions used for the solution of fields radiated through aperture: (a)

on the yz-plane, (b) on the xz-plane, (c) on the xy-plane.

The equivalent magnetic current density exists along the aperture of width w and height

(in the yz-plane), so & =a, and (2.15) is written as
n n n 2 ,\.
M, =-2nxE, =-2a,xE a, =-2E, cos(—l—x )ay (2.20)

The equivalent magnetic current density M, component is obtained. Substituting the M,

component into (2.17¢) and (2.17d), the L, and L, components can be worked out. Thus,

the far-zone electric fields radiated by each aperture can be found as

E =0 (2.21a)

o5 (1) $in(Z)

2.21b
dnr Y VA ( )



12

) — jkr ) . .
E'¢ :j_kh‘vi_coses]n¢ﬂnm.s.@@ (2.210)
4d7r Y zZ
where ¥ = kwsinsin ¢ and Z = khczose.

The total electric field for the patch antenna is derived from the total electric field for the
two apertures separated by a distance / along the x direction. The array factor for two

elements of (2.22) is used.
AF, =2 cos[% (kI cos @ cos ¢)] (2.22)

Consequently, the total electric fields for the patch antenna are written as (2.23a) and

(2.23b) for the E, and E; components, respectively.

i (kwsinesingﬁ) : (khcose)
sin| ————| | sin| —

E =— '_khlEO_e—_jk_rcos¢
o =TI, kwsin @sing khcosO
) ) (2.23a)
1
x cos[-é- (klcosBcos ¢)]
sin kwsin@sin ¢ sin khcos@
E, = 'M os@sing 2 2
o= ¢ fwsinGsing khcosd
) ) (2.23b)
1
x cos[-z-(kl cosdcos ¢)]

In the E-plane, the E; =0 and the E, component is expressed as
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sin[khcos@]
 khwE,e™* 2 1
E,=-j—=C  cosg e cos[a(kl cos&)} (2.24)

2

For the TM,, mode, Fig. 2.1(b), the electric and magnetic field components will

be reduced to

(_2__75)2
E =—j~Y2 4 cos[z—” y’) = E, cos(z—’f- y’) (2.25)
ouE w w
H=-24, sin(-z—’-’- y’) = H, sin(z—” y') (2.26)
Hw w w

The equivalent magnetic current density exists along the aperture of width / and height A

(in the xz-plane), so i =4, and (2.15) is written as
n n " 27 ).
M, =-2nxE, 6 =-2a,xFE,a, =2F, cos(—y )ax 2.27)
: w

From (2.27), the L, and L, components are given by substituting the M, component into

(2.17¢c) and (2.17d). Then, the expressions for far-zone electric fields radiated by the
aperture of (2.16a) — (2.16¢) can be written as

E =0 (2.28a)
- jkr : :
E,=—j 2khlE e sing sin(X) sin(Z) (2.28b)
4nr X Z
- jkr : : ;
Eﬁ — _j%ﬁ'oe—cosecos¢M-m—(Z—)- (2.28C)
4nr X A

dZ-= .
2

where X =!‘ﬂ‘l§’ﬂsﬁ an khcos@
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According to the two-element array, the array factor for the two apertures separated by a

distance w along the y direction is given as
1 .
AF, =2 cos|:—é-(kwcost9$1n ¢)] (2.29)

Consequently, the total electric fields for the patch antenna are written as (2.30a) and

(2.30b) for the E, and E, components, respectively.

. (klsin@cosgﬁ) . (khcos@]
sin| ————| | sin| —

E.o=— _khwE,e™* sing
o= kisin@cosg khcos®@
2 2 (2.303)
1 .
X COS[E (kwcosfsin ¢)]
sin kisinBcos¢ sin khcos@
E,=- 'MCOSBCOW 2 2
A kisinBcos¢ khcosd
2 2 (2.30b)
1 .
X COS[E (kwcos@sin ¢)]

In the E-plane, the E; = 0 and the E, component is expressed as

) (kh cosd
sin

—jkr )
E, =—j%€———s' cos[-;—(kwcosﬁ)i' (2.31)

M~ 7rc0sd
2

The E-plane patterns of the patch antenna excited at the modes of TM;,, and TM,, are

plotted in Fig. 2.4(a) and 2.4(b), respectively.
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Fig. 2.4 The E-plane patterns of the patch antenna: (a) 7M 5, , (b) TM

020 *

In order to properly utilize this antenna operation, the symmetric structure of a
square patch (w = [) is chosen to obtain identical radiation patterns for two switching
states. A square patch antenna with the size of one wavelength in dielectric (Ay) is used to
support the TM,,, and TM,, modes. Two PIN diodes are placed on each -edge at the
position of null of field distribution to cut off radiation from these edges, as shown in Fig.
2.5, so that the antenna operation can be changed between the TM;,, and TM,, modes

by switching the PIN diodes. When the forward bias is applied, the PIN diodes on the

front and rear edges (the edges parallel to x-axis) are shorted. The patch operates in the
TM ;,, and radiates in x direction. Alternatively, when the reverse bias is applied, the PIN

diodes on the left and right edges (the edges parallel to y-axis) are shorted. The patch
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operates in the TMg,, and radiates in y direction. Therefore, it should be noted that the

physical configuration of the antenna is fixed but the radiation pattern is switched by
suitable biasing of the PIN diodes.

PIN diodes

PIN diodes (Reverse bias)

(Forward bias)

Fig. 2.5 Configuration of the switched-beam single patch antenna.

2.2.2. PIN diode models

In this section, an equivalent circuit model of PIN diode is described which will
be used in the antenna simulation. The physical structure of PIN diode is shown in Fig.
2.6(a). It consists of a high-resistivity semiconductor or 7 (intrinsic) layer between two
highly doped P and N regions. Fig. 2.6(b) and 2.6(c) show the equivalent circuits for ON-
state and OFF-state diodes, respectively [14].The package inductance L, and capacitance
C, are dependent on the type of package used, and will appear in both ON- and OFF-
states. For the ON-state diode, the resistance R; representing the forward biased
resistance, is in the range of 0.2 — 5.0 Q. For the OFF-state diode, the capacitance C; and
the resistance R, represent the junction capacitance and the sum of P-layer, N-layer and
contact resistance, respectively. The capacitance C; typically ranges from 0 to 1 pF and

the resistance R; is in the range of 5 kQ.

R L c R L
A P y 4
o—TMA Mo oW —""

o— P |I| N |—o .
I i
i i
(o8 G
(a) (b) (©)

Fig. 2.6 A PIN diode: (a) physical layout, (b) equivalent circuit for ON-state diode, (c)

equivalent circuit for OFF-state diode.
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Fig. 2.7 Characteristics of the Philips BAP51-02 PIN diode: (a) insertion loss of forward
biased diode, (b) isolation of zero biased diode.
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Fig. 2.8 The simulated results of the PIN diode models: (a) insertion loss of 10 mA

forward biased diode, (b) isolation of zero biased diode.

The Philips BAP51-02 surface mounted PIN diodes are used in this thesis. The
diode is specified to operate from 0.5 GHz to 3.0 GHz. The characteristics of the BAP51-
02 PIN diode are shown in Fig. 2.7(a) and 2.7(b) [15]. The insertion loss is better than
0.25 dB in the case of 10 mA biased diode, and the isolation is better than 12.5 dB in the
case of zero biased diode. The PIN diode models for ON-state and OFF-state diode are

required for antenna design and simulation. The PIN diode models can be derived from

46638
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the equivalent circuits of the PIN diode presented above. The ON-state and OFF-state
PIN diode models are established by referring to the characteristics of the BAP51-02 PIN
diode for the case of 10 mA biased diode and zero biased diode, respectively. The RLC
circuits are built and simulated using IE3D simulator [16] to obtain the resistance,
inductance and capacitance, which satisfy the specification of BAP51-02 PIN diode. The
characteristics of the ON-state PIN diode model and the OFF-state PIN diode model are
simulated. Fig. 2.8(a) shows the insertion loss of 10 mA forward biased diode and Fig.
2.8(b) shows the isolation of zero biased diode. The simulated results of PIN diode
models agree well with the characteristics of the BAP51-02 PIN diode. This agreement is
obtained as the resistance Ry, inductance L, and capacitance C, in Fig. 2.6(b) are 1.4 Q, 1
nH and 0.1 pF, respectively, and the resistance R;, inductance L, capacitance C, and C; in
Fig. 2.6(c) are 10 k€2, 1 nH, 0.14 pF and 0.5 pF, respectively. Using these diode models,

the switched-beam single patch antenna is simulated using IE3D simulator.

2.2.3. Results

The switched-beam single patch antenna is designed based on the antenna
operation presented in the section 2.2.1. By using the antenna configuration shown in Fig.
2.5, the antenna was simulated using the IE3D simulator at the frequency of 1.95 GHz. In
simulations, for the antenna an FR-4 substrate with a dielectric constant of 4.3 and a
thickness of 1.5 mm, having the width and length of 7.6 cm was assumed. The PIN diode
is Philips BAP51-02 surface mounted PIN diode and the PIN diode models presented in
the section 2.2.2 were included in the simulation. The antenna was fabricated and tested
to verify the simulated results. The prototype of the switched-beam single patch antenna
is shown in Fig. 2.9. It was made of a 7.6 x 7.6 cm’? FR-4 PCB, with a dielectric constant
of 4.3 and a thickness of 1.5 mm. The coaxial-probe feeding was accomplished by
employing an SMA connector at the center of the antenna. Two Philips BAP51-02 PIN

diodes were soldered on each edge of the antenna.
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varied with the fixed values of @ = 36 mm, 4; = 15 mm, wy=2 mm, I, = 0.51; and /, =
0.0544. Varying w, from 0.02 4, to 0.08 44, the calculated result of the return loss at 1.95
GHz is shown in Fig. 2.13. The return loss is better when w, is increased to 0.061,, for
which the return loss of -6.49 dB is obtained, and it trends to be worse when w, is larger

than 0.06A4. Therefore, the aperture width w, of 0.06 4, is chosen.

o4 SRS S — TR }

Return loss (dB)

A2 A e pree e

0.02 0.03 0.04 0.05 0.06 0.07 0.08
w, (4;)

Fig. 2.13 The return loss of the antenna when the aperture width w, is varied with the
fixed values of @ = 36 mm, 4, =15 mm, wy=2 mm, /, = 0.54; and /; = 0.054,.

To find out the aperture length /,, it is varied from 0.244 to 0.8 1; with the fixed
values of a =36 mm, 43 = 15 mm, wy=2 mm, w, = 0.064; and /; = 0.054,. The calculated
result of the return loss for various aperture lengths is shown in Fig. 2.14. It shows that
the return loss is better for the aperture length of 0.644. The return loss of -8.46 dB is
obtained. Choosing the aperture width w, of 0.064, and the aperture length /, of 0.6 4, the
length of the open circuited stub I is varied to obtain better characteristic of antenna with
the fixed values of @ = 36 mm, 2 = 15 mm and wy= 2 mm. As shown in Fig. 2.15, /; is
varied from 0.024; to 0.084,4, and the better characteristic of antenna at the design
frequency of 1.95 GHz is obtained by the return loss of -13.58 dB when /; is equal to
0.044,. As a result, the aperture width w, of 0.06 14, the aperture length /, of 0.64, and the
length of the open circuited stub /; of 0.04 1, are chosen.
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Fig. 2.14 The return loss of the antenna when the aperture length /, is varied with the
fixed values of @ = 36 mm, A, = 15 mm, wy = 2 mm, w, = 0.064; and [, =

0.054,.

Return loss (dB)
v}

-12 1

0.02 0.03 0.04 0.05 0.06 0.07 0.08
L (4)

Fig. 2.15 The return loss of the antenna when the length of the open circuited stub /; is
varied with the fixed values of @ = 36 mm, A, = 15 mm, wy = 2 mm, w, =
0.0644 and I, = 0.6,.
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Since the patch radius of 36 mm used in previous calculation is the effective
radius of the patch, which is normally larger than the actual radius of the patch due to the
fringe field radiation, the patch radius is adjusted to obtain the actual radius of the patch
that gives the better antenna characteristic. The radius of the patch a is varied from 32.5
mm to 36 mm. The return loss of the antenna is calculated using IE3D simulator and the
result is presented in Fig. 2.16. The better return loss of -20.43 dB at the design frequency
of 1.95 GHz is obtained from the radius of the patch of 34 mm. In addition, the effect of
the thickness of foam layer A, on the characteristic of the antenna is disclosed. With the
antenna parameters of @ = 34 mm, wy=2 mm, w, = 0.0644 and /, = 0.6 14 and /; = 0.041,,
the return loss of the antenna for A; = 10 mm, 15 mm and 20 mm are calculated. The
calculated result of the return loss as a function of frequency is shown in Fig. 2.17. It is
. found that the resonant frequency at 1.95 GHz is given by A, = 15 mm, and the thicker
foam layer gives the lower resonant frequency.

Therefore, the antenna parameters of the designed aperture-coupled circular patch

antenna in physical dimensions are summarized in Table 2.2.

Return loss (dB)

25 1 -

-3032.5 33|.0 3:;.5 34l.0 34;.5 35r.0 3;.5 36.0
a (mm)
Fig. 2.16 The return loss of the antenna when the radius of patch a is varied with the
fixed values of 4, = 15 mm, wy= 2 mm, w, = 0.0644 and [, = 0.644 and /; =

0.044;.
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Fig. 2.17 The return loss of the antenna for 4; = 10 mm, 15 mm and 20 mm with the

antenna parameters of a = 34 mm, wy= 2 mm, w, = 0.064, and /, = 0.644 and /;

= 0.04/1,1.

Table 2.2 List of the antenna parameters of the designed aperture-coupled circular patch

antenna
Antenna parameters Dimensions
Radius of patch a 34.00 mm
Thickness of foam layer #; 15.00 mm
Aperture width w, 5.33 mm
Aperture length /, 53.30 mm
Feed line width wy 2.00 mm
Length of open circuited stub /i 3.55 mm

2.3.2. Phase shifter

The configuration of the flat four-beam compact phased array antenna is shown in

Fig. 2.11. A four-element circular array is formed with the array radius r, of 0.3754 by

arranging the element 1, 2, 3 and 4 on the xy plane at the positions of ¢ = 90°, 180°, 270°

and 0°, respectively. The phase shifter is used to shift the phase excitation of each

element to switch the beam toward the defined direction. According to the circular array
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theory, the main beam in (6,,4,) direction can be obtained by choosing the phase

excitation of the n"™ element (,) to be
«, =—kr,sin@, cos(¢g, — @, ) (2.33)

where k=2x/4, r, is the array radius, ¢, is the position of the n"™ element. The phase
excitation of the array elements are listed in Table 2.3. The peak beam direction 6, of 30°

is defined to tilt the beam of antenna for the specific coverage area. The phase excitation

of 0°, 67.5° and -67.5° are required for switching the beam in azimuth directions ¢, of 0°,
90°, 180° and 270°, while the phase excitations of 47.7° and -47.7° are required for
switching the beam in azimuth directions ¢, of 45°, 135°, 225° and 315°. By simply

redefining the switched beam directions, it becomes apparent that the number of
differential phases is reduced and, in this case, the 1-bit phase shifter with the differential

phase of 95.4° can be applied for the four-beam phased array antenna.

Table 2.3 Phase excitation of the flat four-beam compact phased array antenna for the

four beam directions

hase excitation
Beam Element | Element | Element | Element
direction ¢, 1 2 3 4
0° 0° 67.5° 0° -67.5°
90° -67.5° 0° 67.5° 0°
180° 0° -67.5° 0° 67.5°
270° 67.5° 0° -67.5° 0°
45° -47.7° 47.7° 47.7° -47.7°
135° -47.7° -47.7° 47.7° 47.7°
225° 47.7° -47.7° -47.7° 47.7°
315° 47.7° 47.7° -47.7° -47.7°

In the phased array antenna system, the phase shifter is the main component of the
beam forming network. The ferrite phase shifter and the semiconductor diode phase
shifter are generally used. The ferrite phase shifter is not planar and the phase shifting
mechanism is of analog type. The semiconductor diode phase shifter is planar in

configuration and the phase shifting operation is of digital nature; therefore it is called
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digital phase shifter. Usually, the semiconductor diode phase shifter or the digital phase
shifter is classified into two types: transmission type and reflection type. The transmission
type phase shifter is two-port circuit whereas the reflection type phase shifter is one-port
circuit. Therefore, the phase of transmission coefficient of the circuit is shifted in the
transmission type phase shifter by switching operation, but in the reflection type phase
shifter the phase of reflection coefficient of the circuit is shifted by creating an open or
short circuit at a certain reference plane. The transmission type phase shifter can be
categorized as switched delay line, loaded line and high-pass/low-pass phase shifters.

The basic configuration of a switched delay line phase shifter is shown in Fig.
2.18. The switched delay line phase shifter uses different length of transmission lines to

produce a differential phase shift. Two transmission lines of length /, and /, + Al with the
characteristic impedance z, are reference path and delayed path, respectively. Four
identical switches s,, s;, s, and s, are used to switch the signal path. When switches s,
and s; are connected to the transmission line of length /; and switches s, and s, are
disconnected to the transmission line of length /, + Al, the signal passes through the
reference path of length /,. When switches s, and s, are disconnected to the transmission
line of length I, and switches s, and s, are connected to the transmission line of length
-4, + Al the signal passes through the delayed path of length [, +Al. The delay of the
signal is the difference of line length A/; therefore, the phase shift of SAI is produced.

I+Al
Z,
® , ®
s s
_4H ¥ i A
input < . output
s 5y
o 1 f o
Zy
I

Fig. 2.18 Switched delay line phase shifter.
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All2 Alj2

Y

input I e joutput

Fig. 2.19 A series- and shunt-mounted 2-diode switched delay line phase shifter.

In accordance with the principle of switched delay line phase shifter, the compact
phase shifter with the least number of diodes is designed. A series- and shunt-mounted 2-
diode switched delay line phase shifter is shown in Fig. 2.19. The series diode is directly
connected to input and output ports, and the shunt diode is connected at the middle of the
delay line. When the diodes are forward biased, the signal passes through the series diode,
while the shunt diode is shorted to ground. Since the series diode is directly connected to
input and output ports, the reference path is equivalent to zero in length. When the diodes
are zero biased, the series diode is open circuited and the signal cannot pass through the
diode. Also, the shunt diode is open circuited, so the signal can flow through the delay
path of length Al producing the phase shift of A/ in degree. In this case, the phase shift

of 95.4° is required at the design frequency of 1.95 GHz. Therefore, the length of delay

line Al is approximately 27.0 mm.

2.3.3. Power combiner and branch-line coupler

The T-junction power divider is a simple three-port network that can be used for
power division or power combining. The lossless T-junction can be modeled as a junction
of three transmission lines, shown in Fig. 2.20. In general, there are fringing fields and
higher order modes associated with the discontinuity at such a junction, leading to stored
energy that can be accounted for by a lumped susceptance, B. In order for the divider to

be matched to the input line of characteristic impedance Z,, we must have

1 1 1
_+__=__

g 2.34
! Z, Z, Z, ( )
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If the transmission lines are assumed to be lossless, then the characteristic impedances are
real. If we also assume B = 0, then (2.34) reduces to

= (2.35)

The output line impedances Z; and Z, can then be selected to be two 100-Q output
lines for the input line impedance Z; = 50 Q. If necessary, quarter-wave transformers can

be used to bring the output line impedances back to the desired impedances.

Fig. 2.21 The quarter-wave transformer.

The quarter-wave transformer is a useful and practical circuit for impedance
matching. Fig. 2.21 shows a circuit -employing a quarter-wave transformer. The load
resistance R;, and the feedline characteristic impedance Z, are both real and assumed to
be given. These two components are connected with a lossless transmission line of
characteristic impedance of Z; and length of A/4. It is desired to match the load to the Z,
line, by using the A/4 line, and so make no reflection looking into the A/4 matching

section. The input impedance Z;, can be found as
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7 -7 R, +jZ, tan gl
" TVZ 4 jR, tan Bl

(2.36)
To evaluate this for fl=Qx/A)A/4)=xn/2, we can divide the numerator and

denominator by tan f and take the limitas Sl — 7/2 to get

Z, ==L (2.37)

In order for no reflection, we must have Z, = Z;, which yields the characteristic

impedance Z; as
Z, =\Z,R, (2.38)

Therefore, a T-junction power divider/combiner with a 50-Q input line needs two
100-Q2 output lines. In addition, the quarter-wave transformer is used to bring the output
line impedances back to the impedances of 50 Q by using a transmission line of
characteristic impedance of 70.7 Q and length of A/4. The layout of microstrip T-junction

power divider/combiner with a quarter-wave transformer is shown in Fig. 2.22.

50 Q 100 Q 50
070 K oo
50 O

Fig. 2.22 T-junction power divider/combiner with a quarter-wave transformer.

To couple the received signal of each element to the signal processing unit, the
branch-line coupler is added. The branch-line coupler is 3 dB directional couplers with
90° phase difference in the outputs of the through and coupled arms. This type of coupler
is shown in Fig. 2.23. The basic operation of the branch-line coupler is as follows. With
all ports matched, power entering port 1 is evenly divided between ports 2 and 3, with a
90° phase shift between these outputs. No power is coupled to port 4. Observe that the
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branch-line coupler has a high degree of symmetry, as any port can be used as the input
port. The output ports will always be on the opposite side of the junction from the input

port, and the isolated port will be the remaining port on the same side as the input port.

Port 1 Z, Z°/ Z

(input) (output)
Port 4
Port 3
(isolated) z A (cozplcd)
0 Z, /N2 0

Fig. 2.23 Branch-line coupler.

Applied to the array antenna, Port 1 (input) is connected to the output of each
element. The signal will be passed through Port 2 (output) and be summed at the power
combiner; simultaneously, the signal is coupled through Port 3 (coupled), which is

connected to the signal processing unit. Port 4 (isolated) is terminated by a 50-Q2 resistor.

2.3.4. Results

A flat four-beam compact phased array antenna is developed by integrating
antenna elements and a beam forming network. The aperture-coupled circular patch
antennas are used as antenna elements. Four circular patches with a diameter of 68 mm
are etched on an FR-4 substrate to form a circular array with an array radius of 57.7 mm.
The feed substrate, which is RO3003 copper clad on both sides, comprises the coupling
apertures of width 5.33 mm and length 53.3 mm etched on the upper side and 1-bit phase
shifters, branch-line couplers and 2-stage T-junction power combiner etched on the lower
side. The foam layer with a thickness of 15 mm is inserted between the patch substrate
and the feed substrate. Fig. 2.24 shows the layout of the flat four-beam compact phased
array antenna, which is employed in the IE3D simulator. Port 1, 2, 3 and 4 are coupled
ports at which the received signal of each antenna element is coupled to a signal
processing unit. Port 5 is the array output port where the received signals of four elements
are combined. The prototype of a flat four-beam compact phased array antenna was

fabricated, as shown in Fig. 2.25.
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port 1

_portd

X

port 2

v

Fig. 2.24 Layout of the flat four-beam compact phased array antenna.

i pon 5

Table 2.4 States of phase shifters of the flat four-beam compact phased array antenna for

the four-beam switching

Status of phase shifter
Beam direction
Element 1 | Element 2 | Element 3 | Element 4
45° OFF ON ON OFF
135° OFF OFF ON ON
225° ON OFF OFF ON
315° . ON ON OFF OFF

The radiation patterns of the array are measured in an in-house anechoic chamber
using an HP8510C network analyzer. The test frequency is 1.95 GHz. The azimuth
pattern of array is measured at @ = 30°. The measured results are compared with the
calculation as depicted in Fig. 2.26. The solid line represents the simulation and the circle
represents the measured result. The results show that the beam of array can be switched to

the four directions of 45°, 135°, 225° and 315° in azimuth plane. The four-beam
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VSWR

1.80 1.85 1.90 1.95 2.00 2.05 2.10
Frequency (GHz)

Fig. 3.7 VSWR of the phased array antenna of switched-beam elements for four-beam

direction with the x x x x combination.

2.6
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VSWR

1.80 1.85 1.90 1.95 2.00 2.05 2.10
Frequency (GHz)

Fig. 3.8 VSWR of the phased array antenna of switched-beam elements for 45° beam

direction with various combinations of element patterns.
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3.3.2 Radiation patterns

The radiation pattern of the phased array antenna of switched-beam elements is
investigated at the frequency of 1.95 GHz. First, the radiation patterns for the four-beam
switching with 16 combinations of element patterns are simulated using the IE3D
simulator. Four switched-beam elements are arranged as a circular array with the radius
of 7.6 cm. The PIN diode models are applied to switch the beam of each element, so that
the combination of element patterns can be changed by applying the appropriate PIN
diode models to each switched-beam element. The uniform amplitude and different phase
of excitation are assigned for each element to obtain the main beam in specified direction.
In the next step, the radiation patterns of the phased array antenna of switched-beam
elements are measured in an in-house anechoic chamber using an HP8510C network
analyzer. The patch antenna with single linear polarization is employed as the
transmitting antenna. The antenna under test is mounted on a turntable separated from the
transmitting antenna by a distance of 1.5 m. The H-plane (xy-plane) pattemns of the phased
array antenna of switched-beam elements are measured. The simulation and measurement
are compared and shown in Fig. 3.9 — Fig. 3.24. The radiation patterns of 16
combinations are plotted.

Both the simulated and measured results show that the main beam of the phased
array antenna of switched-beam elements can be switched, and the different combination
of element patterns given by the beam switching of element can change the null patterns.
Since the elements have directional pattern, the increasing number of nulls and narrow

beamwidth are observed as well as high side lobe level.
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(c) @
Fig. 3.9 Array patterns with the x x x x combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, ® measurement
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Fig. 3.10 Array patterns with the y x x x combination: (a) 45° beam direction, (b) 135°

beam direction, (¢) 225° beam direction, and (d) 315° beam direction.

simulation, @ measurement
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Fig. 3.11 Array patterns with the x y x x combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, e measurement



beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, e measurement

180°

(D
Fig. 3.12 Array patterns with the x x y x combination: (a) 45° beam direction, (b) 135°

49
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Fig. 3.13 Array patterns with the x x x y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, @ measurement
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(c) (d)
Fig. 3.14 Array patterns with the ¥y ¥ x x.combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, ® measurement
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180°

D
Fig. 3.15 Array patterns with the y x y x combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, @ measurement
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Fig. 3.16 Array patterns with the y x x y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, @ measurement
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Fig. 3.17 Array patterns with the x y y x combination: (a) 45° beam direction, (b) 135°

beam direction, (¢) 225° beam direction, and (d) 315° beam direction.

simulation, e measurement
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Fig. 3.18 Array patterns with the x y x y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, ® measurement
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Fig. 3.19 Array patterns with the x x y y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, e® measurement
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180° 180°

180°

(d)
Fig. 3.20 Array patterns with the y y y x combination: (a) 45° beam direction, (b) 135°

beam direction, (¢) 225° beam direction, and (d) 315° beam direction.

simulation, ® measurement
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Fig. 3.21

Array patterns with the y y x y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, ® measurement
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Fig. 3.22 Array patterns with the y x y y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, e measurement
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(© (d)
Fig. 3.23 Array patterns with the x y y y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, ® measurement
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Fig. 3.24 Array patterns with the y y y y combination: (a) 45° beam direction, (b) 135°

beam direction, (c) 225° beam direction, and (d) 315° beam direction.

simulation, e measurement
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3.3.2.1 Distributions of nulls
The distributions of null directions given by the different combinations of element
patterns are summarized in Fig. 3.25 — Fig.3.28 for the four main beam directions of 45°,
135°, 225° and 315°. Considering the measured radiation patterns, the levels of null lower
than -20 dB are considered and plotted. It can be seen that the null direction can be
changed by different combinations of element patterns. Not only the main beam is
switched, but also the null directions can be varied. The results show that for each

switched beam direction the null directions are distributed diversely due to various

combinations of element patterns.
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Fig. 3.25 Distribution of null directions obtained for the different combinations of

element patterns for the 45° main beam direction.
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Fig. 3.26 Distribution of null directions obtained for the different combinations of

element patterns for the 135° main beam direction.
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Fig. 3.27 Distribution of null directions obtained for the different combinations of

element patterns for the 225° main beam direction.
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Fig. 3.28 Distribution of null directions obtained for the different combinations of

element patterns for the 315° main beam direction.

3.3.2.2 Cross-polarization

Here, the cross-polarization characteristics of the phased array antenna of
switched-beam elements are considered. The plots of Eg and E4 components in H-plane
for four beam directions with different combination of element patterns are presented in
Fig. 3.29 — Fig. 3.32. It is obvious that £ component is dominated, so the phased array
antenna of switched-beam elements radiates vertical polarization. E4 component shows
the cross-polarization. The measured level of cross-polarization is higher than the
simulation due to the non-purity of polarization of the transmitting patch antenna.
However, the cross-polarization level is less than -10 dB. In the four main beam

directions, the cross-polarization levels of -27, -20, -11.65 and -26.67 dB are found.
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Fig. 3.29 The plots of Eg and E4 components in H-plane for 45° beam direction with the

X x x x combination.
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Fig.3.30 The plots of Eg and E4 components in H-plane for 135° beam direction with

the y x x x combination.
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Fig.3.31 The plots of Ep and E4 components in H-plane for 225° beam direction with

the x y y x combination.
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Fig. 3.32 The plots of Eg and E4 components in H-plane for 315° beam direction with

the y y y x combination.

3.4 Conclusion
In this chapter, the development of the phased array antenna of switched-beam
elements along with its simulated and measured characteristics has been presented. The

design of this array follows the one of the flat four-beam compact phased array antenna,
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however, with the difference that the new array uses switched-beam single patch antennas
as the array elements. The 1-bit delay lined phase shifter has been designed for switching
the main beam of the array antenna. The four-way Wilkinson power combiner has been
used to combine the array output. The phased array antenna of switched-beam elements
has been fabricated and tested. The VSWR and radiation patterns have been presented.
The array features VSWR < 2:1 in the design band. The array offers 64 radiation patterns,
since 4 switched-beam elements provide 16 combinations of element patterns. Because of
the use of switched-beam elements the array offers radiation patterns with changeable
null directions. The tests results have also included cross-polarization characteristics. The

cross-polarization level of less than -10 dB has been observed.



CHAPTER 4
PERFORMANCE OF A PHASED ARRAY ANTENNA OF
SWITCHED-BEAM ELEMENTS

4.1 Introduction

The design, development and tests results for the phased array antenna of
switched-beam elements have been presented in Chapter 3. In this chapter, the antenna
performance as a sub-system of a wireless communication system is investigated. A
particular interest is in determining the correlation coefficient and diversity gain of the
antenna to assess its ability to improve the received signal quality. This is followed by
measurements of the signal-to-interference ratio (SIR). Because of changeable null
patterns of the phased array antenna of switched-beam elements, the SIR is expected to be

improved. A number of experiments are performed to test this hypothesis.

4.2 Correlation coefficient

Usually, the antenna capability to improve quality of received signal is evaluated
in terms of correlation coefficient (p). This coefficient is calculated from the radiation
patterns and the specific angular distribution of received power. In this thesis, the well
known Clarke’s model [17] is applied to describe an angular distribution of received

power. Therefore, the simple expression of correlation coefficient can be written as

[E,#)- E; ($)d¢
0 4.1

p = 27 2r
\/ E,($)-E; ($)d¢- [E,(9)-E;(#)ds

where E) is the complex radiation pattern in one direction and E is the complex radiation
pattern switched in other direction. The asterisk (*) denotes the complex conjugate.

The correlation coefficients for four-beam directions of each combination of
element patterns are calculated and presented in Table 4.1. Generally, the quality of
received signal is expected to be improved when the correlation coefficient is less than

0.7 [18]. The four beams of each combination of element patterns are correlated with the
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relatively low correlation coefficient. The four beams of x x x x, y xxx, x Xy X, y y X X, ¥y X
Xy, xyxy,yyyx,yxyyandyyyy combinations are correlated with the correlation
coefficient of lower than 0.7. The lowest correlation coefficient of 0.37 is found in the
beam switching with x x x x combination. For other combinations, the beams in some
directions are correlated with the correlation coefficient of larger than 0.7, and the high

correlation coefficient of 0.79 is found in x y x x and x y y y combinations.

Table 4.1 Correlation coefficients of the four beams of 16 combinations of element

patterns.
Main beam directions
Combinations of 45° 135° 225° 315° 45° 135°
element patterns & & & & & &

135° 225° 315° 45° 225° 315°

XxXxXx 0.37 0.56 0.58 0.52 0.64 0.56
yxxx 0.55 0.62 0.59 0.50 0.56 0.56
xXyxx 0.58 0.60 0.67 0.79 0.79 0.73
xXxXyx 0.55 0.60 0.57 0.58 0.60 0.47
xXxxy 0.55 0.72 0.71 0.60 0.70 0.70
yyxx 0.50 0.57 0.52 0.55 0.68 0.68
yxXyx 0.67 0.72 0.62 0.70 0.59 0.50
yxxy 0.62 0.64 0.58 0.58 0.66 0.64
xXyyx 0.57 0.56 0.51 0.60 0.74 0.65
xXyxy 0.61 0.64 0.59 0.68 0.62 0.51
xXxyy 0.56 0.60 0.71 0.55 0.73 0.58
yyyx 0.52 0.67 0.49 0.62 0.59 0.48
yyxy 0.68 0.70 0.67 0.67 0.65 0.73
yxyy 0.60 0.70 0.68 0.62 0.59 0.56
xXyyy 0.56 0.64 0.71 0.61 0.79 0.69
yyyy 0.62 0.66 0.68 0.48 0.58 0.62

The phased array antenna of switched-beam elements has 64 radiation patterns.
Thus, when the correlation coefficients of one radiation pattern are correlated to the

others, 64 x 64 values of the correlation coefficient are obtained. The cumulative
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probability function (CPF) of the correlation coefficients is plotted in Fig. 4.1. The CPF
of the correlation coefficients shows 62.79% probabilities that the correlation coefficient
of less than 0.7 is obtained. It means that the four-beam switching of the phased array
antenna of switched-beam elements is mostly switched with the low correlated radiation

patterns, leading to the received signal improvement.
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Fig. 4.1 Cumulative probability function of the correlation coefficients of 64 radiation

patterns.

4.3 Diversity gain

Having obtained the low correlation coefficient, in the next step, the diversity
performance of the phased array antenna of switched-beam elements is evaluated. The
phased array antenna of switched-beam elements is considered as the switched diversity
antenna. Generally, the diversity performance is measured as diversity gain. It is defined
as the ratio of the received signal of the diversity combiner, r, relative to its mean value,

7., and the received signal of the single branch, r;, relative to its mean value, 7, for a

given signal level probability. Thus, the diversity gain describes the improvement in

received signal for a given signal level probability. It can be written in decibels as
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Diversity gain (dB) = [;— (dB)—-1.(dB) (4.2)

Yl :lat given probability

where the ratios within this equation are found from the signal cumulative probability
functions.

In this work, the diversity gain of switched diversity is evaluated for the case of
correlated received signals in Ricean channel. The joint probability density function of

two Ricean distributed received signal r; and r; is given as [19]

prr) = (14;102 o |:—2K_(1+K)(r;,+r2)]
2z-p°(1-p%) I+p  (1-p")B
2” =2p(1+K)4/nr, cosd
x J'exp[ T } (4.3)

‘I, 4K(1+K)(r,+r2+22 rr, cosd 10
B+ p)

where K is the Ricean factor and defined as

_ Power of line - of -sight component
Power of multipath component

[ s the average power of the signal, Io(-) is the zero-order modified Bessel function of the
first kind. The cumulative probability function of received power after diversity

combining for switched combining is written as [20]
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where A is the switching threshold. Substituting (4.3) into (4.4), the cumulative
probability functions of correlated received signals in Ricean channel with K =0 dB and
K = 10 dB are plotted in Fig. 4.2. The diversity gain is evaluated for the correlation
coefficient of 0.37 and the switching threshold A4 of -10 dB. It can be seen that the
diversity gain is insignificant until the threshold 4 is reached, at which the diversity gain
settles at a constant value of the highest diversity gain obtained with the switched
combining. The switched diversity can significantly improve the signal reception when
the received power is lower than the switching threshold. For K = 0 dB, the diversity gain
of 8 dB is obtained at 1% probability. It means that it is 99% reliable that the received
power is above -18 dB and -10 dB for reception without and with diversity, respectively.
For K = 10 dB, the diversity gain is obtained by the same degree of 8 dB but at the
smaller probability of 0.001%. The signal reception is more reliable since the line-of-sight

component is dominant.
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Fig. 4.2 Cumulative probability function of the switched diversity (threshold 4 = -10 dB).
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4.4 Signal-to-interference ratio (SIR) improvement

So far, the received signal improvement due to the use of the phased array antenna
of switched-beam elements has been evaluated in terms of correlation coefficient and
diversity gain. This improvement can also be assessed in terms of signal-to-interference
ratio [21]. While discussing in the previous chapter the radiation patterns of the phased
array antenna of switched-beam elements, it has been indicated that the null directions
can be changed to achieve received signal diversity. This array capability can be used to
advantage to suppress interference. The results of this strategy are presented in this

section.

120° 150° 180°  210° 240°

Relative power (dB)
&

0
S
l

)
(¥, ]
4

Azimuth angle (degree)

Fig. 4.3 Radiation patterns of various combinations for different interference directions.
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The interference suppression performance is investigated assuming the various
directions of interference. The radiation patterns with y xx y, xxxy,xyyyandyyyy
combinations are illustrated in Fig. 4.3. It can be seen that when the interference reaches
at 120°, it will be only 4.96 dB suppressed by using y x x y combination. However, by
switching beam of the first element to x direction the x x x y combination produces the

null direction at 120°, giving the interference at -24.65 dB. Therefore, the interference
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suppression will be 19.69 dB improved. When the interference is in direction of 150°, the
interference level will be -4.95 dB by using the x x x y combination. To suppress the
interference, the x x x y combination will be changed to be the x y y y combination by
switching the beams of the second and the third elements to y direction. The interference
is suppressed down to -13.54 dB, resulting in 8.95 dB suppression more than the x x x y
combination. When the interference is in direction of 180°, the interference received by
the x y y y combination will be -5.39 dB. The interference level can be reduced by
changing the x y y y combination to be the x x x y combination. The interference level will
be down to -23.45 dB. When the interference is in direction of 210° the y y y y
combination will be applied instead of the x x x y combination by which the interference
can be 10.09 dB suppressed. Considering other directions of 240° 300° and 350°, the y x x
y combination is chosen to suppress the interference in 240° and 300° with the null level
of -17.81 dB and -12.87 dB, while the y y y y combination is used so that the interference
in 350° can be reduced to -21.60 dB.

Relative power (dB)

35 ; ; ; . .
0 45 90 135 180 225 270 315 360

Azimuth angle (degree)
Fig. 4.4 Radiation patterns of various combinations for different desired signal directions.
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Furthermore, the performance of the phased array antenna of switched-beam
elements is discussed for the case when the desired signal is not exactly at the main beam
direction. Let us consider the desired signal directions of 15°, 30°, 45°, 60°and 90°, and
assume the interference direction at 180°. First, the arriving signal direction of 45° is
considered. The radiation pattern switched to 45° with the x x x y combination is chosen
to suppress the interference down to -23.45 dB as shown in Fig. 4.4. Next, the desired
signal is assumed in direction of 30°. The x x x x combination is used since the main beam
is in direction of 30° and the interference can be suppressed down to -12.73 dB. For the
desired signal direction of 60°, the combination of element patterns is changed to the y y y
y combination by which the main beam direction is nearly 60° and the interference can be
suppressed down to -15.53 dB. The results show that the performance of the phased array
antenna of switched-beam elements is acceptable for the desired signal directions of 30°
and 60°. However, when the desired signal is assumed in directions of 15° and 90°, the
main beam cannot be produced exactly in those directions. With the y x x y combination,
the levels of the signal in direction of 15° and the interference in direction of 180° are
-1.59 dB and -9.86 dB, respectively, relative to the peak main beam. The signal-to-
interference ratio is 8.27 dB. For the desired signal in direction of 90°, the signal level is
-3.74 dB and the interference level is -15.53 dB for y y y y combination. The signal level
is -6.07 dB and the interference level is -23.45 dB for x x x y combination. Thus, the
signal-to-interference ratio is 17.38 dB and 11.79 dB for x x x y and y y y y combination,
respectively. In this case, the x x x y combination will be chosen since it provides higher
signal-to-interference ratio though the signal level is lower than that oftheyyyy
combination. It should be noted that the performance of the antenna is determined by the
signal-to-interference ratio. In a multipath environment, the directional properties of the
antenna are not so much important as is its ability to change the pattern. It is clear that the
radiation pattern with changeable combination of element patterns provides an advantage

in terms of interference suppression.

4.4.1 Measurement setup
Here, details of the measurement set up are given to clearly assess the antenna
capability to suppress interference. The signal-to-interference ratio is measured in the
practical site. Measurement is set up at the Wireless Communication Laboratory where is

full of objects such as desks and equipment, so the multipath environment can be
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expected. The layout of the test site is shown in Fig. 4.5. The phased array antenna of
switched-beam elements, a receiving antenna, is installed at the center of the test site
(point A). The RF output of the receiving antenna is connected to the spectrum analyzer
for measuring the received power. On the transmitting side, the patch antenna with
vertical polarization is used as the transmitting antenna. The desired and interfering
signals are transmitted at the frequency of 1.95 GHz with the power of 10 dBm. The
desired and interfering signals coming from various directions are assumed by placing the
transmitting antenna around the receiving antenna with the distance of 1.5 m (point B -

point I) as illustrated in Fig. 4.5.

Fig. 4.5 Layout of the test site.

4.4.2 Measured results
The measured results for signal-to-interference ratio are investigated for the cases

of changes in desired signal direction and changes in interference direction.

4.4.2.1 Changes in desired signal direction
The directions of the desired signal are given in the directions of 45°, 135°, 225°

and 315° (point B, D, F and H), while the interference is assumed in the direction of 90°
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(point C). The signal-to-interference ratio is determined from the ratio of the received
power of desired signal to the received power of interference. Initially, the RF signal is
transmitted from the point B, the main beam of the receiving antenna is switched to 45°
and the received powers are measured for 16 combinations of element patterns. Then, the
RF signal is transmitted from the point C and the received powers are measured for 16
combinations of element patterns. Therefore, the signal-to-interference ratios of 16
combinations are obtained. Subsequently, the RF signal is transmitted from the point D, F
and H for changes in the desired signal directions of 135°, 225° and 315°, respectively.
The main beam is also switched in the desired directions of 135°, 225° and 315°,

respectively, and the measurement is repeated.

Table 4.2 Signal-to-interference ratio for changes in desired signal direction with the

interference in direction of 90°.

Combination Signal-to-interference ratio (dB)

of element Desired Signal Direction

patterns 45° 135° 225° 315°
xXxXxx 8.4 -11.1 2.7 3.0
yxxx 7.2 -7.6 0.1 0.6
xXyxx 5.2 -10.0 1.3 10.0
xXxyx 0.4 -12.5 1.5 1.4
xXxxy 4.8 -7.1 54 2.0
yyxx 4.8 -6.6 -0.4 5.2
yxXyx 1.9 -10.0 -1.2 -1.8
yxXxy 9.8 -5.6 1.9 -0.3
xXyyx 5.7 -8.7 2.5 3.5
xXyxy 6.1 -4.5 7.3 7.8
xXxyy 0.0 -9.8 2.4 2.2
yyyx 33 -9.0 0.0 0.7
yyxy 7.3 -0.7 4.1 7.5
yxyy 3.1 -7.6 -0.3 -1.0
xXyyy 10.9 -5.8 6.5 12.6
yyyy 9.2 -4.7 0.0 6.7
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The results of signal-to-interference ratio for changes in desired signal direction
with the interference in direction of 90° are tabulated in Table 4.2. For the desired signal
direction of 45°, the maximum signal-to-interference ratio is 10.9 dB obtained from the x
yy y combination, whereas the minimum signal-to-interference ratio is 0 dB given by the
x xy y combination. It is obvious that the signal-to-interference ratio improvement of 10.9
dB is provided. For the desired signal direction of 135°, the signal-to-interference ratio is
shown in negative value because the received power of desired signal is less than the
interference. Therefore, the minimum signal-to-interference ratio is down to -12.5 dB for
the x x y x combination; however, the improvement of 11.8 dB can be obtained when the
combination of element patterns is changed to the y y x y combination by which the
signal-to-interference ratio of -0.7 dB is given. Furthermore, it should be noted that the x
y y y combination, which provides the maximum signal-to-interference ratio of 10.9 dB
for the desired signal direction of 45°, gives the signal-to-interference ratio of -5.8 dB
when the desired signal direction is 135°. Thus, when the desired signal direction is
changed from 45° to 135° the signal-to-interference ratio improvement of 5.1 dB can be
obtained by changing the x y y y combination to be the y y x y combination. When the
desired signal direction is 225°, the main beam is switched to 225° with the y y x y
combination. The signal-to-interference ratio of 4.1 dB is obtamned, but the maximum
signal-to-interference ratio of 7.3 dB is given by the x y x y combination. Therefore, the
signal-to-interference ratio can be increased by 3.2 dB by simply switching the beam of
the first element. Also, when the desired signal direction is changed to 315°, the main
beam is switched to 315° with the x y x y combination and the signal-to-interference ratio
of 7.8 dB is obtained. The signal-to-interference ratio improvement of 5.1 dB is achieved
by switching the beam of the third element to provide the x y y y combination that the

signal-to-interference ratio of 12.9 dB is obtained.

4.4.2.2 Changes in interference direction
The signal-to-interference ratio improvement is investigated by assuming the
interference in 6 directions of 135°, 180°, 225°, 270°, 315° and 0°, and the desired signal
is assumed in direction of 45°. Therefore, the interference is transmitted from the point D,
E, F, G, H and I, respectively, and the desired signal is transmitted from the point B. The
main beam of the receiving antenna is switched to 45°. The received powers of desired
and interfering signals are measured for each of 16 combinations of element patterns. The

signal-to-interference ratios of 16 combinations for different interference directions are
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presented in Table 4.3. It is obvious that when the interference direction is changed, the
phased array antenna of switched-beam elements can suppress the interference by
changing the combination of element patterns. When the interference is in direction of
135°, the maximum signal-to-interference ratio of 12.5 dB is obtained from the y y x y
combination. Then, the interference direction is changed to 180°, the signal-to-
interference ratio of 13.9 dB is provided by the y y y y combination, and the signal-to-
interference ratio of 9.3 dB is obtained when the interference is in direction of 225°. Since
the interference direction is 225°, which is the direction of back lobe, the signal-to-
interference ratio is relatively low. For the interference directions of 270°, 315° and 0°,
the maximum signal-to-interference ratios of 14.2 dB, 10.1 dB and 18.5 dB are given by

thexyyx,x xxy and y y y y combinations, respectively.

Table 4.3 Signal-to-interference ratio for changes in interference direction with the

desired signal in direction of 45°.

Signal-to-interference ratio (dB)
Combination of
element patterns Interference Direction

135° 180° 225° 270° 315° 0°
XxXXxXx 4.7 12.1 2.7 10.0 7.4 12.4
yxXxx 6.8 4.5 49 114 7.0 34
xXyxx 7.0 3.8 32 33 6.1 6.2
xXxXyx 2.1 7.5 2.1 6.2 7.1 34
xXxXxy 7.0 9.2 1.3 1.7 10.1 6.3
yyxx 10.5 3.4 6.1 5.5 6.7 39
yxXyx 5.5 9.8 4.6 6.7 7.8 2.9
yxXxy 10.6 5.5 4.4 52 7.6 10.6
xXyyx 5.6 12.1 3.8 14.2 5.7 13.2
xXyxy 10.4 3.0 2.8 -0.5 7.6 3.5
xXxyy 2.2 47 1.7 1.0 10.0 -1.2
Yyyx 8.3 7.3 52 12.5 6.3 6.7
yYyxy 12.5 23 5.5 1.8 6.4 5.9
yxXyy 5.9 13.3 4.6 4.0 9.2 4.0
xXyyy 6.3 6.3 25 1.4 6.8 1.5
yyyy 12.4 13.9 9.3 8.7 9.8 18.5
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4.5 Conclusion

For the developed switched-beam antenna, the correlation coefficient and
diversity gain have been evaluated to assess its capability to improve performance of a
wireless communication system in the presence of multipath signal propagation. The
correlation coefficient of 0.37 has been obtained as the smallest value, and there are
62.79% probabilities that correlation coefficient is less than 0.7 when the 64 radiation
patterns are used. With the lowest correlation coefficient of 0.37, the diversity gain has
been evaluated for the switched diversity when applied in Ricean channel. The diversity
gain has been found out for the Ricean channel with K = 0 dB and K = 10 dB. By using
switched combining, the phased array antenna of switched-beam elements has shown the
diversity gain of 8 dB. The performance on interference suppression has also been
evaluated. By assuming the interference in various directions, the radiation patterns with
different combination of element patterns clearly present the interference suppression
improvement. The experimental tests have been performed to verify the interference
suppression improvement. The tests have concerned the cases of changes in desired signal
direction and changes in interference direction. The interference suppression has been
achieved by switching the beam of elements. Using this strategy the signal-to-interference

ratio improvement of more than 10 dB has been achieved.



CHAPTER 5
APPLICATIONS OF A PHASED ARRAY ANTENNA OF

SWITCHED-BEAM ELEMENTS

5.1 Introduction

This chapter demonstrates the prospective applications of a phased array antenna
of switched-beam eclements for the future wireless communications system. Multiple-
input multiple-output (MIMO) systems and adaptive antenna systems are considered.
With respect to the first application, the use of switched-beam array antenna is
investigated to reduce the cost and complexity of the MIMO system. With respect to the
adaptive antenna system, the switched-beam array antenna is appiied to initiate the CMA
adaptive algorithm so that the adaptive process can efficiently perform. The preliminary

results for these applications are presented.

5.2 Antenna for Multiple-Input Multiple-Output (MIMO)

communications system

The outstanding growth of wireless communication during the last years has
resulted in an enormous demand for high data rates and increased capacity. Recently,
multiple-input multiple-output (MIMO) antenna systems that use diversity at both the
transmitter and the receiver have drawn considerable attention. Information theory
research has shown that large capacity gains over single antenna systems can be achieved
when using MIMO antennas systems by exploiting multipath in the rich scattering
wireless environment [22]. Under these conditions capacity grows linearly with the
number of antenna elements. Unfortunately, the MIMO system requires high cost of
multiple radio transceivers at both transmitting and receiving sides. However, this
drawback may be relieved by using switched-beam antenna. The switched-beam antenna
having compact size offers multiple beams. In this section, the channel capacity of MIMO

system using the phased array antenna of switched-beam elements is analyzed.

5.2.1 Channel capacity
The multiple-input multiple-output (MIMO) system using multiple antennas at

both the transmitter and the receiver exploits the multipath environment to increase the
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channel in communication link. The channels occurring between transmitting side and
receiving side are described by the channel matrix H. The channel capacity is a function

of the channel matrix. The channel capacity of a MIMO system is written as

-
C=log2detLI+—}€—HHH:| (5.1)

where & represents the signal-to-noise ratio (SNR). The channel matrix H is M x N,
where M, N denotes the number of antenna elements at the receiver and transmitter,
respectively. H" is the complex conjugate transpose of a channel matrix H, and I is the
unit matrix. The element Hj; represents the sub-channel from transmitter j to receiver i,

which is given by [23]

L jk(rsyr, +ra;s;)
H, =Y ae """ g, ($)gs @) (5.2)

=]

where L is the number of scatterers. ¢ is a complex Gaussian distributed reflection

coefficient with zero mean and unit variance. g (¢) and g, (4,) are the radiation

pattern of the transmitting and receiving antenna, respectively. r;, and r, are the

distance from transmitting antenna j to scatterer / and the distance from scatterer / to
receiving antenna i, respectively. Accordingly, the channel capacity of the MIMO system
using a phased array antenna of switched-beam elements is investigated theoretically
[24]. The results for the MIMO system using four-element transmitting antenna are
presented in Fig. 5.1. The channel capacity of the phased array antenna of switched-beam
elements is compared with monopole antennas. For illustrative purpose, a 20-dB SNR is
used. The channel capacity of four monopoles and of the phased array antenna of
switched-beam elements is 17.35 bps/Hz and 34.25 bps/Hz, respectively. With the same
number of antenna element, the switched-beam array antenna can substantially increase

the channel capacity.
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Fig. 5.1 Channel capacity of the MIMO system using four-element transmitting antenna.

5.2.2 Measurement

To experimentally investigate the channel capacity of MIMO system using a
phased array antenna of switched-beam elements, the measurement is performed to-find——
-outthe channel matrix H. Therefore, a measurement of 4 x 4 MIMO system is setup. The
diagram of measurement setup is shown in Fig. 5.2. The measurement is realized using an
HP8510C Network Analyzer. Port 1 and Port 2 of the network analyzer are connected to
transmitting and receiving antennas, respectively. The parameter S3; 1s measured. The
transmitting signal is amplified using an HP83050A power amplifier. The four elements
of transmitting antenna transmit the RF signal almost at the same time by utilizing the 1-
to-4 RF switch, whereas the four elements of receiving antenna receive the RF signal
using the 4-to-1 RF switch. The synchronizer, which is controlled by the personal
computer, is used to synchronize the RF switches at the transmitting and receiving sides
and the network analyzer. The personal computer is used to control the measurement

system and to record the results obtained from the network analyzer.
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The measurement is performed at the frequency of 1.95 GHz. Four monopole
antennas are used as the transmitting antenna and the phased array antenna of switched-
beam elements is used as the receiving antenna. The main beam of the phased array
antenna of switched-beam elements is switched to four directions acting as four-element
receiving antenna. The channel matrix H can be found out experimentally, and then the
channel capacity of MIMO system using the phased array antenna of switched-beam
elements is evaluated and presented in Fig. 5.3. With various combinations of element
patterns, the phased array antenna of switched-beam elements provides the channel

capacity ranging from 14.0 to 17.0 bps/Hz at 20-dB SNR.

5.3 Imitialization of Constant Modulus Algorithm (CMA) adaptive

array antenna

With recent rapid increase in demand for wide-band mobile communication,
interference among communications and multipath fading effects clearly becomes a
serious problem. It is known that an adaptive antenna system is one solution to mitigate
the problem. In the past, coefficient adjustment of an adaptive antenna relied upon a
reference signal, which is often referred to as a training sequence. A Least Mean Square
(LMS), Recursive Least Square (RLS) algorithm and their derivatives are employed in
the systems. During the last decade, blind adaptive algorithm has received considerable
interest for its application in mobile communication systems [25]. By using blind
algorithms, training sequence can be eliminated. One of the most representative methods
of blind adaptation is a Constant Modulus Algorithm (CMA) [26]. The algorithm can
mitigate interference without a need for training sequence on a condition that the
envelope of the transmitted signal is constant. However, the main drawback of applying
CMA into adaptive antenna systems is its poor convergence. In addition to the slow
convergence, CMA sometimes tends to converge to the wrong solution by capturing
interference rather than the desired signal. Therefore, the switched-beam array antenna is
introduced in the adaptive antenna system to relieve these problems. Since the switched-
beam antenna can provide the beam to desired direction, the received power of the
switched-beam antenna can then be exploited as an initial value for CMA algorithm.
Thus, the CMA adaptive antenna system using a flat four-beam compact phased array
antenna is simulated. The CMA algorithm and preliminary result of simulation are

presented in this section.
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5.3.1 CMA adaptive array

The CMA algorithm does not require a training sequence and therefore is referred
to as a blind adaptive algorithm. To eliminate interference, CMA exploits a known
property of transmitted signal, i.e. its constant envelope. Examples of this type of signal
include FM, QPSK, etc. Fig. 5.4 depicts a basic architecture of CMA adaptive array. The
complex signal received by i™ element of the antenna array in the & symbol interval X(k)

is multiplied by an adjustable complex weight W(k).
X(k) =[x, (k) x, (k) ... x,,_, ()] (5.3)
W(k) =[wy (k) w (k) ... w,_, (K)] 5.4
Here, [ ]” denotes vector transpose. Then, the output of adaptive array is obtained as
Y(k)=W(k)" X(k) (5.5)
The CMA adjusts the weight vector W(k) in a way that the cost function J_ defined as

J g = EY(R) P ~0” |] (5.6)

is minimized. Note that p and g are positive integer and o is the amplitude of the array
output in the absence of interference. For simplicity, p and q are chosen to be 2. The

steepest descent algorithm is used as an iterative minimization of the cost function J_.
That is

Wk +1)= W(k)—uV J,_ (k) (5.7)

where 4 is a small step size governing convergence rate and vJ »; 1S an unbiased estimate

of the gradient of the cost function with respect to W(k),
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VJ = ElgpX ()Y (R) [ Y(R) 72 (1Y(K) | —0")" (sgn(| Y(K) |” o ”))*] (5.8)

In practice, instantaneous estimates of the gradient are employed for adaptation. With p =

q =2, it is easily verified that

W(k+1)=W(k) - 44X ()Y Y(K)[* —o*) (5.9)

5.3.2 Simulation

The simulation has been performed and presented in [27]. The desired and
interfering signals are QPSK-modulated and propagated through an Additive White
Gaussian Noise (AWGN) channel. The power of the desired signal is 3 dB stronger than
that of the interference. The directions of the desired and interfering signals are 30" and
120", respectively. Since it is assumed that a beam with maximum received power could
be perfectly determined it can be used for CMA initialization. The direction of an initial
main beam of a flat four-beam compact phased array antenna is 45 . The signal-to-noise

ratio (SNR) 1s 20 dB.
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Fig. 5.5 shows the signal constellation at the array output when no beamforming is
performed. Scattering plots clearly reveal that eye-pattern is completely closed and
indicate that beamforming is necessary. Fig. 5.6(a) illustrates signal constellation of the
CMA adaptation after 500 iterations. The eye-pattern still exhibits a closed eye. After
1,000 iterations, the eye-pattern is opened; however, a large phase-offset is found in Fig.
5.6(b). It means that CMA does not converge to a desired solution. For the CMA with the
beam-switching initialization, the convergence property is significantly improved. In
particular, the convergence rate is faster, i.e. the eye-pattern is opened after 500 iterations,
as shown in Fig. 5.7(a). Moreover, after 1,000 iterations no phase-offset presents in Fig.
5.7(b). It can confirm that the desired signal is actually captured. The radiation patterns
after adaptation are presented in Fig. 5.9(a) and Fig. 5.9(b), respectively, for 500
iterations and 1,000 iterations. The radiation patterns of the CMA adaptive array antenna
with and without beam-switching initialization are compared. The results show that the
performance of CMA adaptive array antenna can be improved using the beam-switching

initialization.
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Fig. 5.6 Signal constellation of CMA beamforming: (a) 500 iterations, (b) 1,000

iterations.
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Fig. 5.8 Radiation patterns after adaptation: (a) 500 iterations, (b) 1,000 iterations.
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5.4 Conclusion

This chapter has described the prospective applications of a phased array antenna
of switched-beam elements for the future wireless communications systems. One of the
envisaged applications concerns multiple-input multiple-output- (MIMO) systems. The
channel capacity of MIMO system using a phased array antenna of switched-beam
elements has been investigated. It has been shown that the channel capacity of the
switched-beam array antenna can substantially increase with the same number of antenna
elements. The phased array antenna of switched-beam elements with various
combinations of element patterns provides the channel capacity ranging from 14.0 to 17.0

bps/Hz at 20-dB SNR. The second application that has been described has concerned an
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adaptive antenna system using the Constant Modulus Algorithm (CMA). In this case, the
switched-beam array antenna has been applied to initiate the CMA adaptive algorithm so
that the adaptive process can efficiently perform. The preliminary results have shown that

the convergence rate is faster, i.e. the eye-pattern of signal constellation is opened after

500 iterations. The radiation patterns after adaptation have shown that the CMA

algorithm can be improved with the beam-switching initialization.



CHAPTER 6
CONCLUSIONS AND DISCUSSIONS

The capability of a switched-beam antenna to eliminate the interference in the
wireless communication systems can be improved by incorporating antenna elements
with variable null pattern. The thesis has presented a new switched-beam antenna called a
phased array antenna of switched-beam elements, which provides beam and null steering
capability. It is a phased array antenna in which the main beam is switched using phase
shifters, and switched-beam elements, two-beam switched elements, are applied as the
array elements to change the null pattern.

Two types of switched-beam antennas, a switched-beam single patch antenna and
a flat four-beam compact phased array antenna, have been presented in Chapter 2. They
have been designed and developed to form the foundation to designing and developing a
phased array antenna of switched-beam elements. The switched-beam single patch
antenna has been proposed as the switched-beam element of the phased array antenna of
switched-beam elements. The beam is switched using the PIN diodes to change the

antenna operating modes between TM,,, and TM, modes. The corresponding beams

are switched in azimuth directions. A flat four-beam compact phased array antenna has
been designed to switch beam in four directions by using 1-bit phase shifters. Four
directions of 45°, 135°, 225° and 315° have been selected in this design. In order to
produce variable nulls these array incorporates single patch elements with two changeable
beams.

Chapter 3 has presented the design and development steps of the phased array
antenna of switched-beam elements and its simulated and measured characteristics. The
developed phased array antenna of switched-beam elements shows the VSWR of less
than 2:1 and radiation patterns with changeable null directions. There are 64 radiation
patterns available.

Chapter 4 has shown the application of this array antenna to improve the quality
of indoor wireless communication. The received signal improvement is described in terms
of correlation coefficient and diversity gain. The minimum correlation coefficient of 0.37
is obtained, and the diversity gain of 8 dB is obtained when switched combining is
applied under Ricean channel conditions. The performance in terms of signal-to-

interference ratio improvement has also been investigated. The interference suppression
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improvement is obtained by switching the beam of elements. In this way, the signal-to-
interference ratio is improved more than 10 dB.

Chapter 5 addresses the prospective applications of a phased array antenna of
switched-beam elements in future wireless communications systems. The antenna has
been applied in the multiple-input multiple-output (MIMO) system to increase the
channel capacity of the system. The channel capacity ranging from 14.0 to 17.0 bps/Hz at
20-dB SNR has been obtained using the phased array antenna of switched-beam elements
with various combinations of element patterns. The advantage of using the switched beam
antenna has also been demonstrated with respect to the CMA adaptive array antenna. It
has been shown that the flat four-beam compact phased array antenna can improve the
convergence rate of CMA algorithm by switching the beam and employing the max'imum
received signal of the switched-beam antenna as an initial value for CMA algorithm.

This thesis has presented the full design, development and test results of the
phased array antenna of switched-beam elements. Its application has been demonstrated
in a number of practical examples. However, there are many other interesting areas in
which this antenna can be usefully applied. With respect to these new areas, further work
may be required with regard to such issues as miniaturization of the antenna size and

development of new signal processing algorithms and hardware.
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